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Introduction

Introduction

This thesis is based on the work of four papers. An overview is provided aiming to describe the project on a more general
level and cover elements of background material and statistical methods that were studied during the project, but not
included in any of the papers.

The fundamental question that initiated this work stems from cancer epidemiology. Does tattoo ink increase risk of can-
cer? Some types of tattoo ink have been shown to contain suspected and known carcinogens. Tattoo ink is known to
traverse from the skin through the lymphatic system to regional lymph nodes. We are concerned that it may induce hem-
atopoietic cell abnormalities.

We conjecture that tattoo ink induce inflammation at deposit site that may eventually become chronic and increase risk
of abnormal hematopoietic cell proliferation, especially lymphoma.

This is not straightforward to study since processes may be complex and initiate long before symptoms arise. We seek to
approach this topic as follows:

1. To study etiology of hematologic malignancies through the Nordic Twin Cancer Study.

2. Epigenome-wide association twin study of hematologic malignancies.

3. To study underlying determinants of becoming tattooed using the Danish Twin Tattoo Cohort.
4. To study if tattoo ink is a risk factor for certain cancers including hematologic malignancies.

We believe having access to twin cohort data can provide invaluable insights: Firstly, twins may reveal underlying sources
of variation, for instance familial factors. Secondly, the matched twin pair design has proven useful in identifying, with
high validity, important risk factor associations.

We set out to understand underlying factors for hematologic malignancies, that is, to obtain insights into the genetic and
environmental sources of variation of hematological malignancy risk using twins.

Further, to improve knowledge on feasible mechanisms bridging genetical sources and environmental exposures to de-
velopment of these cancers, we set out to identify epigenetic markers. The matched twin pair design is key for this.

We then delve into the exposure of tattoo ink. The popularity of tattooing has increased greatly over the past decades, but
which factors influence tattooing behavior? We establish the Danish Twin Tattoo Cohort to approach this question from
an empirical point of view.

Finally, from the Danish Twin Tattoo Cohort we examine if there is an association between tattoo ink exposure and risk
of hematologic malignancy and other types of cancer. We expect to obtain novel insights but recognize that detection
requires both long follow-up time and many events. This will be an important contribution to a field of limited infor-
mation. We have a duty to report any results hinting towards association so measures can be taken to obtain further
knowledge.
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Background

Biology of hematologic malignancies and related diseases

Human blood has four major components: 1) Plasma. It is mostly water but also contains various proteins, sugars, and fat
particles. 2) Red blood cells (erythrocytes). Their essential role is to transport oxygen from the lungs to the rest of the
body. 3) White blood cells (leukocytes). There are various types categorized as lymphocytes, monocytes, neutrophils,
eosinophils, and basophils — all part of the immune response. 4) Platelets (thrombocytes). They help the blood to clot (1).
All blood cells originate from the bone marrow. The process of blood cell formation is called hematopoiesis. A simplified
overview of the hierarchical process of hematopoietic stem cell differentiation giving rise to all types of blood cells is
depicted in Figure 1 (prepared with inspiration from Blecua et al. (2)).

Hematopoietic
stem cell

Multipotency progenitor

Myeloid progenitor cell Lymphoid progenitor cell
Megakaryocytic-  Mastcell  Granulocyte Monocyte Natural  Tcell B cell

erythroid progenitor progenitor l killer cell l
Macrophage and Plasma

Megakaryocyte  Erythrocyte Basophil, Dendritic cell cell

(Red blood cell) Eosinophil, and
Neutrophil
Thrombocyte
(Platelet)

Figure 1. The classical hematopoietic hierarchy (simplified version). Development from hematopoietic stem cell to blood cells (2).

Disruption and misregulation of the processes governing hematopoiesis have the potential to lead to life-threatening he-
matological disorders including cancers (3). The main types of hematologic malignancies are lymphoma, leukemia, and
multiple myeloma. Lymphomas develop from lymphocytes (T cells, B cells, and natural killer cells). There are a large
number of subtypes based on biological features, but the overall classification into Hodgkin lymphoma (HL) and non-
Hodgkin lymphoma (NHL), remains. Leukemia is characterized by an excessive production of abnormal white blood
cells. Categorization is based on which type of white blood cells are involved, myeloid or lymphoid, as well as clinical
course, acute or chronic, resulting in four main types: acute lymphoblastic leukemia (ALL), chronic lymphocytic leukemia
(CLL), acute myeloid leukemia (AML), and chronic myeloid leukemia (CML). There are also other, less common, types
of leukemia. Multiple myeloma (MM) develops from neoplastic plasma cells that when normally functioning produces
antibodies (3).

Besides the three main types of hematologic malignancies, there are other hematopoietic diseases such as myelodysplastic
syndromes, characterized by disorderly and ineffective hematopoiesis, and myeloproliferative diseases characterized by
overproduction of blood cells (3). Hematopoietic malignancies is a commonly used term to describe a combination group
including any of these cancers.
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Descriptive epidemiology of hematologic malignancies and related diseases

Hematopoietic malignancies constitute 8.4% (females) and 9.7% (males) of all cancers diagnosed in the Nordic countries
(excl. Faroe Islands and Greenland) in 2017-2021 (4, 5) and the risk of a diagnosis before age 75 was 2.6% for females
and 3.7% for males. The number of new patients per year in that period was 7,078 for females and 9,207 for males. The
overall incidence of hematopoietic malignancies has increased since the 1960s (Figure 2), mainly due to NHL, but seems
to have reached a steady state (6). The estimated annual change in age-standardized incidence rate from 2011 to 2021 was
0.1% for males and 0.0% for females (4, 5).
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Figure 2. Age-Standardized Incidence Rate (Nordic) per 100,000 of malignant hematopoietic diseases by sex. Denmark, Finland,
Norway, and Sweden. NORDCAN (4, 5).

The most common hematopoietic malignancy in the Nordic countries is NHL which was diagnosed among 2,473 (fe-
males) and 3,234 (males) per year in 2017-2021. This is followed by leukemia with 1,556 (females) and 2,314 (males)
new diagnoses per year and MM: 1,006 females and 1,331 males; myeloproliferative diseases: 1,097 females and 1,009
males; myelodysplastic syndrome: 407 females and 623 males; HL: 301 females and 416 males; other hematopoietic
malignancies: 239 females and 279 males (4, 5). Most of the malignancies develop late in life but rarely some leukemias
(ALL in particular) and especially HL are known to be pediatric.

The risk factors for these cancers remain to be fully elucidated and most leukemias and lymphomas are considered spo-
radic. Heterogeneity within hematologic malignancy subtypes seems to pose a challenge for epidemiological identifica-
tion of risk factors. Additionally, the incidences vary with age, sex, geography, etc. (6). Known risk factors for lymphoma
include immunodeficiency, autoimmune diseases, and viral infections such as Epstein-Barr virus, HIV and possibly hep-
atitis (7-9). For leukemia, some risk factors are chemo- and radiotherapy and other sources of ionizing radiation (AML)
as well as Down’s syndrome, common variable immunodeficiency and rare heritable stem cell deficiencies (ALL) (10).
Radiation is also considered a risk factor of MM and AML. Besides age, sex, and geography there are only a few other
established risk factors, one is obesity (11, 12).

Prognosis varies by subtype of malignancy, with poorer survival outcomes for adult ALL and better survival for HL (6).
In the Nordic countries, hematopoietic malignancies constitute 8.5% and 9.9% of all cancer deaths for females and males,
respectively (4, 5). Hemminki et al. (13) recently described survival trends in hematological malignancies (excluding
ALL) in the Nordic countries from 1971 through 2020 using the NORDCAN database by the Association of the Nordic
Cancer Registries. Improved treatment over the 50-year period is reflected in the relative survival that has improved with
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20-50 percentage points. The lowest 1- and 5-year relative survival during 2015-2019 was found for myelodysplastic
syndrome (approximately 20-85%) and AML (20-60%) while the highest was HL (85-95%), CLL (80-100%) and
myeloproliferative disease (85-100%).

In this project, we focus on the main hematologic malignancies (HL, NHL, leukemia, and MM). When studying these
malignancies using the Nordic Twin Study of Cancer, it was not possible to divide into further subcategories due to
diagnostic inconsistencies between countries. Further details on disease coding and availability in the Nordic cancer reg-
isters can be found in Appendix 1 (in Danish only). Another reason it is difficult to use further subcategories in studies
with long follow-up is that classification changed during the 1980s and 1990s with increasing understanding of cancer
cell formation (13, 14). Besides, a study of Nordic twins has revealed that twin concordance for cancer often manifests
across, rather than within, cancer types (15). It means that if one twin gets cancer, the co-twin has an increased risk of
developing cancer, but not necessarily the same type of cancer. This suggests that, in spite of heterogeneity among sub-
types, there are shared underlying factors that we may gain new information about through a twin-study of familial de-
pendence in hematologic malignancies.

Twin studies of cancer

A recurring theme in this thesis is risk analysis in twins. Twins have contributed to essential understanding of disease
occurrence in Denmark since the early 1950s. This through answering questions in surveys which have been repeated
over longer periods of time. When the Danish Twin Registry was founded at University of Copenhagen in 1952, the
original focus was to study causes of cancer (16). These studies have been continued and exists today in a Nordic context
consisting of more than 350.000 twins having follow-up time since initiation of national cancer registries. A description
of the Nordic twin cancer cohort along with study aims and main results is provided by Harris et al. (17).

Studying the patterns of cancer occurrence throughout life is a complex task as it is influenced by many varying factors
such as biological inheritance and environmental exposures. There is variation in who gets cancer and when. In order to
study this variation over time (spreading over several decades), it is important to consider censoring and competing events
such as death. This will be explained further in the statistical methods section.

Studying twins can be particularly helpful in this endeavor, utilizing the inherent familial dependence structure of twins
—namely, that monozygotic twins are genetically identical and dizygotic twins, on average, are as genetically alike as full
siblings. The only requirement for standard methods of time-to-event analysis to apply in twin setting is that twin pairs
are censored at the same time, which is rarely an issue in register-based studies. Through biometric modelling of variation
in cancer risk within and between twin pairs, it is possible to assess relative influence of genes and environment (shared
and non-shared) on said risk. This can provide hints on where to look for risk factors and, consequently, aid prevention
as well as treatment. For instance, evidence from the Nordic Twin Study of Cancer points towards a very high heritability
of prostate cancer: 58% (95% CI: 52-63) of variation in liability to develop prostate cancer can be explained by genetic
effects (18). Another example is lung cancer. Biometric modelling in twins has enabled analysis of genetic contribution
to risk of lung cancer and further, whether the genetic influence is modified by smoking and age. Evidence indicates
decreasing familial influence with increasing age and does not support the long-standing hypothesis of interaction be-
tween genes and environment (19).

Besides studying sources of variation in risk, twins are optimal in case-control studies aiming to examine association
between risk factors and disease. In pairs where one twin has been diagnosed with cancer and the other has not, who has
been exposed to the risk factor of interest? The matched case-cotwin design (also referred to as discordant pair design) of
monozygotic twins enables control for unobserved, shared confounding, including genetic background and shared envi-
ronmental factors (e.g. childhood). A concern of this design is that only considers the pairs discordant for outcome event,
e.g. cancer, but this discordance may be caused by non-shared confounders or because one twin simply has not experi-
enced the event yet. The latter can be controlled for through time-to-event analysis, a relatively recent development in
this context (20, 21). Both issues will be discussed further in the statistical methods section. An important example of
also historic interest is where the matched case-cotwin design was applied, is the confirmation of smoking being a cause
of lung cancer and other cancers (19).

In this project, we have applied such methods mainly to shed more light on potential risk factors of hematologic malig-
nancies through time-to-event-analyses.



Background

A brief introduction to epigenetics

Epigenetics can be described as cellular processes that affect gene expression or gene function without altering the un-
derlying DNA and that are maintained through cell divisions (22). Epigenetic regulation of gene expression is mediated
by a variety of molecular mechanisms such as histone modification and DNA methylation (23). DNA methylation is the
addition of a methyl group to the fifth carbon of cytosine in a DNA strand. It regulates gene expression e.g. by repressing
gene transcription. In the human cell, DNA methylation most often occur in cytosine guanine dinucleotides (CpGs) (22).
Generally, increased methylation (hypermethylation) of CpGs, also referred to as CpG sites, in the gene body is associated
with increased gene expression (24) while decreased methylation (hypomethylation) in promotor regions (a region of a
gene where proteins bind to initiate transcription) is associated with gene repression (25).

Genome wide hypomethylation is a well-known hallmark of cancer, but also methylation levels of specific CpG sites
have been associated with disease, e.g. NHL (26) and multiple myeloma (27), and lifestyle related phenotypes such as
smoking (28) and alcohol consumption (29). Additionally, interaction of epigenetic markers leads to a complex network
of signaling pathways (22).

Epigenetic variation between individuals is governed by environmental exposures, genes, and stochastic processes. MZ
twins are practically genetically identical and share early life environment (8). Thus, analysis of epigenetic markers (e.g.
DNA methylation) within MZ twin pairs provides a unique opportunity for investigating the influence of non-shared
environmental factors occurring later in life since genetic and shared environment is controlled for. This is particularly
useful when studying phenotypes with high heritability (22). Epigenetic studies of cancer etiology are of particular inter-
est as abnormal cell proliferation might be traced to epigenetic changes. This would be an aim in our study.

An example of application of the matched case-cotwin design is a study analyzing DNA methylation at birth in 41 MZ
twin pairs where one twin was diagnosed with pediatric acute lymphoblastic leukemia (pediatric ALL). In this study, a
total of 240 CpG sites with FDR<0.05 were identified (30). Further, in a study by Svane et al. (31) DNA methylation
CpG sites in association with human lifespan were studied. Certain markers and a predictor were proposed but could not
be replicated in independent cohorts.

On tattoo ink and risk of cancer

In recent decades, tattoos have transitioned from being associated with low social status to being mainstream. The prev-
alence is up to 20-25% in some countries, even higher among the younger generations (32-34). There are several different
types of tattoos. While the focus of this study is mainly the “classic” decorative tattoos, there is also permanent make-up
(PMU) and medical tattoos used for reconstruction after surgery and for cancer treatment to ensure radiotherapy is applied
to exactly the same area each time. Recently, tattoo ink has even been used as to assess patterns of vaccine drainage via
the lymphatic system (35).

Many pigments used in tattoo ink were originally designed for industrial use or used to colorize food and consumer
products. In the latter cases, toxicity is routinely tested concerning either oral or skin exposure, but never directly through
injection into the skin. Until recently, substances banned from use in e.g. cosmetics, were not regulated in tattoo ink (36,
37). In an analysis conducted from 2008 to 2013, the Swiss health authorities identified 27 different organic colorants —
12 of which were tested for use in contact with the human body (38).

The chemical hazards of tattoos can be categorized as acute toxicity, carcinogenicity, genotoxicity, mutagenicity, immu-
notoxicity, reproductive toxicity, and irritant properties (39). This study revolves around the potential association between
tattoo ink exposure and risk of cancer.

Tattoo carcinogenicity

When it comes to the question of tattoo carcinogenicity, opinions are widely varying. One extreme is not to worry about
toxicity beyond immediate adverse reactions, and in some cases allergies, because tattoos are considered a single, one-
time exposure of insoluble, inert substance (37, 40, 41). As Schreiver et al. puts it,

“[...] the putatively low prevalence of severe side effects has rather led to a “show-me-the-dead-bodies” mind
set in the general public and of healthcare officials alike” (42)(p. 1763).
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One such example is the following comment by Serup:

"Despite tattooing being practised for decennia, the general experience and the medical literature indicated no
tattoo-associated cancer risk and no birth defects." (40)(p. 2)

Indeed, there is no empirical evidence suggesting that tattoo ink exposure could be associated with increased risk of
cancer, however, it is important to point out, that until very recently, there were no studies in this field at all. In the
literature, cancer occurrence (mainly skin cancer) among tattooed individuals is mostly considered coincidental due to
low number of case reports (37, 43). When it comes to other cancers such as lymphoma, some researchers point out that
since no such cases have been observed, there is nothing to worry about and argue that the body is able to encapsulate
and render the foreign substances harmless (40). Given the long latency period of cancer and the possible combination of
a variety of environmental exposures making it difficult to describe origin of disease development, the question remains:
Is it fair to consider a lack of case reports evidence of no tattoo-associated cancer risk?

As opposed to beforementioned extreme, there are researchers arguing that a tattoo is a lifelong exposure. Indeed, reac-
tions to tattoo ink have been observed to occur years after the tattoo was made (37). These investigators claim an urgent
need for epidemiologic cohort studies (37, 42-49). This includes the International Agency for Research on Cancer (IARC),
the European Commission, the Danish Environmental Protection Agency, and the Danish Cancer Society as well as re-
searchers behind some of the most extensive studies in the area.

There is emphasis on the fact that ink particles with known or suspected carcinogenic properties have often been found
to accumulate in regional lymph nodes (50-52) and they may be transported through the blood stream to other organs (43,
46, 49). For instance, a mice study found deposits of ink particles in the Kupffer cells of the liver (53). The question is
whether they could cause any harm to internal organs — the potential seems to be there: Thus, it seems fitting to question
the association to cancer, not only in the skin, but also elsewhere in the body (54).

The only published paper in the field so far is a Canadian study from 2020 reporting findings from two population-based
case-control studies examining associations between tattoos and risk of non-Hodgkin lymphoma (NHL) and multiple
myeloma (47). Among 1,518 participants (737 cases) in the NHL study and 742 (373 cases) in the multiple myeloma
study, no statistically significant associations were found. They also reported no evidence of association when examining
a “broader association of tattoos and hematologic malignancies” (47)(p. 2094).

In 2013, the German Federal Institute for Risk Assessment organized a conference about tattoo safety. One of the key
papers within the field of tattoo research origins from a workshop held at this conference. It aimed to compose a review
addressing, among other topics, the toxicological aspects of tattoo ink. The following quote nicely summarizes the duality
of the question of tattoo ink carcinogenicity (as well as long-term tattoo safety in general):

“Some have argued that the low solubility renders the respective pigments to be biologically unavailable; making
them basically inert. Indeed, the persistence of tattoo colouring indicates that any metabolic processes are slow.
Yet, low solubility is not a feature of all colourants and ink components and, with a lifelong deposit, even slow
metabolism is relevant.” (37)(p. 398)

Tattoo ink

Tattoo ink is mainly a mixture of pigments, suspensions (liquid carriers), preservatives and sometimes fragrances. Pig-
ments are categorized as organic or inorganic. The former, typically azo- or polycyclic compounds, are most used as they
generally have brighter colors and are cheaper to produce (36). Detailed product labels are required, but they are often
lacking or downright incorrect as demonstrated by Wang et al. in 2021 (55). They reported that among 56 tattoo inks
acquired in Sweden, 93% violated the European labelling requirements and 51% declared at least one pigment incorrectly.
Besides the issue of mislabeling, the purity of tattoo ink is frequently less than 80%. The inorganic pigments may be
polluted by heavy metals such as cadmium, lead, mercury and nickel, while the organic pigments may contain contami-
nants such as primary aromatic amines (PAAs) and polycyclic aromatic hydrocarbons (PAHs) (48). In addition to polluted
ink as a source, beforementioned contaminants may also be formed inside the body through skin metabolism or light
induced decomposition (36). Hauri and Hohl reports evidence of azo pigments releasing carcinogenic aromatic amines
following exposure to sunlight or laser treatment tattoo removal (56). The toxicologic potential is increased by presence
of nanoparticles as they can penetrate cell membranes, epithelium and cross the blood tissue barrier, and potentially enter
different organs such as the liver, kidney, and lungs (36).
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The use of many hazardous heavy metals in tattoo ink has decreased in recent years but are still found in concentrations
exceeding the recommended limits. A review by Kiszla et al. of studies quantifying restricted metals in tattoo ink reports
that nearly every sample tested contained concentrations of chromium above allowed limits (57). Chromium-VI is clas-
sified as carcinogenic to humans by the International Agency for Research on Cancer (IARC) (58). A report on chemical
substances in tattoo ink was performed on behalf of the Danish Environmental Protection Agency (DEPA) and includes
results from chemical analysis of selected tattoo inks along with exposure scenarios and health risk assessments (43). In
the following we provide a more in-depth description of PAHs, and refer to the study by Negi et al. (36) for an overview
of other tattoo ink ingredients along with the DEPA report (43) and the IARC Monographs on the Identification of Car-
cinogenic Hazards to Humans for elaborate information on specific compounds (59).

The most frequently used tattoo color is black. Black tattoo inks typically contain soot products like carbon black which
is listed as possibly carcinogenic to humans by IARC (60). As is the case with most concentration limits of various tattoo
ink constituents, this suspicion is not based on human intradermal injection. Rather, it stems from the increased incidence
of lung cancer after inhalation of carbon black and increased incidence of skin cancer among animals exposed to carbon
black (39). Through the incomplete combustion used for carbon black production, PAHs are formed as byproducts. Part
of the PAHs possibly stay lifelong in the skin where they can absorb UVA radiation from solar exposure and generate
oxygen species, which may have adverse effects in the skin (61). Lehner it al. has demonstrated that substantial amounts
of PAHs from black tattoo ink leaves the site of the tattoo and should thus be considered an additional effective source of
PAH uptake in the human body besides inhalation, skin application and food (49).

The most dangerous PAH is benzo[a]pyrene (BaP) which is classified as carcinogenic to humans by the IARC (62). BaP,
along with some other PAHs, can be metabolized by cytochrome P450 enzymes and in turn induce mutations of the
KRAS oncogene and the TP53 tumor suppressor gene (36, 63). They can also have immunotoxic effects by impairing
functional activation of lymphocytes (45). An acceptable limit for daily dose of BaP has been set to 0.6-5ng per kg body
weight as that is estimated to correspond to cause 1 case of cancer per one million people. However, given the fluctuating
amounts of BaPs and other PAHs in tattoo ink and the way an unknown proportion of it migrates from the tattoo site
further into the body, it is extremely difficult to assess whether this limit is prone to be transgressed (43). It is unclear
whether this “daily dose” refers to oral intake or other exposure routes as well, but most importantly, it may be different
for tattoos where the ink particles accumulate in the lymphatic system over time.

The fading of tattoos is generally attributed to wound healing, chemical decomposition induced by exposure to sunlight
or skin metabolism, and transport to other anatomical sites via blood and lymphatic system. It is difficult to find a good
estimate for the decrease in pigment concentration. A study of tattoo ink in human and pig skin estimated the average
amount of pigment injected to 2.53mg/cm?, ranging from 0.60-9.42 mg/cm? (64). A mice study estimated that 30-60% of
pigment leaves the tattoo within the first six weeks after tattooing (65). Another study claims a decrease estimate of 60-
90%, however, they provide no explanation for the reasoning behind this number (46). In the following examples, we
provide two scenarios estimating the amount of black tattoo ink injected in the body and PAH leaving the tattoo site.
Similar calculations on amount of ink injected have been made by Sabboni et al. (66) and Jacobsen et al. (43). We have
chosen 50% as a plausible value for the decrease in concentration.

A German study analyzed 19 commercially available tattoo inks and found the total concentration of PAH ranging from
0.14-201pg/g and 0.1-0.5ng/g for BaP. Note that these measures are based on ink suspensions, i.e., mixtures of pigments
and liquid carriers. The average amount of pigment in ink is estimated to 54% (61).

Scenario 1: For a typical black, medium sized tattoo of 100 ¢cm? with initial 2.5mg pigment per cm?, the amount of ink
injected is 460mg (corresponding to 250mg carbon black). Assuming a PAH concentration of 100ug/g and a decrease of
50%, the amount of PAH having left the tattoo is estimated to 23pug. Similarly, assuming a BaP concentration of 0.3ug/g,
would amount to 69ng having left the tattoo site.

Scenario 2: For a larger black tattoo of 300 cm? (e.g. upper arm/shoulder) with initial 9.4mg pigment per cm?, the amount
of ink injected is 5.2g (corresponding to 2.8g carbon black). Assuming a PAH concentration of 200pg/g and a decrease
of 50%, the amount of PAH having left the tattoo is estimated to 520ug. Similarly, assuming a BaP concentration of
0.5ug/g, would amount to 1.3pg having left the tattoo site.

The proportion of ink leaving the tattoo ending up in regional lymph nodes is uncertain. The distinct coloration of lymph
nodes seen in case reports (50, 51) indicates it may be a significant proportion. Lehner et al. reported that the concentration
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of 20 PAHs in the tattooed skin ranged from 0.1-0.6 mg/cm?2 while the concentrations in the lymph nodes were 0.1-11.8
mg/g.

While PAH is most likely released in small amounts as a continuous exposure, regional lymph nodes function as accu-
mulation points. Thus, it seems reasonable to contemplate the consequences of (at least a considerable proportion of) the
estimated amounts of PAH in the lymph nodes.

As mentioned earlier, there are no guidelines for concentration limits of potentially harmful substances meant for intra-
dermal injection. To put above estimated amounts of PAH in the body into perspective, we consider the main sources of
exposure: smoking and diet. The estimated average amount of PAH in cigarette emissions is 474-1061ng per cigarette
(67). A review of PAH occurrence in processed food reports of concentrations up to 1-2mg/kg in most extreme cases
(smoked food) (68). While these measures are probably the best proxy we have for “uncommonly high” PAH exposure,
it should be noted that they are not directly comparable to PAH from tattoos as the exposure routes and, likely, the effect
of involved organs are different. For instance, how much of the PAH in cigarette emissions passes the air-blood barrier
of the lungs?

Immunologic response

A mechanism behind the hypothesized association between tattoo ink and risk of cancer could be chronic immunologic
response caused by tattoo ink deposited in regional lymph nodes ultimately leading to development of tumor cells. This
is illustrated in Figure 3. Especially non-Hodgkin lymphoma seems a likely candidate as chronic immune stimulation is
a known risk factor.

In analogy, one could consider breast implant-associated anaplastic large cell lymphoma (BIA-ALCL), a rare type of
T-cell lymphoma, which was only recently discovered (first publications in 2008) even though breast implants have been
used for decades. For this type of disease, clonal T-cell rearrangement and JAK-STAT signaling is often observed which
is known to have the potential cause abnormal proliferation of tumor cells (69). The median time of BIA-ALCL diagnoses
is 8-10 years after implantation. A similar latency period for tattoo ink related lymphatic malignancies seems plausible,
supporting the claimed need for epidemiologic cohort studies.

Researchers are generally very cautious not to claim causal relations when studying association between tattoo ink and
development of cancer. However, as far back as 1992, a paper was published on a so-called tattoo-associated case of non-
Hodgkin lymphoma (NHL)(54). A 54-year-old male apparently developed a chronic immune response to a red tattoo.
The authors postulate that, over a period of four years, a pseudolymphoma lead to formation of large B-cell monoclonal
lymphoma (a type of NHL).

We are concerned that tattoo ink may induce hematopoietic cell abnormalities.

We conjecture that tattoo ink induce inflammation at deposit site that may eventually become chronic and increase risk
of abnormal hematopoietic cell proliferation, especially lymphoma.

This is open for investigation. The present thesis may shed some light upon this.
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Figure 3. Illustration of hypothesis: Migration of tattoo ink particles to regional lymph nodes causing a chronic immunologic re-
sponse which could ultimately lead to development of tumor cells.

Tattoo related complications

There are numerous, generally less severe, adverse reactions to tattoos. In the weeks following the breach of the skin,
1-5% are estimated to have infections ranging from relatively harmless to more serious cases such as blood-borne viruses
like hepatitis B or C or HIV. Chronic inflammatory reactions have been observed to occur years after tattoo acquisition
(37). Allergic reaction to red tattoo ink is one of the most frequent complications. Reviews and case reports provide
information on findings such as squamous cell carcinoma, benign tumors, lymphoid conditions, and rare cases of malig-
nant neoplasms occurring within the area of a tattoo (44, 70-74), indicating potential associations between tattooing and
these conditions. A recent study by Bourgeois et al. showed unexpectedly high prevalence of abnormal lymphatic drainage
under tattooed areas. Though the authors note that further research is required (75).

Hygiene plays an important role in this context. If the sanitary conditions are not adequate and the instruments used are
not properly sterilized, there is a significant risk of being exposed to various infections. Informative, preventive initiatives
have been made to reduce hygiene related hazards as well as help the costumer make an informed decision before getting
a tattoo. There are various “Think Before You Ink” campaigns typically provided by health authorities (76, 77).

Another hazard of tattoo ink in the lymph nodes is misdiagnosis. Some examples are case reports of: i) a lymph node full
of tattoo ink mistaken for malignant melanoma (52) and ii) tattoo pigment mimicking a positive sentinel lymph node in
melanoma (78) and iii) lymph node calcification on mammography (79).

Delay in detection of suspicious birth mark alterations covered by tattoos is another issue. However, this is one of the
well-known hazards that tattoo artists generally seem to be aware of and tend to preclude.

An extensive subject, only briefly touched upon in this paper, is laser tattoo removal. Through photo thermolysis, pig-
ments are broken into smaller fragments that leave the site of the tattoo. The question is: where do they end up? Decreasing
particle size often allows for greater migration potential. A review of degradation products formed when tattoo pigments
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are irradiated with sun- or laser light is provided by Fraser et al (80). Some of the degradation products reported were
hydrogen cyanide (81) and azo cleavage compounds such as 3,3’-dichlorobenzidine which has been shown to induce
DNA strand break in human skin cells (82).

Tattoo ink regulations

Regulation of tattoo ink has been approached differently around the world. In most European countries, tattoo ink has
been covered by the Regulation on the Registration, Evaluation, Authorization, and Restriction of Chemicals (REACH)
and was, until recent years, regulated as any other chemical compound. It meant that there were no regulations specific
to tattoo ink as known from the Cosmetic Product Regulation where e.g. azo pigments are banned for use in cosmetics
because they may release carcinogenic aromatic amines (48). At the beginning of the 2000s, the safety of tattoo ink
became a concern among various authorities. An overview of the development of the European regulatory framework is
provided in the following list: (Sources: Negi et al. (36), Wang et al. (55))

2003 (revised in 2008): Council of Europe published resolution on requirements and criteria for safety of tattoos and
permanent make-up (ResAP) (83, 84). Labeling of packages must adhere to chemical regulations set by the International
Union of Pure and Applied Chemistry (IUPAC). Recommendations on maximum concentrations of certain impurities
and ban on some potentially carcinogenic aromatic amines.

2015-2016: Extensive report by the Joint Research Centre of the European Commission stated that ResAP had been
implemented to various degrees in ten European countries (48). Many of the colorants included in the negative lists by
the European Council were found to be frequently used still.

2017-2019: Continued violation of regulations — ECHA (European Chemicals Agency) regularly found banned ingredi-
ents (85). A restriction proposal limiting more than 4,000 chemical substances used in tattoo ink and permanent make-up
was submitted for evaluation by ECHA to the Committees for Risk Assessment and Socio-economic Analysis who passed
the proposal on to the European Commission with only few modifications (86).

2020-2022: The European Commission adopted the new tattoo ink specific restrictions in REACH as of December 2020,
allowing for a transition period so they came into force in January 2022. Applies to all member states of the European
Union (87).

As the study in this thesis was based on Danish individuals, the more local regulatory initiatives should be mentioned: In
2010, the Swedish Chemicals Agency published a report finding that only 5 out of 31 tattoo inks were free of hazardous
substances such as aromatic amines and metals above recommended limits (83). This led to Swedish legislation on tattoo
ink covering, among other things, product information, importation, and usage of tattoo ink. A similar legislation proposal
was made in Denmark in 2017, but it was rejected as it was decided to wait and see what came of the regulations proposed
by ECHA (88).

It remains to be seen how well the latest legislation is adhered to. There have been complaints from tattoo artists finding
the comprehensive ban of some of the most used pigments devastating as alternatives are not easy to find (89-91). Addi-
tionally, there is speculation as to whether it is even possible to check up on the new restrictions as few countries appear
to have the equipment necessary for measuring concentrations on the small scales required (40).
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Establishing the Danish Twin Tattoo Cohort

As part of this PhD project, the Danish Twin Tattoo Cohort was founded. The original aim of the cohort was twofold:
1) Development of a twin cohort aiming to study tattooing determinants and to characterize the prevalence of tattooing
by various demographic- and lifestyle factors. 2) Analysis of the possible association between tattoo ink exposure and
risk of certain types of cancer through a case-cotwin study. The process of compiling the cohort is described in the fol-
lowing.

Data collection: Questionnaire survey

The questionnaire was in Danish language and the translated title was Risk factors of certain types of cancer diseases.
The first page of the questionnaire held a description of the project aims in layman’s terms:

The aim of this survey is to study possible risk factors of certain types of cancer. We are, among other things, interested
in knowing more about whether tattoo ink can be related to certain types of cancer such as skin and blood cancer. In the
questionnaire, we ask about tattoos together with lifestyle and education.

The questionnaire included items about tattoo status and, when relevant, further tattoo details such as colors, size (meas-
ured in units of the size of the palm of one’s hand), age at first tattoo, and medical issues such visits to the doctor/hospitals
stays and swollen lymph nodes. In additions items about lifestyle factors; smoking (type and duration), physical exercise,
alcohol consumption, and education. Finally, the questionnaire allowed written comments from participants. The total
number of questions ranged from 11 to 23, depending on answers. The questionnaire (in Danish) and invitation letter is
provided in Appendix 2.

The survey was initially developed for digital distribution via the public mail service e-Boks. Each participant would be
directed to the SurveyXact webpage (an online tool for questionnaire surveys) through a unique link that could be used
for identification by the data manager afterwards. This form of distribution allows the developer to guide the participant
to a certain extent, e.g., only one question is shown at a time and certain restrictions can be made to allow single/multiple
choices or only specific types of manual answers such as positive integers.

An overview of the survey timeline is provided in Figure 4. No pilot study was performed.

On January 21, 2021, the invitation was sent to 10,094 individual twins followed by a reminder on February 16 to 5,517
of those twins.

During the process when invitations were mailed using the public digital mailbox, e-Boks, we discovered that 1,033 (9%)
of the survey population were unable to receive public digital mail. As this was a significant proportion mainly composed
of the older twins, we decided to print and send invitations and questionnaires by letter mail. The participants could either
fill out the printed version of the questionnaire and return by an enclosed envelope or use a link and unique code to access
the online version. The invitation was nearly identical to the one distributed digitally. The letters were mailed over a
period of a week starting on March 3, 2021, to 1,005 individuals (28 could not be reached). A reminder was sent to 688
twins on April 12 and the days following.

Distributing invitations by letter mail was not only time-consuming and costly, but also provided less of a guide for those
participants replying through the printed questionnaire — a significant proportion either skipped questions or answered
“incorrectly”, e.g., by writing their own answers instead of using the ones provided in multiple choice questions.

The survey was closed on July 8, 2021.
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Closed
- . o ) Date: 8 July
Invitation: E-mail Invitation: Mail Participation rate:
Date: 21 Jan Date: 3 Mar Complete: 5685 (51%)
n=11127 n = 10094 (91%) n = 1005 (9%) Unfinished: 250 (2%)

2021 MAR MAY JUN JUL J

Reminder: E-mail Reminder: Mail
Date: 16 Feb Date: 12 Apr
n=5517 (55%) n = 688 (68%)

Figure 4. Survey timeline. Percentages in the top row refer to the initial 11,127 twins. The percentages in the bottom row refer to the
proportions of the respective distribution forms.

Study population:
A flowchart of the survey study population is depicted in Figure 5.

For the case-cotwin study, we selected all twin pairs complying with the following conditions: 1) At least one twin could
be contacted, i.e., was alive, not emigrated, and had not requested no contact. 2) At least one twin had one (or more) of
the following cancer diagnoses: Hodgkin or non-Hodgkin lymphoma, multiple myeloma, liver, bladder/urinary tract,
melanoma of skin or skin (non-melanoma). These cancers were selected based on suggestions from current literature and
was discussed in the background section on tattoo carcinogenicity.

A total of individual 3,022 twins complied with these criteria out of which 2,246 individuals (including 735 complete
pairs) could be contacted and were invited to participate in the survey.

A reference sample of 5,000 twin pairs was selected randomly among all pairs that could be contacted — after excluding
the 3,022 pairs from the case-cotwin sample. 8,881 individual twins (including 3,881 complete pairs) were invited to
participate in the survey.

The twin cohort was formed by combining the reference sample with pre-determined proportions of twins selected ran-
domly from the case-cotwin study to make sure the cohort was representative of the general population. The proportions
were defined by cancer type and sex and were based on readily available data on number of individuals alive with a cancer
diagnosis per 100,000 in 2020 by sex. These data were provided by the Association of the Nordic Cancer Registries
(ANCR) through the NORDCAN database (4, 5). The construction of the cohort is explained step-by-step in Appendix
3. The resulting cohort compiled 9,173 individual twins — 8,881 from the reference sample and 292 from the case-cotwin
sample.
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Select individuals from
the Danish Twin Register:

Birth cohorts: 1870-2004
n=158,910

l

Link to the National Cancer Register
with follow-up: 1943-2016

Number of diagnoses: n = 25,837
Individual twins: n = 22,077

Twin pairs with selected cancers:

Select twin pairs where at least one twin is
contactable! and at least one twin has one
of the following cancer diagnoses?2:

Hodgkin or non-Hodgkin lymphoma,
multiple myeloma, liver, bladder,
melanoma of skin, skin (non-melanoma)

Birth cohorts: 1921-2004
(Ages: 16-100)

Individual twins selected: n = 3,022

Individual twins invited: n = 2,246
(Including n = 735 complete twin pairs)

Survey non-
AL respondents:
Survey respondents: h =938
Birth cohorts: 1921-2004

(Ages: 16-100)

Complete: n=1,225
Unfinished: n = 83

Reference twin pairs:

Excluding the 3,022 twins from the group

of twins with selected cancers, randomly

select 5000 twin pairs where at least one
twin is contactablel.

Birth cohorts: 1920-2004
(Ages: 16-101)

Individual twins selected: n = 10,000

Individual twins invited: n = 8,881
(Including n = 3,881 complete twin pairs)

Survey non-

respondents:

Survey respondents: n=4254

Birth cohorts: 1927-2004
(Ages: 16-94)

Complete: n =4,460
Unfinished: n = 167

Figure 5. Selecting the study population for the questionnaire survey. Left: Case-cotwin sample. Right: Reference sample. 'Alive,
not emigrated, and has not requested no contact. 2NORDCAN classification (4, 5).
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Ethical statements and considerations

Details on statements of ethics and informed consent are described in each paper of the thesis. According to legislation in
the Nordic countries, ethical review and approval are not needed for purely register-based studies. The appropriate register
authorities have given permission for record linkages. Informed consents were obtained from all participants whose blood
samples were used to obtain the DNA methylation data studied in Paper 2.

The Regional Committees on Health Research and Ethics for Southern Denmark were contacted to find out whether
ethical approval was needed for the survey in the Danish Twin Tattoo Cohort, more specifically, for using information
from the Danish Cancer Register to identify study subjects. They responded that no ethical was needed. Further, inviting
a pair of twins to participate in a survey on the basis of one of them being diagnosed with cancer, would be a violation of
the General Data Protection Regulation (GDPR), and unethical since the healthy twin may not be aware of the cotwin’s
diagnose. This issue was prevented by the inclusion of a random twin sample. The survey invitation letter included infor-
mation on handling of personal data in accordance with the GDPR.

Regarding ethical considerations, this project involves no direct risks for participants. The only risk is illegitimate access
to the databases. This risk is minimized since personal identification numbers will be removed before the data is accessed
by the research group. All data studied in this project were stored on a secure server at SDU, and no files kept on personal
computers. Furthermore, data are always presented at group level according to regulations and no individual register data
will be transferred between other registers or linked beyond given approvals of involved registers.

In the development of our statistical models, bias and fairness is another ethical issue that must be addressed. A model
can inherit biases from unobserved confounding factors, collider biases or simply mistakes by the statistician or from
other sources. To mitigate this risk, we will use representative data with high coverage and quality, ensuring that all
groups are included in the model development. Additionally, were possible, we will externally validate our models to
ensure their generalizability.

Finally, one may question how to communicate potential findings. Particularly in relation to the study of tattoo ink expo-
sure and risk of cancer. Should the results hint towards association, we have a duty to report this so measures can be taken
to obtain further knowledge.
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Aims

In this project, set out with the hypothesis that tattoo ink in lymph nodes may induce inflammation and eventually become
chronic and increase risk of hematologic tumor cell development. This is not straightforward to study since processes
may be complex and initiate long before symptoms arise. We therefore sought to approach the topic as follows:

Firstly, we aimed to study familial dependence among twins to get more knowledge on the increasing risk of hematologic
malignancies. To shed more light on potential risk factors, we first set out to characterize hematologic malignancies in
terms of genetic, environmental, and cross-cancer risk relationships varying in time using a population-based cohort of
Nordic twins. The cross-cancer risk relationships could reveal mutual relations between cancer types and further describe
the genetic and shared environmental influence.

Secondly, to improve knowledge on feasible mechanisms bridging genetical sources and environmental exposures to
development of these cancers, we conducted an epigenome-wide association study of CpG methylation levels and their
association with hematopoietic malignancies. DNA methylation is a mechanism that affects gene expression, and it is
influenced by genes and environmental exposures. We aimed to identify epigenetic determinants of hematopoietic ma-
lignancies and, through application of the matched case-control design on monozygotic twins, to be able to describe to
which extend genes and environment influences the methylation levels of the identified CpG sites.

Thirdly, set out to study the exposure of tattoo ink. The popularity of tattooing has increased greatly over the past decades.
We aimed to explore this increase and identify underlying determinants of becoming tattooed. To approach this question
from an empirical point of view, we set out to collect information on tattoo exposure and potential confounding lifestyle
factors in a survey among Danish twins leading to establishment of the Danish Twin Tattoo Cohort.

Finally, tattoo ink has been hypothesized as a potential risk factor of certain cancer types, especially lymphoma, due to
accumulation of ink particles with known or suspected carcinogenic properties in the lymphatic system. However, em-
pirical evidence pertaining to carcinogenicity was extremely limited. Therefore, we aimed to study the association be-
tween tattoo ink exposure and risk of potentially related cancer types using the Danish Twin Tattoo Cohort.

Motivation

Utilizing twin zygosity provides a golden opportunity to study variation in risk of hematologic malignancies in terms of
genetic and environmental influences and using the largest ever population-based cohort of twins allows for assessment
of variation over time. Combined with epigenetic findings, this will expectedly be a substantial contribution to the field
of these types of cancer.

We suspect that hematologic malignancies as well as other cancer types can arise due to certain tattoo ink exposure.
Collecting and analyzing information on tattooing will be an original contribution to the field providing updated infor-
mation on the increasing popularity of tattooing as well as empirical knowledge pertaining to the carcinogenicity of tattoo
ink which has been called for by various health organizations.
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The Danish Twin Register and the Danish Cancer Register

The Danish Twin Register (DTR) holds more than 175,000 twins born in 1870-2009 making it the oldest nationwide twin
register in the world with complete ascertainment since 1968. As described by Pedersen et al. (92), comprehensive surveys
conducted since 1994 on subsets of the DTR have provided detailed information on a wide range of health-related subjects
such as physical performance, mental capability, lifestyle, and sociodemographic factors. Some surveys have also carried
out clinical examinations providing biological material used to form the DTR biobank. This enables examination of ge-
nome-wide molecular data such as single nucleotide polymorphisms (SNPs), DNA methylation and gene expression (92).

Since 1968, each Danish citizen has been assigned a unique personal identification number (the Danish Civil Registration
System) used in national administrative- and health registers.

Throughout this project, twin data from the DTR linked to the Danish Cancer Register (DCR) has been utilized in various
ways to explore variation in the occurrence of hematologic malignancies. This provided decades of follow-up — from
opening of the DCR in 1943 until 2016. The diagnoses were based on the International Statistical Classification of Dis-
eases and Related Health Problems, Tenth Revision (ICD-10) and were grouped according to the NORDCAN classifica-
tion system (5). When identifying lymphomas, the International Classification of Diseases for Oncology, Third Edition
(ICD-0-3) was used along with ICD-10. Figure 6 provides an overview, including ICD-10 values, of the main cancer
types studied in this project.

The Danish National Hematology Database holds specialized registers for various hematologic malignancies such as
lymphoma, acute leukemia, and multiple myeloma. However, since the lymphoma registry did not become nationwide
until 2000 and the other registers were founded afterwards, the DCR with its much longer follow-up time was preferable.
Also, access to the DCR was readily available and while the specialized hematologic data bases hold more information
on each patient, that level of detail was not needed.

Study 1: Familial risk of hematologic malignancies

Liver (C22)
* Melanoma of skin (C43)
* Skin (non-melanoma,
excl. basal cell carcinomas) (C44)
* Bladder and urinary tract
(C65-C68, D09.0-D09.1,
D30.1-D30.9, D41.1-D41.9)

¢ Hodgkin lymphoma (C81)

* Non-Hodgkin lymphoma
(C82-86, C96)

* Multiple myeloma (C90)

* Leukemia (C91-95)

* Myeloproliferative diseases
(D45, D47)

* Myelodysplastic syndrome

(D46)

Study 2: EWAS of hematopoietic malignancies Study 3+4: Tattoo ink exposure and risk of cancer

Figure 6. Overview of main cancer types studied in this project following the NORDCAN and ICD-10 classifications.

Besides Denmark, also Finland, Norway and Sweden have similar nationwide registers which have been combined to
constitute the Nordic Twin Study of Cancer (NorTwinCan) (15, 17, 93, 94). Following the latest linkage update in 2018,
the study included around 315,000 twins with known zygosity. The Lexis diagram in Figure 7 illustrates a rough outline
of the NorTwinCan cohorts by country and cancer follow-up. The first study of this project utilized the NorTwinCan data
to examine familial risk of the main hematologic malignancies: Hodgkin- and non-Hodgkin lymphoma, multiple mye-
loma, and leukemia. During the follow-up period, 3,459 hematologic malignancies were diagnosed.
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Figure 7. Lexis diagram of the NorTwinCan cohorts by country. Dark shaded areas indicate cancer follow-up.

Before any NorTwinCan related analyses could begin, data from the 2018-update had to be prepared. Prior to transfer of
data, a translational program (R script) was created by the writer of this thesis and sent to colleagues in Finland for
categorization of ICD-10 diagnoses according to the NORDCAN classification. The Norwegian data received was partly
translated, the rest was done using the same program. Finally, the NORDCAN groups in Danish and Swedish data were
scrutinized to ensure alignment between all four countries, that is, it was verified that the same mapping between diseases
coding and NORDCAN groups was applied. The remaining preparations and the extensive set-up for statistical analyses
laying the foundations for numerous NorTwinCan studies, were done by Wagner H. Bonat, Jacob Hjelmborg, and the
writer of this thesis.

Secondly, epigenome-wide methylation data from 1,085 Danish twins, collected through three surveys by the DTR, was
used to study association of methylation levels of 450,154 CpG sites to occurrence of hematopoietic malignancy. There
were 31 such diagnoses in the data. In this study, the outcome of interest was hematopoietic malignancies. That is, besides
the hematologic malignancies, also myeloproliferative diseases and myelodysplastic syndrome were included. There are
other hematopoietic malignancies, but none were present in the analyzed data. This extended grouping was chosen to
optimize conditions for analysis within twin pairs aiming to investigate genetic and environmental influences of the as-
sociation between DNA methylation level and occurrence of disease (hematopoietic malignancy). Further, following the
previous description of hematopoiesis (Background), this grouping is expectedly better suited for detection of DNA meth-
ylation aberrations arising early in the process of blood cell formation.

In the third and fourth studies on tattooing, we analyzed subsets of the Danish Twin Tattoo Cohort (DTTC) described
previously. The study on tattooing determinants (Paper 3) included 9,173 randomly selected Danish twins born 1920-
2004 (ages 16-101 at time of survey in 2021) among which 4,790 (52%) participated, thus providing information on tattoo
exposure (e.g. tattoo status, colors, size, and age at first tattoo), lifestyle factors: smoking, physical exercise, alcohol
consumption and education.

The study on association between tattoo ink exposure and risk of certain types of cancer consisted of two sub-studies for
which data were available from the DTTC, i.e. survey data linked to information from the Danish Cancer Register with
end of follow-up 1 January 2017. First, a case-cotwin study including all twin pairs born in Denmark from 1960 to 1996,
that is, they have reached age 20 years at end of follow-up. Inclusion criteria were: 1) At least one twin had been diagnosed
with one (or more) of the following cancers after reaching age 20 years: Hodgkin or non-Hodgkin lymphoma (ICD-10
was used along with ICD-O-3 by NORDCAN when identifying lymphoma incident cases), skin cancer (melanoma and
non-melanoma — not including basal cell carcinoma) and bladder/urinary tract cancer. 2) At least one twin could be
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contacted, i.e., was alive, not emigrated, and had not waivered contact by researchers. A total of 504 individual twins
were invited to participate in the survey out of which 316 (56%) responded. Second, a twin cohort study of lymphoma,
skin cancer and basal cell carcinoma. This sample was a subset of the twin cohort analyzed in Paper 3, restricting to twins
born 1960-1996 Also, the lymphoma and skin cancer cases and their cotwins were a subset of the case-cotwin study.
Among the 4,532 individuals invited to participate in the survey, 2,367 (52%) responded. We stress that twins invited to
the survey were a mix of the pairs from the case-cotwin study and the cohort of randomly selected twins, thus, no personal
information on cancer diagnosis was dispensed to potentially unknowing co-twins.
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Methods

Study design and bias

In this thesis, two of the most common observational study designs, cohort and case-control studies, were applied with
some modifications to adapt to the twin setting. In the following, they are described on a general level along with potential
sources of bias relevant for the thesis manuscripts.

Cohort

In a cohort study, a group of people is followed over time to ascertain incidence of a health outcome. It is useful for
assessing disease development over a longer period in a population through cumulative incidence. In a prospective cohort,
the study population is identified at the beginning of the study, sometimes classified by exposure status, and subjects are
followed through time. A retrospective (or historical) cohort is based on past exposures and diseases that have already
occurred are evaluated. Prospective studies have less potential for recall bias, while retrospective studies are useful e.g.
when studying diseases with long latency periods (95).

Case-control

In a case-control study, cases (e.g. subjects with disease) and suitable controls (typically disease-free) are identified, and
their exposure status is examined — often retrospectively. It is a useful design when studying association between exposure
and disease, especially when the disease is rare. There are different ways to identify controls, generally they must be
drawn from the same population as the cases and be comparable in many ways except for disease status. In a matched
case-control study, one or more controls are identified per case matching on potential confounders such as sex or age to
ensure equality among cases and controls (95).

Twin cohort

A cohort of twins is no different from a classic cohort, in terms of study design. It does, however, require certain adjust-
ments when analyzing as described in the statistical methods section. Besides estimation of cumulative incidence (risk),
twin studies have the ability to provide information on genetic and environmental influences on variation in risk (described
in detail later).

When studying nationwide twin cohorts (or representative samples from these), the aim is often to obtain results that
applies to the general population. This generalizability between studies in twins and singletons is often not a matter of
concern but must be addressed in relation to each specific research question. A comprehensive discussion of differences
between twins and singletons, for instance in relation to health and behavior is provided by Christensen and McGue (96).
Arguments for generalization of results will be discussed as relevant with each manuscript of the thesis.

Case-cotwin

The case-cotwin design, also known as discordant twin design, is similar to a matched case-control study where the
control is the cotwin, which has the advantage of matching for age, shared environment (e.g. upbringing), and shared
genetics. Monozygotic twins are genetically identical while dizygotic twins share on average 50% of their genetic material
(97). As non-shared confounding may lead to bias, it is custom to do a parallel analysis where the twins are considered
as individuals instead of pairs and the within-pair dependence is taken into account. This way observed confounders can
be included in the analysis.

Bias

A register-based study has the advantage of reduced risk of selection bias compared to a study where subjects are recruited
by advertisement. Also, information bias such as recall- and misclassification bias is limited. However, the latter could
be questionable when the register has long follow-up since classification systems are prone to change over time in step
with improving knowledge.
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A survey-based study may be influenced by selection bias causing the sample of survey participants to be non-representa-
tive. Examples are participation bias — some are more willing to participate than others — and survivorship bias — some
are unable to participate (95). Statistical sources of bias relating to analysis of time-to-event data, such as immortal time
bias, will be covered in the statistical methods section.

A confounder is a variable that is associated with both exposure and outcome and distorts the estimated measure of
association between exposure and outcome. There are several ways to control for confounding — each of different validity.
Those may be by design, such as randomization, matching, stratification, or through analytic modelling approaches. Fur-
ther, it can be of interest to investigate dose-response relationships, that is, if there is an association between dose of an
exposure and the effect it has on an outcome.

The statistical field of causal inference aims for confounder control through assumptions met by the randomized design
of study, those being exchangeability, positivity and consistency (98). It turns out that in some cases, observational studies
may be analyzed as if they were randomized, however, the underlying assumptions will be untestable. This approach to
analyzing data is developing and will expectedly become standard remedy for observational studies.

In this thesis, we apply the notion of average causal treatment effect, which has the interpretation of a counterfactual
effect, that is, the effect if everyone were treated compared to if everyone were untreated. Being treated would in general
mean being exposed for this property. Above assumptions would relate this measure to actual available data if fulfilled.
In general, the causal inference is not fully developed in case of twin analysis having clustered data, however, we propose
in this thesis a way to address the causal interpretation in relation to the matched case-cotwin design that exploits the
ability to effectively control for shared confounding, that is negating effects of confounders that are shared for the pair.
A reference to consider for this reducing confounder influence by matching is the smoking-lung cancer study with twins
in which shared confounders are controlled for (19). Other main sources of bias will occur for colliders and is named
collider-bias. A collider is a variable that is influence by both exposure and outcome. Stratifying or conditioning by a
collider of two variables (say exposure and outcome) will induce an association. An artifact association is obtained and
the general approach to avoid collider-bias is to avoid conditioning or stratification by such (99). This will be the approach
taken in the present thesis having most validity in general. Another issue to consider is effect modification. It occurs when
the effect measure of one explanatory variable varies with different levels of another explanatory variable. In this thesis,
it will be taken into account when relevant.

When it comes to variable selection, there are various methods. A common approach when doing regression modelling
is to start with the most credible (minimal) model based on prior information such as previous studies. The complexity of
the model is then increased gradually while keeping an eye on the influence each added covariate has as well as statistical
model diagnostics. This approach extends readily to the case of modelling twin data. The aim is to find a model which
minimizes confounding according to above considerations on confounders and colliders, but at the same time not includ-
ing overly many covariates as it might increase the bias rather than decrease it or simply lower the precision (without
inducing bias).
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Statistical methods

In this section, the statistical methods applied throughout the thesis are discussed on a general level along with methodo-
logical considerations not included in the manuscripts. The overall topic is sources of variation in risk assessed through
time to event analysis of twin data.

Time to event analysis

When analyzing the occurrence of an event of interest, consideration regarding the timing is required. If the follow-up
period is incomplete, it is not enough to simply count the number of subjects experiencing said event as it may occur at a
later point in time. This is an example of right censoring. Incomplete follow-up could also be due to delayed entry,
meaning that it is unknown whether the event took place before beginning of follow-up. This is called left truncation.
Failing to consider the timing of events could lead to bias if the time one is at risk of experiencing an event is not defined
correctly. Further, the estimates derived would depend on end of follow-up.

Another important aspect to consider is the presence of competing events preventing a subject from experiencing the event
of interest. This is often mistaken as censoring; however, it is important to distinguish — is it possible to experience the
event later or not? Ignoring competing events would likely lead to overestimation of the risk.

In our study, the main event of interest is cancer. Study entry is determined by date of register initiation and status at
follow-up may be right-censored. In this setup, death is a competing risk of cancer diagnosis before follow-up. We note
that death would not be a censoring event at follow-up. The classic alive-illness-death model shown in Figure 8 is a typical
example of a competing event setting: One may go from being alive (and healthy) directly to death or develop cancer
before dying. It is not possible, however, to die and then develop cancer.

Alive ——  Cancer

N

Figure 8. Alive-illness-death model with cancer as illness of interest.

Cumulative incidence function

Assuming independent censoring and in the presence of competing events, the cumulative incidence function can be
obtained from the non-parametric Aalen-Johansen estimator. For cluster-correlated data, such as twin pairs, generalized
estimating equations (GEE) type standard errors are applied. In the presence of covariates, the cumulative incidence
function is estimated using semi-parametric counting process modelling accounting for censoring by inverse probability
of weighting methods as described in Scheike et al. (100). Test for comparison of cumulative incidence functions in this
setting can be done with Gray’s test.

In our study, we choose age as timescale and hence consider events at various ages, e.g., age at study entry and age at
diagnosis. This ensures that effect of age is part of the model and in particular non-linear effects by age are comprehended
by this approach in the analysis. The cumulative incidence function at time t will then have the interpretation of the
probability (risk) of obtaining a cancer diagnosis before age t, where ¢ is an age typically between zero and a hundred.
The lifetime risk of diagnosis is then estimated as the risk of cancer diagnosis before age 100.

Familial risk

Studying sources of variation in risk is a complex task that we address by examining various measures of familial de-
pendence. One such measure is the familial risk, also called casewise concordance. It is defined as the conditional risk of
observing an event in a twin before some time ¢ given that the co-twin experienced the event before that time. This is
equivalent to the ratio of the concordance (will be defined shortly) to the cumulative incidence (i.e., the individual risk)
assuming equal marginals, that is, equal cumulative incidence among monozygotic (MZ) and dizygotic (DZ) twins — an
assumption that is most often fulfilled as twins rarely differ by zygosity as singletons. An elevated familial risk compared
to the cumulative incidence is an indication of familial effects of some kind; genetic or environmental — or both. Further,
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assuming environmental influence is independent of zygosity, a higher familial risk among MZ twins compared to DZ
twins indicates shared genetic influence. As a direct measure for these relative differences, we define the relative recur-
rence risk as the ratio of the familial risk to the cumulative incidence.

When assessing familial dependence, it is important to keep in mind that the proportion of shared genes between the DZ
twins are the same as among full siblings, as it enables generalization of results.

The concordance function is a bivariate probability expressing the risk of observing an event in both twins in a pair before
some time ¢. Several approaches were considered for obtaining this concordance risk, as described in Appendix 4. We
chose to proceed with non-parametric counting process modelling (semi-parametric in the presence of covariates) ac-
counting for censoring by inverse probability of weighting methods as explained by Scheike et al. (100). The key assump-
tion here is same censoring within twin pairs meaning that both twins must be censored at the same time. For the register
data used in this project that is not a problem as the time of censoring is the same for nearly everyone, namely end of
follow-up, the only exception being emigration. If one twin emigrates, both twins in the pair will have to be censored at
that time.

Inference of these measures of familial dependence can be obtained by tests of differences using a Pepe—Mori type test
derived in a way similar to that described by Scheike et al. (100) assuming approximate normal distribution of estimators
(94).

Familial risk of multivariate events

As part of this project, we have looked into extending above methods to apply to multivariate events described by a
multidimensional random variable, e.g., representing different cancer types. We assess familial dependence by looking at
pairwise combinations of events, referred to as cross-events, i.e., one event occurring in one twin and another (non-
competing) event occurring in the cotwin. In this situation, one must be aware that two familial risks can be defined for
each pair of events — one for each event being conditioned upon. For instance, is the risk of cancer type 4 increased if the
cotwin has been diagnosed with cancer type B? The relative recurrence risk is defined as the risk of observing a set of
cross-events in a twin pair before time t relative to observing the same set of cross-events in a pair of unrelated individuals
before that time (94). This is estimated by the bivariate concordance function relative to the product of the cumulative
incidence functions for the pair of events. As a result of this extension to twin methodology, it was necessary to adapt the
available statistical software used to compute inference. The R function casewise.test from the mets package by Scheike
et al. (100) is based on a Pepe-Mori type test and can be used to test equality of the cumulative incidence function and
MZ- or DZ- concordance- or casewise concordance functions for the same event in a pair of twins. In order to apply to
cross-events, the source code of this R function was adapted to test the hypothesis of equal MZ and DZ concordance
functions. That way, it could also be used to test equality of MZ and DZ casewise concordance (familial risk) or MZ and
DZ relative recurrence risk since both relations can be reduced to concordance equality.

Biometric modelling

Another approach to assess variation within and between twin pairs is by modelling the overall magnitudes of the genetic
and environmental contributions to the variation in risk (94). We apply the polygenic ADCE model from quantitative
genetics containing the following variance components: additive genetic (A), dominant genetic (D), shared environmental
(C), and unique environmental (E) effects. Information on the underlying assumptions of this model is provided by Sham
(97). We derive further measures of familial dependence based on this setting: 1) The heritability, or the shared genetic
effects, defined as the proportion of variation in risk attributed to genetic factors, i.e., the sum of the A and D components.
2) The shared environmental effects, which is simply the contribution of the C component to the total variation in risk.

As described by Holst et al. (101), when using the classic twin design, one cannot identify all four variance components
simultaneously. We typically go through a development process applying model selection criteria to determine the most
parsimonious model (101). For now, we choose the ACE-model as it is the most biologically interesting of the largest
possible three component models. With this as the starting point, we estimate the heritability as the ratio of twice the
difference in MZ and DZ concordance risk to the total variance in risk. Assuming equal marginals, i.e., the same cumu-
lative incidence functions for MZ and DZ twins, the total variance in risk is given by the product of the cumulative
incidence function and one minus the cumulative incidence function. The shared environmental effects are estimated as
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the difference between twice the DZ concordance and the MZ concordance relative to the total variation in risk (102).
Derivations of both measures are provided in Appendix 5.

The classic liability threshold model

An alternative approach to biometric modelling is the classic liability threshold model. Instead of working directly on the
risk scale, it models the probability of experiencing an event as a function of the latent unmeasured liability assuming
normal distribution. It can be used to provide measures of familial dependence analogous to those described above and
the canonical tetrachoric correlation, which is defined as the Pearson product moment correlation of the latent Gaussian
random variables — the liabilities. Estimates are provided through a bivariate biprobit model assuming equal marginals
and using inverse probability weighting to account for censoring (15, 101). It is not yet feasible to account for delayed
entry or competing risk with this approach. A more comprehensive presentation of the liability threshold model is pro-
vided by Holst et al. (101).

Risk versus liability scale

It should be noted that the heritabilities and shared environmental effects in our approach stems from two different scales:
The risk scale and the liability scale. From the liability threshold model, we may predict the risk scale measures above,
casewise concordance etc., however, the direct non-parametric modelling on risk scale is an advantage in our study. There
are various pros and cons for both methods: The risk scale approach based on counting process modelling requires few
assumptions and takes into account delayed entry and competing risk of death. It also has the ability to apply to cross-
events. However, there are several ways of estimating risk scale concordance, and as demonstrated in Appendix 4, it is
yet uncertain how well they perform under extreme circumstances such as very few twin pairs concordant for an event,
e.g., a rare cancer. The parametric liability threshold model requires more assumptions, does not apply to cross-events,
and is perhaps rendered less intuitive by its latency. Nonetheless, with the additional assumptions, it often provides more
accurate inference, and the heritability of liability is (yet) by far the most common in current literature.

Individual level regression analysis

We will now move the focus from measures of familial dependence providing information on where to look for risk
factors (genes or environment) to various regression methods, still in the time to event setting, aiming to provide measures
of associations between specific exposures and outcome.

We utilize the hazard function, that is, the short-term event rate considering at time t only individuals who have not yet
experienced the event of interest. Covariate effects are given by hazard ratios (HR’s) estimated by a regression model
such as the Cox proportional hazards model. However, assuming that a HR does not vary over time, as is the case for the
standard Cox PH model, may not be reasonable. A common way to deal with this is through estimation of time-dependent
coefficients, in other words, HR’s can be estimated for specific time periods. However, caution must be taken when
dealing with time-dependent coefficients: The interpretation of the HR for the first time-period is straightforward, but the
HR’s of the following periods come with a selection bias since they only apply to those who made it until that time (103).

Assuming independent censoring, models based on the hazard function allows for dynamic modelling which naturally
handles delayed entry. Additionally, it may allow for studying effects of both covariates measured at baseline and covari-
ates that change during follow-up, referred to as time-dependent covariates. Two common errors, when dealing with an
exposure that changes during follow-up, are: 1) using time of (first) exposure as starting point or 2) correctly using a time-
scale independent of exposure, but then assume exposure since study entry. The first would lead to immortal time bias
since it corresponds to assuming that every exposed individual is “immortal” (event free) until study entry. The second
would underestimate the HR because the event-free time since baseline until the actual time of exposure would be mis-
attributed to the exposed group instead of the unexposed group (104).

Another measure of interest, when assessing association between exposure and outcome, is the average treatment effect.
It is a measure of risk difference (absolute or relative) in a setting where we consider the effect if everybody were exposed
compared to if none were exposed. That is, the risk difference in a causal setting assuming exchangeability, positivity,
and consistency (98). It can be derived in accordance with the censored competing risks framework previously described
e.g., by using G-computation on a Cox proportional hazards model or a Fine-Gray subdistribution-hazards model.
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All regression methods described in this section may account for cluster-correlated data, such as twin pairs, by applying
robust variance estimation.

The discordant twin design

Besides polygenic biometric modelling of time-to-event twin cohort data used for examination of familial dependence,
the discordant twin design is another powerful approach demonstrating the advantages of twin studies. It has previously
been applied for the Nordic twin cancer data for instance in smoking exposure studies (19). The matched analysis enables
control for unobserved, shared confounding, including genetic background and shared environmental exposures (e.g.
upbringing) and reduces the impact of several limitations common in standard observational approaches. For example,
the classic Cox proportional hazards regression model is easily adapted to a stratified model fit for the matched setting by
using twin pair specific baseline hazards (105). A matched case-cotwin design is powerful in the sense that few informa-
tive pairs, that is, pairs discordant for exposure and outcome, are needed to detect a significant effect. As non-shared
confounding may impact this design, standard analysis using the twins as singletons (as described previously) while
correcting for within-pair dependence and observed risk factors is carried out as a parallel analysis, presumably less
powerful, but using all available information (106, 107).

Prediction modelling

Finally, we have attempted to create a prediction model selecting predictors from a high number of covariates. In our
study, this followed an epigenome wide association study (EWAS) aiming to identify possible epigenetic markers of
cancer through application of previously described individual level regression analyses, applying time-to-event model-
ling, and taking into account timing of events and competing risk of death. A specific form of stability selection particu-
larly well suited for high dimensional data (108) was used on a subset of the most promising covariates (CpG sites) from
the EWAS. To identify candidates for a predictor we computed a number of replications applying the least absolute
shrinkage and selection operator (109) in a Cox regression model. Evaluation of the prediction model was done through
estimation of cross-validated Harrel’s C, a concordance index used for censored time-to-event data, followed by predic-
tive ability over time via the cross-validated, time-varying area under the curve (AUC).

To assess whether the effect of the predictor was independent of underlying genetic effects, the discordant twin design
was applied using a stratified Cox model on the monozygotic twins.
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Results

In this section, the main results of the four studies included in this thesis are summarized. Further details can be found in
the enclosed papers.

Paper 1: Familial risk and heritability of hematologic malignancies in the Nordic Twin Study
of Cancer

Among 316,397 Nordic twins with a median follow-up time of 42 years, there were 3,459 hematologic malig-
nancies. The distribution was: 44% non-Hodgkin lymphoma (NHL), 35% leukemia, 15% multiple myeloma
(MM), and 7% Hodgkin lymphoma (HL).

Cumulative incidence functions by age were estimated for each of the four hematologic malignancies. The life-
time risks (in percentages with 95% CI) were estimated to: NHL: 1.1 (1.0-1.2), leukemia: 0.9 (0.8-1.0), MM:
0.4 (0.3-0.4), and HL: 0.1 (0.1-0.1). The overall risk was 2.5 (2.4-2.6).

The familial risks by age for overall hematologic malignancy was significantly higher than that of the general
population at all ages (from age 40) with the DZ familial risk being nearly twice as high. The MZ familial risk
was suggestively higher than DZ at all ages, but not significantly so.

Lifetime estimates of genetic and environmental contributions to variation in liability to develop cancer for each
of the subtypes, except for HL, were very similar with low heritability, high non-shared environmentability, and
no shared environmentability. For HL, the contribution from genetics and non-shared environment were approx-
imately evenly shared.

Assessing the same measures over age for overall hematologic malignancy revealed even contributions from
genetics and non-shared environment around age 40 years, which then diverged until stabilization around age
55, where the heritability was around 20-25% and the remaining variation was attributed to non-shared environ-
mentability. There was no indication that shared environment had an influence at any age.

Lifetime relative recurrence risks revealed significantly increased risk of co-occurrence of NHL and leukemia
in DZ twin pairs suggesting familial predisposition between these cancer types.

Paper 2: Novel epigenetic biomarkers for hematopoietic cancer found in twins

The study included 1,085 Danish twins with 31 hematopoietic malignancies. DNA methylation levels were avail-
able for 450,154 CpQG sites.

An epigenome wide association study of DNA methylation levels and hematopoietic malignancy identified
15,432 CpG sites with a false discovery rate below 0.05.

Among these CpG sites were 67 significant epigenetic markers — 12 of which were found to be linked to genes
that were associated with hematologic malignancies in the FinnGen study and further 16 sites linked to genes
associated with other immune disorders or diseases of the blood.

A matched case-cotwin study, providing strong confounder control, yielded similar measures of association, but
only 2 out of 12 were statistically significant. Within pair correlations of monozygotic twins were significantly
different from zero for 7 sites, suggesting a moderate upper bound of genetic influence on liability of hemato-
poietic malignancy at 0.34.

We further identified 12 candidates for a predictor of hematopoietic malignancies. The predictor performed well
on the Danish data under cross-validation with a prediction performance of 92% three years after blood sampling
and persistent performance above 70% up to six years after blood sampling.

The findings of associated and predicted CpG sites were validated externally to a satisfactory extent in a popu-
lation representative Finnish twin sample.
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Paper 3: Tattooing is mainly cultural. A representative twin study of tattooing determinants

The study included 4,790 twins among which 1,061 (22%) had a tattoo.

Cumulative incidence of age at first tattoo by sex was estimated for three birth cohorts and the cumulative inci-
dences at age 25 years were: 5.8% (95% CI: 4.2-7.4%) for males and 0.4% (0.0-0.8%) for females born in the
years 1925-1960, 15.4% (12.5-18.3%) for males and 11.5% (9.1-13.9%) for females born in the years 1961-
1980, and 30.2% (25.4-35.0%) for males and 41.3% (37.0-45.5%) for females born in the years 1981-2004.

More than half of the tattooed males and females born in the years 1981-2004 were younger than 20 years old
when they had their first tattoo.

The average causal risk difference (ATE) of having a tattoo before age 25 years among those born in 1981-2004
was 9.9% (4.4-15.4%) when comparing females to males.

Likewise, the ATE of tattooing was 35.9% (29.2-42.7%) when comparing ever-smokers to never-smokers born
in 1981-2004. No significant ATE could be detected for alcohol consumption or physical activity.

The familial risk of tattooing by age was nearly twice as high as the risk in the background population at ages
20-80 years suggesting a familial predisposition governed by environmental effects.

The shared environmental influence of variation in risk of having a tattoo by age was around 65% from age 30
while the genetic influence was close to zero at all ages.

Paper 4: Tattoo ink exposure is associated with lymphoma and skin cancers — a Danish
study of twins

The 316 twins in the case-cotwin study were split into three (slightly overlapping) samples. The first sample
included 32 lymphoma cases and 34 cotwin controls. (The numbers are not equal because incomplete pairs were
included). The second sample included 119 skin cancer cases and 104 cotwin controls. The third sample included
8 cases with cancer of the bladder and urinary tract and 6 cotwin controls.

Approximately 30% of both lymphoma cases and controls were tattooed and around 25% of the skin cancer
cases and control were tattooed. In the sample with bladder cancer there were fewer than five tattooed individu-
als.

Individual level analysis revealed increased hazard of lymphoma among twins with tattoos larger than the palm
of one’s hand (HR: 2.73 (95% CI: 1.33-5.60)). Also, the HR of skin cancer was 1.62 (95% CI: 1.08-2.41) com-
paring tattooed to non-tattooed, while the HR was 2.37 (95% CI: 1.11-5.06) when considering large tattoos.
There was no evidence for a confounding effect of smoking when estimating the hazard of skin cancer. It was
not possible to fit any models estimating hazard of bladder cancer, modelling the confounding effect of smoking
on lymphoma hazard, or doing matched analysis for lymphoma or bladder cancer.

There were 2,367 individual twins in the twin cohort. Among these were 6 cases with lymphoma (fewer than
five of them tattooed), 16 with skin cancer (half of them were tattooed), and 29 with basal cell carcinoma (11 of
them were tattooed).

Cumulative incidence functions for skin cancer and basal cell carcinoma by age were not significantly different
among tattooed and non-tattooed. The risk (cumulative incidence) of being diagnosed with skin cancer before
age 57 years was 1.1% (95% CI: 0.3%-1.8%) among tattooed and 0.4% (95% CI: 0.2%-0.7%) among non-
tattooed. Likewise, for basal cell carcinoma the risks were 1.5% (95% CI: 0.6%-2.4%) for tattooed and 0.9%
(95% CI: 0.5%-1.4%) for non-tattooed.

Individual level analysis revealed increased hazard of skin cancer among tattooed twins (HR: 3.90 (95% CI:
1.42-10.78)). Likewise, for basal cell carcinoma the HR was 2.83 (95% CI: 1.30-6.16). There was no evidence
of a confounding effect of smoking when studying skin cancer outcome, but for basal cell carcinoma, the effect
of tattooing was increased with a HR of 3.52 (95% CI: 1.63-7.61) when adjusting for smoking.
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In this project, we set out to study the hypothesis that tattoo ink induce inflammation at deposit site which may eventually
become chronic and increase risk of abnormal hematopoietic cell proliferation. The first step of the project was to initiate
the survey which would later become the foundation for the Danish Twin Tattoo Cohort. While this was in the making,
we studied etiology of hematologic malignancies through the Nordic Twin Cancer Study and conducted an epigenome-
wide association twin study of hematopoietic malignancies. We then examined the hypothesized risk factor, tattooing,
finding it to be a cultural behavior with limited genetic influence, and provided novel evidence associating tattoo exposure
with increased risk of lymphoma and skin cancer.

In greater detail, we have established the Danish Twin Tattoo Cohort (DTTC) for which more than eleven thousand
Danish twins were invited and about half participated. The DTTC holds a population-based cohort of 4,790 participating
twins randomly selected among Danish twins born 1920-2004 and case-cotwin samples of twins with various cancers,
including lymphoma and skin cancer. All twin pairs in the Danish Twin Register, where at least one twin had been diag-
nosed with a cancer of interest and at least one twin in a pair could be contacted, were invited, leading to a total of 1,328
participants.

Meanwhile, in the first paper, we verified previous findings of familial predisposition to hematologic malignancies and
co-occurrence with other cancers such as prostate and lung cancer. The estimation of familial risk by age and further the
influence of genetic and environmental factors by age was a novel contribution. The discovery of decreasing familial
predisposition with increasing age is what could be expected from a disease influenced by non-genetic factors since more
environmental exposures will have had opportunity to exert an influence. As there were few diagnoses before age 40
years in the cohort, we were unable to study familial influence at younger ages. This may also explain our finding of no
shared environmental influence on risk of hematologic malignancies since this is expectedly mainly governed by early
life environmental exposures (upbringing).

As a link between environmental exposures and the effect they have on our genes, we have studied epigenetics. In the
study of DNA methylation and development of hematopoietic malignancy, we identified 67 epigenetic quantitative trait
loci of which 12 are linked to genes associated with hematologic malignancy in FinnGen. For instance, the CpG sites
cg00984696 and cg05575733 which are both related to NHL. Additionally, these two sites presented moderate genetic
influence. To the best of our knowledge, we are the first to present estimates of average causal CpG effects comparing
risk of hematopoietic malignancy five years after individual blood sampling among those with high versus low methyla-
tion levels. Moreover, the formation of a predictor performing persistently at a high level up to six years after blood
sampling could, with further exploration, aid prevention and early detection of such diseases.

In the study of tattooing determinants, we obtained several new insights. First, we provided empirical evidence of the
dramatic increase in cumulative incidence of tattooing over the past decade. Second, we found a strong familial influence
on tattooing behavior, similar among MZ and DZ twins, this mainly due to environmental factors. In other words, tattoo-
ing is a cultural behavior. Third, a strong association between smoking and tattooing was detected, and fourth, findings
indicated that females of the younger generations are more likely to have a tattoo than males.

Finally, the twin study of tattoo ink exposure and risk of certain cancers lead to novel evidence associating tattoos with
risk of lymphoma and skin cancer. This is a finding of great importance seeing as more than a fifth of the Danish adult
population are estimated to have at least one tattoo. In a case-cotwin study, hazards of skin cancer, basal cell carcinoma,
and lymphoma were about 2-3 times higher among tattooed. Further, the cohort study suggested risks for skin cancer
being around twice as high for tattooed individuals.

Previous knowledge

As explained in Paper 1, numerous studies have provided evidence of familial predisposition to hematologic malignancies
(110-122). For example, in a study of NHL in the Nordic countries, Fallah et al. found evidence of increased familial risks
for various familial relationships (including twins) by sex compared to the general population (122). A similar study of
HL has also demonstrated increased familial risks (121). Both studies found the highest familial influence on development
of hematologic malignancy among twin siblings, however, zygosity was ignored in both cases.
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Most epigenetic studies of hematopoietic malignancies concern specific subtypes. However, a Swedish study of familial
risk of hematopoietic malignancies, including more than 150,000 patients, provided evidence for shared etiological factors
across subtypes (117). To the best of our knowledge, the CpG sites identified in our study (Paper 2) has not been published
previously in relation to association between DNA methylation level and risk of hematopoietic malignancies. This may
indicate that our findings are novel, but there is also a possibility that some are false positive findings resulting from large
scale testing. We conjecture that some of the identified sites stem from DNA methylation aberrations arising early in the
process of hematopoiesis where hematopoietic stem cells have yet to be restricted to a certain lineage (3).

Previous studies have suggested modification of tattoo prevalence by age, with a higher proportion of young females
being tattooed compared to males of similar age (32, 123). This was not directly tested in our study, but it is consistent
with tattoos being more common among males in the oldest birth cohorts and more common among females in the young-
est birth cohorts. Moreover, there is limited literature about the decision of getting a tattoo. A study among American
college students found a relationship between tattooing and having tattooed peers while limited familial influence was
suggested (124). In a review of tattoo studies, Kluger points out that peer influence is known to play an important role, in
line with our findings of environmental influence, and further, that smoking was increased among tattooed individuals,
which is also consistent with our results (125).

To this date (May, 2024), only one study has been published regarding tattoo ink exposure and risk of cancer: A Canadian
study from 2020 (47). It considered two population-based case-control studies holding 1,518 participants including 737
cases with non-Hodgkin lymphoma and 742 participants including 373 cases with multiple myeloma. No significant
associations could be detected. We note a considerable limitation of the study, namely that logistic regression was used
instead of time-to-event modelling. Consequently, two types of bias in the direction of underestimation of risk are likely
to occur: One due to incomplete follow-up — controls are practically assumed to stay cancer free, and another since the
time-varying nature of tattooing is ignored, exposed individuals are assumed to be tattooed since birth.

Someone without prior experience in twin research might be tempted to question whether results of twin studies have any
use beyond twins. It should be clear by now that it indeed is the case for the topics covered in this project. Cancer risk
has previously been shown to mirror that of the general population (15, 93). That was verified for hematologic malignan-
cies in Paper 1. There is no reason to believe that merely being a twin influences risk of cancer (or tattooing). When we
condition on cotwin it is a different matter entirely — and a different kind of risk. In a book chapter by Christensen &
McGue, twin-singleton differences are discussed based on literature and the authors conclude that while twins differ from
singletons in early life, twin-singleton differences are generally small after childhood (96).

Through Statistics Denmark (126) it is possible to compare number of singleton- and twin births in the younger birth
cohorts of the DTTC, that is, those born in the years 1990-2004. While the number of singleton births per year appears
relatively stable around 61 to 68 thousand, the number of twin births steadily increased to from around 700 to 1400 in
that period. The increasing use of fertility treatment may be a contributing factor to this development. This would explain
the discrepancy in age distributions for the 16-25-year-olds in the tattoo cohort compared to the background population
(figure not shown, but the patterns were very similar to that of Supplementary Figure 1 and Supplementary Figure 2 in

Paper 3 depicting age distribution among participants in the cohort study of tattoo exposure).

Strength and weaknesses

A strength of twin studies, which has been exploited in the first three papers of this thesis, is the use of zygosity to provide
information on relative genetic and environmental influences on occurrence of hematologic (Paper 1) and hematopoietic
malignancy (Paper 2) and tattooing (Paper 3). In the cancer studies, the use of broader disease classification involves both
limitations and strengths: While the study of disease subgroups likely yields information more applicable for the individ-
ual, e.g., specific information on (epi)genetics is useful in classification and treatment of hematologic malignancies, the
use of broader groupings provides more power which is needed for assessment of beforementioned genetic and environ-
mental influences and how they vary by age. This information can in turn aid in the search of risk factors which can be
useful in prevention and early detection of disease.

Variation in disease occurrence among twins has been studied through both classical twin modelling and state-of-the-art
risk-based methodology throughout this project. Pros and cons of both liability and risk scale modelling have been dis-
cussed. While the former is well-known in the field of twin research, its lack of intuitiveness is a drawback. Also, having
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started to look into co-occurrence of cancers have revealed variation in risk shared between cancer types typically studied
separately (ref: Thesis Paper 1 and yet unpublished results from the Nordic Twin Study of Cancer on more than 40 cancer
sites). Such analyses of cross-events would not have been possible on the liability scale. However, there is still work to
be done in evaluating the performance of such methods under extreme circumstances such as very few twin pairs con-
cordant for an event, e.g., a rare cancer.

Matched analysis for average treatment effect was not possible in the study of tattooing determinants (Paper 3) as we did
not yet have the methods required to do so while considering the time-varying nature of tattoo exposure. We hope to
derive the means to do so soon. It is problematic because modelling within- and between pair associations of tattoo
exposure and cancer outcome may introduce competing events when enforcing pairwise censoring (if one twin develops
cancer, the other twin is censored at that point in time). Should both twins acquire tattoos before one (potentially) develops
cancer, that would be a competing event as it is no longer possible for the pair to become exposure and outcome discord-
ant. Careful consideration must be given to this issue as competing events complicate the interpretation of results esti-
mated through a Fine-Gray subdistribution hazards model (127). Given the finding of low heritability of tattoo exposure
(Paper 3) and low heritability of hematologic malignancies (Paper 1), one might question whether a matched twin study
would provide much more information than the individual level analysis. At least, the match for genetic background
would expectedly have little influence.

An advantage of studying cancer in the Nordic countries is the nationwide registers. This limits the risk of selection bias
compared to a study where subjects are recruited by advertisement. Also, information bias such as recall- and misclassi-
fication bias is limited. However, the latter could be questionable in the NorTwinCan study (which Paper 1 is part of)
since disease classification has changed over time in step with improving knowledge. For the biometric analysis in Paper
1, such changes would be regarded as random noise and be contained in the E-component (non-shared environment) of
the ADCE model. Another source of misclassification bias is that of tattooing since the survey did not specify type of
tattoo. The intention was to study decorative tattoos, but participants with permanent make-up and medical tattoos may
also have responded as being tattooed.

Since the DTTC is a survey-based cohort, the studies described in Paper 3 and 4 may be influenced by selection bias
causing the sample of survey participants to be non-representative. For instance, survivorship bias is present since one
had to be alive in 2021 to participate in the survey. In particular, the case-cotwin sample consists of cancer survivor and
their cotwins. Another example is the higher participation rates among those with higher levels of education which could
bias the data towards lower tattoo rates (32, 125). It is also possible that some based their decision of whether to participate
on their personal opinion on tattoos or thinking it was related to cancer. Survivorship bias may also be present in the
epigenetic study since the survey participants, whose blood samples were used to extract DNA methylation data, are
unlikely to have included the frailest individuals.

Finally, in each study, the expected measured confounders have been taken into account (e.g. age/cohort, sex, zygosity).
One additional factor that could provide important information, mainly in the study of tattooing determinants, is socioec-
onomic background. That information was not available; however, the twin design expectedly reduces such bias due to
familial components.

Perspectives

Multiple ideas for potential future studies have arisen during the project. First, we believe there is more knowledge to be
learned regarding manifestation of hematologic cancer across cancer types within twin pairs (or families) as was studied
in Paper 1. That is, the increased risk of cancer in a twin given another cancer in the co-twin. A study of familial depend-
ence including not only the hematologic malignancies, but all major cancer types, could reveal hitherto unknown links
and provide important insights into shared etiology. The NorTwinCan study would provide an optimal setting for this.
Our paper can be seen as an initiation for a cross cancer relationship study, and it would be further interesting to study
the impact of risk factors, in particular tattooing as it has been done for smoking. This perspective requires extensive
survey data and collection of these have just begun.

The epigenetic study of hematopoietic malignancies (Paper 2) has led to a vast number of potential further studies. For
instance, a more in-depth exploration of the 67 identified CpG sites including search of linked genes in other databases
besides FinnGen. Also, as opposed to an epigenome-wide analysis, one could perform a site-specific study of previously
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identified CpGs related to hematopoietic malignancy using the matched case-cotwin design to provide novel information
on genetic and environmental influences on DNA methylation level. Another perspective for the identified CpGs would
be to study their pathways through omics layers ‘beyond and above’, that is, their further role in genomics as already
started in Paper 2 and similarly for proteomics and mRNA expression or transcriptomics. Finally, combining DNA meth-
ylation data from the three cohorts included in the epigenetic study with the DTTC, we could search for CpG sites asso-
ciated with tattoo exposure through the matched case-cotwin design among twin pairs discordant for tattoo exposure and
further compare these with established CpG sites related to development of hematopoietic malignancies. This could reveal
more information about the biological pathway from tattoo exposure to development of cancer.

In addition, there is more information to be utilized in the DTTC. The study of tattoo ink and cancer (Paper 4) was
restricted to individuals born since 1960, but information is available dating back to opening of the Danish Cancer Reg-
ister in 1943. This would require different modelling approaches but would be possible with e.g. an extended Poisson
model allowing for two timescales: age and chronological time.

Another perspective is a matched study comparing known cancer biomarkers or inflammatory markers measured in blood
samples among healthy tattooed and non-tattooed individuals. Through linkage to some of the other national health reg-
isters available in Denmark, the twin cohort established during this project could be used to study association between
tattoo ink exposure (along with smoking habits) and other immune-related diseases. It would for instance be possible to
estimate and compare cumulative incidence functions by age of sarcoidosis among tattooed and non-tattooed individuals.
Besides, current knowledge on migration of ink from the site of the tattoo to somewhere beyond the regional lymph nodes
is based on animal studies. We propose a review of medical and forensic pathologic reports to look for observations of
ink in other organs.

Finally, the European laws from 2021 regulating use of many known and suspected carcinogens in tattoo ink will expect-
edly aid the prevention of tattoo-related cancers to a certain extent, but it may take years for the payoff to show. We note,
however, that according to our main hypothesis, the presence of ink of any sort in the lymph nodes may induce increased
cell proliferation due to an immunologic response and we do not expect this to be affected by the stricter regulations.

Conclusion

In the exploration of determinants influencing familial dependence of hematologic malignancies, twin studies play an
important role and has benefitted from our analysis of the nationwide registers in the Nordic countries. Furthermore, in a
world where tattooing has become immensely popular and knowledge on the long-term safety has been found sorely
lacking, this thesis is considered a contribution of great importance.

Our contribution consists of; i) The establishment of The Danish Twin Tattoo Cohort beneficial for public health studies.
i) Results shed light on etiology of hematologic malignancies through the Nordic Twin Cancer Study. iii) Epigenetic
biomarkers identified through an epigenome-wide association twin study of hematopoietic malignancies. iv) We exam-
ined the hypothesized risk factor, tattooing, finding it to be a cultural group clustering phenomenon of limited genetic
influence. v) Conjectured and supported novel evidence associating tattoo exposure with increased risk of lymphoma
and skin cancer. It is the hope that further knowledge will be pursued for the benefit of public health and health science.
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English summary

English summary

In this project, we set out to study the hypothesis that tattoo ink, which is known to migrate to regional lymph nodes,
induce inflammation at deposit site which may eventually become chronic and increase risk of hematopoietic cancer cell
formation. First, we study etiology of hematologic malignancies through the Nordic Twin Cancer Study. We verify pre-
vious findings of familial predisposition and provide novel information on the influence of genetic and environmental
factors by age. As a link between environmental exposures and the effect they have on our genes, we conduct an epige-
nome-wide association twin study of DNA methylation and hematopoietic malignancies identifying 67 CpG biomarkers
of which 12 are linked to genes associated with hematologic malignancy. Further, we set up a predictor performing per-
sistently at a high level up to six years after blood sampling.

Moreover, we establish the Danish Twin Tattoo Cohort which has so far enabled two studies and may become an im-
portant source of knowledge in the field. First, in a study of tattooing determinants, we provide empirical evidence of the
dramatic increase in cumulative incidence of tattooing over the past decade, find that tattooing behavior is a cultural group
clustering phenomenon with limited genetic influence, and detect a strong association between smoking and tattooing.
Second, we examine the hypothesized risk factor, tattooing, and provide novel evidence associating tattoo exposure with
increased risk of lymphoma and skin cancer. These findings are of great importance in a world where tattooing has become
immensely popular and knowledge on the long-term safety has been found sorely lacking. It is our hope that further
knowledge will be pursued for the benefit of public health and health science.
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Danish summary (dansk resume)

Dette projekt tager udgangspunkt i hypotesen om at tatoveringsblaek, som er kendt for at kunne migrere til omkringlig-
gende lymfeknuder, inducerer inflammation pé aflejringsstedet. Vi mistenker at inflammationen kan blive kronisk og
dermed oge risikoen for dannelse af heematopoietiske kraftceller. Vi starter med at undersegge @tiologien af heematologi-
ske cancere ved brug af det Nordiske Tvilling Cancer Studie. Resultaterne bekreefter tidligere fund af familieer indflydelse
og finder ny information om indflydelsen af genetiske og miljemaessige faktorers variation med alder. For at forbinde
miljeeksponeringer og den effekt, de har pa vores gener, udferer vi et tvilling-associationsstudie af hele epigenomet. Vi
identificerer 67 CpG-biomarkerer for h&matopoietisk cancer, hvoraf 12 er forbundet med gener, som er forbundet med
hamatologisk cancer. Vi opstiller ogsé en pradiktor, der prasterer pa et vedvarende hejt niveau op til seks ér efter blod-
provetagning.

Vi etablerer desuden den Danske Tvilling Tatoveringskohorte, som indtil videre har givet mulighed for to studier, men
som kan gé hen og blive en vigtig informationskilde indenfor feltet. Det forste studie handler om faktorer, der har indfly-
delse pa tatoveringsadferd. Her finder vi ud af, at tatoveringsadfard er et kulturelt gruppefeenomen med begranset gene-
tisk indflydelse. Vi finder desuden empirisk evidens for den dramatiske stigning i kumulativ incidens af tatoverede indi-
vider i lebet af det sidste arti og opdager en steerk sammenhang mellem rygning og tatoveringer. Det andet studie handler
om den hypoteserede risikofaktor, dét at veere tatoveret, og fremlaegger ny evidens, der forbinder tatoveringseksponering
med oget risiko for lymfe- og hudcancer. Disse resultater er af stor betydning i en verden, hvor tatoveringer er blevet
enormt populare, og viden om langsigtet sikkerhed har vist sig at vaeere meget mangelfuld. Det er vores héb, at yderligere
viden vil blive efterstrabt til gavn for folkesundhed og sundhedsvidenskab.
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Appendix 1: Disease classification of hematologic
malignancies in the Nordic countries

Oversigt over klassifikation af haematologiske cancere i det nordiske tvilling cancer studie. Udarbejdet i forbindelse med
artikel 1 i denne athandling.
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haematologiske
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Tilgaengelige variable:

Sverige: ICDO3, ICDO10, icd7, ICD9

Finland: Nordcan (baseret pa icd10/Nordcan liste)

Norge: Tum_icd7, Tum icd10 (intervaller), Tum_topo O3, Morf O2, Tum_hist morf (for 1993), Morf O3

Danmark: C_ICD10, C MORFO3, C _ICD7 (+ en masse andet, se nedenfor)

Udsnit af variable fra det danske cancerregister — fra ”Dokumentation fra cancerregistret”: (128)

Variabel arsinterval Indhold

K _TUMORNR 1943-2016 Tumor lebenr

C_ICD10 1978-2016 ICD10 koden

C_MORFO3 1978-2016 Histologi, Morfologi iflg. ICDO3 klassifikationen
C _GRAD 1943-2008 Gradering (Kun urinvejstumorer)

C LATERAL 1943-2016 Lateralitet for parrede organer

C _UDBRED KLASSIFIKATION |2004-2016 Anvendt udbredelsesklassifikation

C _UDBRED 1943-2003 Tumorens Udbredelse

C_MAKROGRUNDLAG 1943-2016 Makroskopisk grundlag

C_MIKROGRUNDLAG 1943-2016 Mikroskopisk grundlag

C_BEHANDLING 1943-2003 Behandling

C ICD7 1943-1977 Den gamle nordiske ICD7-klassifikation

C DIAGGR 1943-1977 ICD7 diagnosegruppering - undergrupper

C ORGGR 1943-1977 ICD7 diagnosegruppering - overordnede grupper
C SARC 1943-1977 Er sarcom eller ej ?

C_DIAGGR_ICDI10 1978-2016 ICD10 - diagnosegruppering - undergrupper
C_ORGGR _ICD10 1978-2016 ICD10 - diagnosegruppering - overordnede grupper
¢ DIAGGR_ Nordcan 1943-2016 NordCan grupper
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Sammenfatning af informationer fra klinisk professor i haematologi, Henrik Frederiksen, og Nordcan (4, 5).

Henrik Frederiksen Nordcan
Hematological malignancies C81-C9 C81-86,C88,C90-96,D45-47.0-1,3-9
Hodgkin lymphoma C81 C81
Non-Hodgkin lympho- (C82.0-C85.9, C86, C88.0-9, C91.1b C82-86
mas
Leukemia C91-95
Acute myeloid leukemia | C92.0 (excl. C921, C922, ¢927b), C93.0, C93.7, (C92.0+C93.0+C94.0+C94.2+C94 .4~
C93.9 (except C94.6 and C931), C95.0 5
Acute lymphoid leukemia C91.0 C91.0
Chronic myeloid leuke- C92.1, C92.2 (C92.1+C93.1+C9%4.1
mia
Multiple myeloma C90.0 C90
911

Chronic lymphocytic leu-
kemia

C91.1 excl C91.1b

Myelodysplastic syn-
dromes / chronic myelomon-
ocytic leukemia

D46, C931

Other hematological ma-

All others codes between C81-C96 not in-
cluded in the above mentioned classifications

C88,C96,D47.0,7-9

lignancy
Chronic myeloproliferative neoplasms (not in cancer registries until recent
years)
Essential thrombocythaemia D473; D752
(ET)
Polycythaemia vera (PV) D459
D471; D474

Mpyelofibrosis (MF) /
Myeloproliferative neoplasm
unspecified (MPN-U)
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Appendix 2: Questionnaire and invitation letter

Full questionnaire: (7 pages)

Risikofaktorerfor visse typer af kraeftsygdomme

Formalet med dette spargeskema er at undersege mulige risikofaktorer for visse
typer af kreeft. Vi er blandt andet interesserede i at vide mere om, hvorvidt
tatoveringsblaek kan relateres til visse kreeftformer sasom hud- og blodkreeft.

| unders@gelsen sparges til tatoveringer samt livsstil og uddannelse.

Du kan leese mere om baggrunden for undersggelsen pa fglgende hjemmeside:
www.sdu.dk/dtr.

Dine svar vil veere nyttige, uanset om du har en tatovering eller ej. Information om
hvordan vi behandler personoplysninger kan findes i invitationsbrevet.

Nar du har svaret pa spegrgeskemaet, bedes du sende det tilbage i vedlagte
returkuvert.

Pa forhand tak for hjaelpen!

Navn: «Navn»
Respondent-ID: «Kode» 1
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1. Har du en eller flere tatoveringer? (Saet ét kryds)
U Ja, en
Q Ja, flere
U Nej

Hvis du svarede "Ja, en” eller "Ja, flere” til spm. 1, ga venligst til spm. 3.

2. Overvejer du at fa lavet en tatovering? (Szet ét kryds)
4 Ja
O Nej
Q Ved ikke
4 Vil ikke oplyse

3. Har din medtvilling en eller flere tatoveringer? (Saet ét kryds)
U Ja, en
Q Ja, flere
U Nej
U Ved ikke

Hvis du svarede "Nej” til spm. 1, ga venligst til spm. 13.

4. Hvilke farver er du tatoveret med? (St ét eller flere krydser)

4 Sort a Gul

U Raed U Orange
aBla Q Lilla

U Hvid U Gron
a Gra Q Andre

Respondent-ID: «Kode»
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5. Er du bekendt med hvilket bleekprodukt, du er blevet tatoveret med? (Saet ét kryds)
4 Ja
U Nej

Hvis du svarede "Nej” til spm. 5, ga venligst til spm. 7.

6. Skriv venligst navnet (maerket) pa blaekproduktet

7. Hvor stor er din(e) tatovering(er) cirka malt i handflader? (Ved flere tatoveringer
angives den samlede storrelse) (Saet ét kryds)

O Mindre end 1 handflade

4 1-5 handflader

O Mere end 5 handflader

Q Ved ikke

8. Hvor gammel var du, da du fik din ferste tatovering? (ar)

9. Har du eller din lzzge bemaerket haevede lymfekirtler i naerheden af tatoveringen?
(Saet ét kryds)

QJa

O Nej

U Ved ikke

Hvis du svarede "Nej” eller "Ved ikke” til spm. 9, ga venligst til spm. 12.

Respondent-ID: «Kode»
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10. Hvor havde du havede lymfekirtler? (Saet ét eller flere krydser)
U Lyske
U Armhule
U Hals
Q Andet
Q Ved ikke

U Hovedet eller halsen

U Armene eller haenderne

U Overkroppen (over beeltet)
U Underkroppen (under beeltet)
U Benene eller fgdderne

Q Ved ikke

tatovering? (Sat ét kryds)
4 Ja
U Nej
QO Ved ikke
4 Vil ikke oplyse

13. Har du faet fjernet en tatovering? (Szet ét kryds)
O Ja
U Nej
QO Ved ikke
4 Vil ikke oplyse

11. Hvor var den na@rmeste tatovering til havelsen placeret? (Sat ét eller flere krydser)

12. Har du nogensinde varet ved lage eller pa hospitalet, fordi du havde gener af en

oy

Hvis du svarede "Nej”, "Ved ikke” eller "Vil ikke oplyse” til spm. 13, ga venligst til spm. 15.

Respondent-ID: «Kode»
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14. Hvad var arsagen til, at tatoveringen blev fjernet? (Szet ét eller flere krydser)
U Var ikke leengere tilfreds med udseendet
U Var ikke leengere interesseret i at have en tatovering
U Medicinske gener som f.eks. kige eller beteendelse
4 | forbindelse med hudkreeft eller mistanke herom
4 Andet:

15. Har du faet fjernet hud, der IKKE var tatoveret, i forbindelse med hudkraft eller
mistanke herom? (Szet ét kryds)

U Ja

U Nej

4 Ved ikke

4 Vil ikke oplyse

16. Ryger du? (cigaret, e-cigaret, cigar, cerut, pibe eller andet) (Szt ét kryds)
4 Ja
U Nej, jeg er holdt op
O Nej

Hvis du svarede "Nej” til spm. 16, ga venligst til spm. 21.

Hvis du svarede "Ja” eller "Nej, jeg er holdt op” til spm. 16, ga venligst til spm. 17

17. Hvad ryger/rog du? (Saet ét eller flere krydser)
A Cigaret
U E-cigaret
4 Cigar
4 Cerut
Q Pibe
U Andet

Respondent-ID: «Kode»
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18. Hvor mange gange ryger/reag du gennemsnitligt om dagen?
(Eksempel: 1 gang = 1 cigaret)

gange

19. Hvor gammel var du, da du begyndte at ryge?

ar

Hvis du svarede "Ja” til spm. 16, ga venligst til spm. 21.

20. Hvor mange ar af dit liv har du reget?

ar

21. Pa en typisk uge, hvor meget tid bruger du pa moderat og hard fysisk aktivitet?
Medtag kun aktiviteter, der varer i mindst 10 minutter ad gangen.

Fysisk aktivitet (antal minutter)

Moderat fysisk aktivitet, hvor du kan meerke, at pulsen

og vejriraekningen @ges (det kan f.eks. vaere rask gang,
cykling som transport eller motion, tungt havearbejde, —_—
lab eller motionsidreet)

minutter

Hard fysisk aktivitet, som gger pulsen vaesentligt, far
dig til at svede og ger dig sa forpustet, at det er sveert
at tale (det kan f.eks. vaere svgmning, lgb, cykling i hgjt minutter
tempo, konditionstraening, hard styrketreening eller
boldspil)

Respondent-ID: «Kode»
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22. Hvor mange genstande alkohol drikker du typisk om ugen? (Szet ét kryds)
U4 0 genstande
U 1-7 genstande
U 8-14 genstande
U 15-21 genstande
Q 22 eller flere genstande
Q Ved ikke
4 Vil ikke oplyse

23. Hvad er din senest afsluttede uddannelse? (Sat ét kryds)
U Jeg har ingen formel uddannelse
U Folkeskole
U Gymnasial uddannelse
U Erhvervsuddannelse/fagleert (fx social- og sundhedsassistent, temrer, frisgr)
QO Kort videregaende uddannelse (fx tandplejer, politibetient, markedsfaringsgkonom)
Q Mellemlang videregaende uddannelse (fx paedagog, sygeplejerske, bachelor)
Q Lang videregaende uddannelse (fx civilingenigr, gymnasieleerer, laege)
U Anden uddannelse
Q4 Ved ikke
4 Vil ikke oplyse

24. Har du yderligere kommentarer til spgrgeskemaet?

Respondent-ID: «Kode»
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Survey invitation

Page 1/3:

181584373

SDU<~

SyddanskUniversitet
Institut for Sundheds
tjenesteforskning,
DanskCenterfor
Tvillingforskning,
J.B. Winslgws Vej 9B
5000 OdenseC

www.sdu.dk/dtr

Dato:Januar2021

Kaere Signe Bedsted Clemmensen

Vi er en gruppe forskere tilknyttet Dansk Center for Tvillingforskning ved
Syddansk Universitet, som geme vil undersgge hvilke faktorer, der kan
medyvirke til at udvikle visse typer af kreeft.

Vi vil gerne invitere dig til at deltage i studiet og vil derfor hgre, om du vil
besvare et kort spgrgeskema. Dine oplysninger vil udelukkende blive brugt
til forskning og vil blive opbevaret forsvarligt i henhold til
databeskyttelsesloven (se nedenfor).

Vi er blandt andet interesserede i at vide mere om, hvorvidt
tatoveringsblaek kan relateres til visse kraeftformer sdsom hud- og
blodkreeft. Du kan lzese mere om baggrunden for undersggelsen p8
folgende hjemmeside: www.sdu.dk/dtr

I undersggelsen spgrger vi ind til tatoveringer samt livsstil og uddannelse.
Dine svar vil vaere nyttige, uanset om du har en tatovering eller ej.

Undersggelsen foregdr via internettet og spgrgeskemaet skal derfor

besvares online. Nedenfor finder du det link, du skal benytte, hvis du
beslutter dig for at deltage i undersggelsen:

Link til spgrgeskema:

https://www.survey -xact.dk/answer’key=U6MPK||3A2Z8

Abner sporgeskemaet ikke, ndr du trykker pd linket, kan du g8 ind pd

www.datafabrikken.dk og indtaste fglgende kode: U6MPK]I3A2Z8

Det tager cirka 5 minutter at besvare de spgrgsmal, der indgar i
undersggelsen.
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Page 2/3:

Det er helt frivilligt, om du gnsker at deltage. De oplysninger, du giver os, er omfattet af
tavshedspligt og derfor kun tilgeengelige for de deltagende forskere. Vi udleverer ikke oplysninger til
offentlige myndigheder, forsikringsselskaber eller arbejdsgivere, og de anvendes ikke til kommercielt
brug.

Undersggelsen gennemfgres med stgtte fra forskellige fonde. Ingen af de deltagende forskere har
gkonomisk udbytte af undersggelsen, ligesom ingen af dem har tilknytning til private virksomheder
eller fonde, som har direkte interesse i det pageeldende projekt.

I henhold til databeskyttelsesloven er vi forpligtet til at fortaelle, hvilke personoplysninger, vi
behandler, samt pd hvilken made. Det kan du leese mere om pé& den sidste side.

Skulle du have nogle spgrgsmal vedrgrende undersggelsen, kan du kontakte den ansvarlige for
undersggelsen:

Signe B. Clemmensen, e-mail: sbclemmensen@health.sdu.dk, tIf. 6550 3970

Vi hdber, at du vil tage dig tid til at deltage i undersggelsen ved at svare pd spgrgsmalene.

P& forhdnd tak for hjzelpen!

Venlig hilsen

Sigar B Uemwnsen 6;'/@ N V/%?’

Signe B. Clemmensen Jacob v. B. Hjelmborg

Ph.d.-studerende Professor, ph.d.

Epidemiologi, Biostatistik og Biodemografi Epidemiologi, Biostatistik og Biodemografi
Institut for Sundhedstjenesteforskning Institut for Sundhedstjenesteforskning
Syddansk Universitet Syddansk Universitet

Dansk Center for Tvillingforskning Dansk Center for Tvillingforskning

i b

Henrik Frederiksen

Professor, overlaege, ph.d.
Haematologisk afdeling X,

Odense Universitetshospital

Klinisk Institut, Syddansk Universitet

48



Appendix 2: Questionnaire and invitation letter

Page 3/3:

Oplysningom behandlingaf personoplysninger

I forbindelse med projektet Tatoveringer og risiko for cancer, gnsker SDU at indsamle oplysninger
om dig. SDU er ansvarlig for beskyttelsen af dine personoplysninger til brug for forskningsprojekter.
Det er frivilligt at deltage i projektet. Indsamlingen sker via Det Danske Tvillingregister ved brug af
e-Boks.

Formdl med behandlingen af personoplysninger
Undersggelsen er en del af et studie, der har til formal at undersgge, hvorvidt tatoveringsblaek kan

relateres til risikoen for visse kreeftformer sdsom hud- og blodkreeft.

De oplysninger, der behandles er:

Navn, adresse, om du er enaegget eller toaegget tvilling, fgdselsdato/alder, ken, om du har haft
cancerog, hvis det er tilfaeldet, hvilken diagnose, samt de svar du giver i forbindelse med denne
undersggelse.

Sadan bruger vi personoplysningerne

SDU behandler personoplysningerne fortroligt - i overensstemmelse med gaeldende ret.
Oplysningerne vil kun blive brugt til forskning mens formidling af forskningsresultater vil ske i
anonymiseret form. Vi sgrger for at opbevare dine oplysninger sikkert, s det kun er de relevante
forskere pa SDU, der har adgang til dem. Efter afslutning af projektet opbevares data ved Det
Danske Tvillingregister til anvendelse indenfor fremtidig sundhedsvidenskabelig forskning og kan i
den forbindelse blive videregivet til andre forskere ved andre anerkendte forskningsinstitutioner.

@nske om at deltage

N&r der skal bruges personoplysninger til forskningsprojektet, er der nogle szrlige bestemmelser i
lovgivningen, som giver mulighed for at indsamle og bruge personoplysninger uden samtykke fra
deltageren. Disse bestemmelser findes i databeskyttelseslovens § 10 og
databeskyttelsesforordningens art. 6, stk. 1, litra e.

Bestemmelsen giver os lov til at bruge dine personoplysninger til forskning uden dit samtykke, men
forbyder ogs& brug af oplysningerne til andre formdl end forskning og statistik. Du risikerer derfor
ikke, at dine oplysninger vil blive brugt til andre formal.

Databeskyttelseslovens § 10 og databeskyttelsesforordningens art. 6, stk. 1, litra e giver ogs
mulighed for, at vi kan videregive oplysningerne til andre forskningsprojekter, men der vil fortsat
veere tale om epidemiologisk forskning.

Du skal derfor beslutte dig for, om du vil deltage i projektet, s& vi kan anvende dine
personoplysninger til forskning. Hvis du indvilliger i at deltage, vil viindsamle de oplysninger, som er
naevnt ovenfor, og anvende dem i projektet. Skulle du pa et tidspunkt i forlgbet ikke lzengere have
lyst til at deltage, kan du treekke dig fra projektet. Det medfgrer at vi ikke leengere vil indsamle nye
oplysninger om dig, men vi har fortsat lov til at bruge de oplysninger, vi allerede har faet.

Yderligere information
Hvis du har spgrgsmal til undersggelsen, kan du til enhver tid kontakte Signe B. Clemmensen p3 tIf.

6550 3970 eller via mail til sbclemmensen@health.sdu.dk.

Hvis du har spgrgsmal omkring databeskyttelse og dine rettigheder, kan du kontakte vores
databeskyttelsesradgiver, Simon Kamber, pa tIf. 6550 3906 eller via mail til dpo@sdu.dk
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Appendix 3: Setting up the twin cohort

Introduction

In the case-cotwin sample, we selected all twin pairs where at least one twin has been diagnosed with a tattoo interest
cancer and at least one twin could be contacted.

In the reference sample, we selected 5,000 twin pairs randomly among all twins in the Danish Twin Register (DTR),
excluding those in the case-cotwin sample, where at least one twin could be contacted.

Invited Unreachable Total

Reference 8,881 1,119 10,000
Case-control 2,246 776 3,022
Total 11,127 1,895 13,022

Among the 2,246 invited in the case-cotwin sample, the proportions of individuals with cancer were 48.6% for males and
44.1% for females. In the reference sample, there were 4,419 males and 4,462 females.

Proportions of cancers within the cohort

To form a cohort representative of the background population, we combined the reference sample with a pre-determined
proportion of the case-cotwin sample randomly selected. The proportions were determined by sex using data from the
NORDCAN database on number of individuals alive per 100,000 in 2020 (4, 5). The proportion were:

Cancer type Male Female

Skin, non-melanoma 0.5159 % 0.4318 %
Melanoma of skin 0.5260 % 0.7281 %
Liver 0.0205%  0.0099 %

Bladder and urinary tract 0.5625 % 0.1999 %
Non-Hodgkin lymphoma 0.2676 % 0.2207 %

Hodgkin lymphoma 0.0652 % 0.0493 %
Multiple myeloma 0.0639 % 0.0529 %
Sum 2.0216 % 1.6926 %

It was possible for an individual to be diagnosed with more than one of the cancers listed. This was ignored in the sum.
Hence, the expected total estimated below assumed at most one diagnosis per individual. That was incorrect, but the error
was considered negligible.

Estimating the expected total number of twins in the cohort

We now have the proportions of cancer by sex in the cohort, but we need to find the total number of males and females
to extract the number of individuals with each cancer type.
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For males, 2.02% of the cohort were expected to have an interest cancer. The number of males in the cohort with interest
cancer, C, is expected to be 48.6% of T, the (unknown) total number of males in the cohort, minus 4,419 (number of
males in reference sample):

€ =10.0202-T
C = (T —4419) - 0.486
That gave an expected total number of males in the cohort of T = 4,611.

Similarly, for females, 1.69% of the cohort was expected to have an interest cancer. The number of females in the cohort
with interest cancer, C, was expected to be 44.1% of T, the (unknown) total number of females in the cohort, minus 4,462
(number of females in reference sample):

C=0.0169-T
C = (T —4462) - 0.441

That gave an expected total number of females in the cohort of T = 4,640.

Number of males and females from to case-cotwin sample to be included in the cohort

The proportions provided in the table above are individuals alive in 2020. We assumed the proportions were also valid
when survey invitations were sent in January/March 2021. We selected the estimated numbers of males and females with
each cancer type among the invited individuals of the case-cotwin sample and then added co-twins afterwards. The co-
twin may or may not have been among the invited case-cotwin pairs - that would correspond to the procedure in the
reference sample where we chose 5,000 reachable twins and added the cotwin (who may not be reachable).

Number of individuals to select from case-control group:

Cancer type Male Female n Male n Female
Skin, non-melanoma 0.5159 % 0.4318 % 24 20
Melanoma of skin 0.5260 % 0.7281 % 24 34

Liver 0.0205%  0.0099 % 1 0
Bladder and urinary tract 0.5625 % 0.1999 % 26 9
Non-Hodgkin lymphoma 0.2676 % 0.2207 % 12 10
Hodgkin lymphoma 0.0652 % 0.0493 % 3 2
Multiple myeloma 0.0639%  0.0529% 3 2

Sum 2.0216 % 1.6926 % 93 79

Forming the cohort

We then selected the estimated numbers of individuals from the case-cotwin sample and combined with the reference
sample. It was possible to select the same individual more than once due to multiple diagnosis and it was possible to select
both twins in a pair by chance.

Random selection (with a specified seed to ensure replication) resulted in 172 twin pairs out of which 292 twin individuals
could be contacted. The resulting cohort then held 9,173 individual twins - all 8,881 individuals from the reference sample
and 292 individuals from the case-cotwin sample.
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Appendix 4: Estimation of the covariance function

The concordance function is a bivariate probability expressing the risk of observing an event in both twins in a pair before
some time z. In the following, we briefly present and compare three methods of estimation.

Counting process modelling

The standard non-parametric product-limit estimator (Aalen-Johansen) applies to bivariate competing risks data when
assuming that both twins in a pair are censored at the same time. When adjusting for covariates, it is necessary to assume
a standard semi-parametric regression structure and thus rely on inverse probability weights to account for delayed entry
and right-censoring as described by Scheike et al. (100).

Semi-parametric random effects modelling

The concordance function of competing risk data can also be modelled as a semi-parametric random effects model com-
bining the marginal cumulative incidence functions on copula form and parameters from the distribution of random effects
as proposed by Scheike et al (129) and (102). It is still necessary to assume same censoring within twin pairs and care
must be taken to correctly specify the dependence structure over time (101).

Parametric liability threshold modelling

The parametric liability threshold model estimates the probability of experiencing an event as a function of the latent
unmeasured liability assuming normal distribution. It is a bivariate biprobit model assuming equal cumulative incidence
functions for MZ and DZ twins and using inverse probability weighting to account for censoring (15, 101). This model
only applies to bivariate events of the same type, i.e., not cross-events. It is not yet feasible to account for delayed entry
or competing risk with this approach. A more comprehensive presentation of the liability threshold model is provided by
Holst et al. (101).

Comparison of practical applications

All three approaches were tested on the data of hematologic malignancies described in Paper 1. Fitting the random effects
model and the liability threshold model when there were only few twin pairs concordant for an event (around five or less)
was not feasible as they did not yield converging estimates. That was not an issue with counting process modelling sug-
gesting this would be the preferred method when dealing with rare events or events with low familial dependence.

When concordant events are more frequent, all three models are expected to provide similar estimates. Generally, the
variability of inference is expected to be lowest among parametric models provided that assumptions are met.

Holst et al. (101) provides an example of breast cancer heritability estimation (which relies upon the concordance func-
tions) applying the counting process and random effects models. The estimates are similar between the two methods, but
the variability of the counting process is a lot higher.

For concordance function estimations carried out throughout this thesis, we decided to rely on 1) non-parametric counting-
process modelling, as it provides the most reliable estimates with as few assumptions as possible, and 2) the liability
threshold model, mainly to allow for comparison with other studies of the heritability and shared environmental effects
on the liability scale. Further comparison of the selected models is given in the methods section in the main text.
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Appendix 5: Shared genetic and environmental
effects

We are interested in expressing the genetic and shared environmental contributions to the total variation in risk in terms
of cumulative incidence and concordance functions.

Based on the ACE model, the within pair covariances for MZ and DZ twin pairs are
Covy () = 07 () + 02 (t)

1
Covpg(t) = EU} ) + (1)

The covariance of the E component is zero by definition as unique environmental effects are non-shared.

In this setting, the MZ and DZ covariances can be substituted by the respective concordance functions given by the
bivariate probability of event in twin 1 and 2 before time ¢

CO=PT <tT,<te=1¢6=1)
assuming twin indices 1 and 2 are randomly assigned.

Expressions of variation for genetic and shared environmental contribution are obtained by simple rewriting:

GO = Cur(D) = 020 = Cuy(8) = o () + 5 57(D)

0}% ) = Z(CMZ(t) - CDZ(t))
0t (t) = Cyz(t) — Z(CMZ(t) - CDZ(t)) = 2Cpz(t) — Cyz(t)

The total variation is expressed as F (t)(l —-F (t)) where F (t) is the cumulative incidence function is given by the prob-
ability of event before time t

F(t) = P(T<te=1)

Combining these expressions and assuming equal marginals, i.e., the same cumulative incidence functions for MZ and
DZ twins, yields the measures of interest: Heritability, h?(t), and shared environmental effects, ¢ (t):

2 (CMZ (t) — Cpy (t))
FO)(1-F@®)

_ 2Cpz () — Cyz (D)
@) = FO(1-F©)

h*(t) =

More information on underlying assumptions can be found in Scheike et al. (102) and Sham (97).
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Simple Summary: Hematologic malignancies account for 8-9% of all incident
cancers. Both genetic and environmental risk factors contribute to cancer devel-
opment, but it is unclear if there is shared heritability between hematologic
malignancies. This study aimed to investigate familial predisposition to hemato-
logic malignancies using the largest twin study of cancer in the world.

We compared individual risk in the general population and the risk of cancer in
one twin before some age given that the other twin had (another) cancer before
that age. Furthermore, by analyzing information about whether the twins were
identical or fraternal, we could estimate the relative importance of genetic and
environmental influences on the risk for developing hematologic cancers. This
study confirmed previous findings of familial predisposition to hematologic
malignancies and provides novel evidence that familial predisposition decreases
with increasing age. The latter points to the importance of taking age into
account in the surveillance of hematological cancers.

Cancers 2021, 13, 3023. https:/ /doi.org/10.3390/ cancers13123023
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Abstract: We aimed to explore the genetic and environmental contributions to variation in the risk of hemato-
logic malignancies and characterize familial dependence within and across hematologic malignancies. The
study base included 316,397 individual twins from the Nordic Twin Study of Cancer with a median of 41
years of follow-up: 88,618 (28%) of the twins were monozygotic, and 3459 hematologic malignancies were
reported. We estimated the cumulative incidence by age, familial risk, and genetic and environmental
variance components of hematologic malignancies accounting for competing risk of death. The lifetime risk
of any hematologic malignancy was 2.5% (95% CI 2.4-2.6%), as in the background population. This risk was
elevated to 4.5% (95% CI 3.1-6.5%) conditional on hematologic malignancy in a dizygotic co-twin and was even
greater at 7.6% (95% CI 4.8-11.8%) if a monozygotic co-twin had a hematologic malignancy. Heritability of
the liability to develop any hematologic malignancy was 24% (95% CI 14-33%). This estimate decreased across
age, from approximately 55% at age 40 to about 20-25% after age 55, when it seems to stabilize. In this largest
ever studied twin cohort with the longest follow-up, we found evidence for familial risk of hematologic
malignancies. The discovery of decreasing familial predisposition with increasing age underscores the
importance of cancer surveillance in families with hematological malignancies.

Keywords: twin study; cumulative risk; familial risk; risk between different cancers; heritability; biometric

modelling; hematologic malignancy

1. Introduction

Hematologic malignancies account for 8-9% of all incident cancers, and the incidence has generally
increased since the 1960s [1,2]. The major hematologic malignancies are Hodgkin lymphoma (HL),
non-Hodgkin lymphoma (NHL), leukemia, and multiple myeloma (MM). The epidemiology and risk factors
of these cancers have been studied for decades, but their etiology is still not entirely clarified. Heterogeneity
within hematologic malignancy subtypes seems to pose a challenge for epidemiological identification of risk
factors. Additionally, the incidence rates vary by age, sex, and geography [3-9].

A recent study of twins in the Nordic countries revealed that twin concordance for cancer often manifests
across, rather than within, cancer types [10,11]. Namely, if one twin develops cancer, the co-twin has an
increased risk of developing cancer but not necessarily at the same site. Previous epidemiological studies of
hematologic malignancies suggest that this is indeed the case; they report evidence of familial predisposition
across both hematologic and non-hematologic malignancies [12-21]. For instance, among women from
Connecticut, lung cancer in first-degree relatives as well as breast and ovary cancer in siblings are associated
with a significantly increased risk of NHL [12]. Moreover, the results indicate a stronger association between
siblings than parents [9,12-15]. The impact of sex on familial predisposition has also been assessed, though
the results differ by type of malignancy [9,14-16]. While the body of research indicates that familial effects
for hematologic malignancies influence the risks, they are not able to further identify the source of these
effects into those explained by shared genes and environment.

Twin studies allow for delving into the nature of this familial predisposition by partitioning the variation in
risk into components explained by genetic and environmental influences. In 1996, Mack et al. [22] published
findings from an American twin study suggesting genetic susceptibility to HL in young adulthood. A few years
later, Lichtenstein et al. [23] conducted a study of twins from Denmark, Finland, and Sweden and reported
familial influences for leukemia but did not take timing of events into account. A more recent Nordic study by
Mucci et al. [10] also included Norwegian twins and had a longer follow-up time; they categorized leukemia as
“acute” or “other” and provided an uncertain estimate of heritability for other leukemia: 57% (95% CI: 0-100%).
Both of these Nordic studies analyzed multiple cancer types, including hematologic malignancies, but neither
were able to estimate genetic and environmental variance for the remaining hematologic malignancies as no
or too few concordant pairs were observed.
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In this study, we utilize the world’s most comprehensive database of twins for studying cancer. We aim to
explore the genetic and environmental contributions to variation inrisk of hematologic malignancies and
to characterize familial dependence within and across hematologic malignancies. We take into account
timing of events, censoring, and competing risk of death.

2. Materials and Methods

The Nordic Twin Study of Cancer (NorTwinCan) is an international, multidisciplinary collaboration of
researchers working to investigate the genetic and environmental underpinnings of cancer. The NorTwin-
Can cohort is based on nationwide twin registers linked to national cancer and mortality registers in
Denmark, Finland, Norway, and Sweden [10,11,23]. Details about the twin registers in each of the four
participating countries were described previously by Skytthe et al. [24]. Following the latest linkage update
in 2018, the study now includes around 400,000 individual twins from four countries, out of which around
315,000 have known zygosity [11]. The analyses presented here are based on these 315,000 monozygotic (MZ) and
dizygotic (DZ) twins. The DZ twin pairs can be of the same or opposite sex unless otherwise specified.

Cancer diagnoses were based on the International Statistical Classification of Diseases and Related Health Prob-
lems, Tenth Revision (ICD-10) and were grouped according to the NORDCAN classification system [25]. This study
includes the main hematologic malignancies, i.e., Hodgkin lymphoma (HL) (C81), non-Hodgkin lymphoma (NHL)
(C82-86), multiple myeloma (MM) (C90), and leukemia (C91-95). Due to inconsistencies among the classification of
leukemia subtypes between Nordic countries, a sub-classification of leukemia was not carried out. In the Danish
data, ICD-10 was used along with the International Classification of Diseases for Oncology, Third Edition
(ICD-0O-3) when identifying lymphoma incident cases, which might cause the cumulative incidences of HL and
NHL to diverge from those of other Nordic countries. The incidence of cancer among twins has been demonstrated
to mirror that of the general population [10,24].

2.1. Cumulative Incidence and Measures of Cross-Cancer Familial Dependence

For hematologic malignancies overall and separately, we estimated the lifetime risk, defined as risk of cancer
diagnosis before age 100. The lifetime risks were obtained from the cumulative incidence function by age estimated
using nonparametric counting process modelling, as described by Scheike et al. [26]. The lifetime risks were stratified
by sex, zygosity, and cohort for representativeness comparison. Delayed entry determined by the date of register
initiation and right-censoring caused by end of follow-up or emigration were accounted for by this approach. Like-
wise, competing risk of death was accounted for.

The nonparametric risk scale approach, described by Scheike et al. [27], allows for the estimation of cross-cancer
familial dependence in terms of case-wise concordance and relative recurrence risk. The case-wise concordance is
the conditional risk of cancer in a twin before some age given that the other twin developed (another) cancer before
that age and was estimated using nonparametric counting process modelling, as described by Scheike et al. [27]. This
is referred to as familial risk. Familial risks for DZ twins also apply to full siblings, as they are as genetically alike.
Familial risk by age was estimated for overall hematologic malignancies, and lifetime familial risks were estimated
for hematologic malignancies, overall and separately. The relative recurrence risk of cross- cancers was defined as
the concordance of cross-cancers, that is, the risk of both twins in a pair having cancer (different cancers) before some
age, relative to the risk of the two cancers occurring independently. The latter is given by the product of cumulative
incidences. Cross-cancer relative recurrence risks were estimated within the hematologic malignancies and for over-
all hematologic malignancy vs. other cancer sites. Familial predisposition to cross-cancer is indicated by an increased
familial risk among DZ twins compared to the cumulative incidence or a relative recurrence risk for DZ twins greater
than one. Furthermore, the influence of shared genetic factors is indicated by a higher familial dependence among
MZ twins compared to DZ twins [26]. Inference of the measures assume approximate normality in distribution of
estimators and test of differences was performed using a Pepe-Mori type test derived in a way similar to that de-
scribed by Scheike et al. [27].
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2.2.  Biometric Modelling

The overall magnitude of the genetic and environmental contributions to the variation in risk for each hema-
tologic cancer, taking the timing of events into account, can be assessed by modelling the difference in MZ and DZ
pair covariances to the total variance in cancer risk assuming equal margins in MZ and DZ twins. This was achieved
parametrically using the bivariate biprobit model, that is, the classic liability-threshold approach, taking censoring
into account by inverse probability weighting [28]. Tetrachoric correlations for MZ and DZ pairs and further variance
components of the polygenic biometric model from quantitative genetics, the “ ADCE model” [28,29], were obtained
from this model. The components that contribute to variance are additive genetic (A), dominant genetic (D), shared
environmental (C), and unique environmental (E) effects. Heritability is then defined as the proportion of variation
in liability to develop cancer attributed to genetic factors, that is, the sum of A and D. Shared environmental effects
are those experiences and exposures that affect both twins in a pair. Unique environmental effects influence one twin
but not the other, but it also includes measurement error as well as random effects and genetic differences even
between MZ pairs. Hence, environmental effects in this setting refer to external non-genetic influences and should
not be confused with environmental risk factors, i.e., environmental exposures and lifestyle-related behaviors [30].
This model also provides estimates of cumulative incidence by age as well as familial risk by age, though not for
different cancers. The parametric estimates of familial risk were compared to those from the nonparametric model
and in turn also adjusted for competing risk of death.

Furthermore, the heritability estimated nonparametrically on the risk scale was obtained in line with the
“ACE” sub-model as the ratio of twice the difference in MZ and DZ concordance risk to the total variance in risk
based on nonparametric estimates [26,31]. This is not directly comparable to the heritability modelled parametrically
on the liability scale [26]. The heritability in risk was estimated by age for overall hematologic malignancies and at
age 100 for overall hematologic malignancy vs. other cancer sites.

When illustrating risks and genetic and environmental effects by age, we focused on age 40 and older but did
not restrict occurrences by age.

Model sensitivity was assessed by comparing the parametric and nonparametric estimates of cumulative in-
cidence functions and familial risks by age. If there were no substantial differences, we relied on the parametric
estimates as they allow for more accurate inference.

All analyses were performed using the statistical software R version 3.5.2 [32] with mets package version 1.2.6
[26,28]. All tests were two-sided and performed at the 5% significance level.

3. Results

The study base included 316,397 individual twins from the NorTwinCan cohort; 88,618 (28%) of these were monozy-
gotic (Table 1). A total of 58,449 cancer diagnoses were reported; out of these, 3459 (6%) were hematologic malignan-
cies. The most common types, NHL and leukemia, constituted 44% and 35% of the hematologic malignancies,
respectively. MM and HL accounted for 15% and 7%, respectively.
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Table 1. Characteristics of the NorTwinCan cohort of 316,397 twins and a total of 3459 incident hematologic malignancies.

Country Denmark Finland Norway Sweden Total
Birth Cohort 1870-2004 1875-1957 1915-1991 1886-2008
n individual twins 112,560 31,447 32,332 140,058 316,397
n (%) MZ twins 25,120 (22) 8368 (27) 13,100 (41) 42,030 (30) 88,618 (28)
n (%) female twins 55,652 (49) 15,717 (50) 17,473 (54) 73,640 (53) 162,482 (51)
First date follow-up January 1943 February 1974 April 1956 April 1961
End of follow-up December 2016 December 2016 December 2015 December 2015
Median follow-up time (QR), 0 005 621) 413 (317-413) 529 (39.4-59.9) 420 (222-582) 418 264-582)
years
Median entry age (IQR), years 0 (0-0) 31.8 (25.6-43.1) 2.4 (0-16.3) 1.7 (0-23.3) 0 (0-24.6)
Number of incident cancers
Any cancer site 19,581 7044 5465 26,359 58,449
Non-Hodgkin lymphoma 424 261 184 645 1514
Hodgkin lymphoma 80 29 22 98 229
Multiple myeloma 144 72 53 253 522
Leukemia 406 141 102 545 1194

The cumulative incidences by age of hematologic malignancies are shown in Figure 1. There was no substan-
tial variation among cumulative incidences by age of leukemia, MM, and HL across the Nordic countries. However,
the cumulative incidences of NHL diverged between the Nordic countries, mainly at high ages (Figure S1). Stratifi-
cation by sex revealed that males had slightly higher risks for all four cancer types (Figure S2). No difference between
cumulative incidences by zygosity was seen (Figure S3).
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Figure 1. Cumulative incidence and 95% confidence intervals for hematologic malignancies by age in the NorTwinCan
cohort, adjusted for censoring and competing risk of death. Incidence before age 40 was very low.
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The lifetime risk (in %, 95% CI) of overall hematologic malignancy, given by cumulative incidence at
age 100, was 2.5 (2.4-2.6) (Table 2). For individuals diagnosed with more than one hematologic malignancy
during follow-up, time to first diagnosis was used. The lifetime risks for each cancer site were NHL: 1.1
(1.0-1.2), leukemia: 0.9 (0.8-1.0), MM: 0.4 (0.3-0.4), and HL: 0.1 (0.1-0.1). The number of concordant and dis-
cordant pairs by zygosity is also provided in Table 2. Discordance, in this case, refers to pairs in which one
twin was diagnosed with a hematologic malignancy, and (i) the co-twin was diagnosed with a different cancer
or (ii) none at all. Only complete pairs, i.e., pairs where both twins were in the cohort, were included in this
table and in the following concordance-related estimates.

Familial risks of hematologic malignancies conditional on the same cancer in the co-twin before age 100
are shown in Table 2. They were elevated for DZ pairs in comparison to the corresponding individual lifetime
risks, but the difference was only significant for overall hematologic malignancy, leukemia, and NHL. Fur-
thermore, all familial risks were suggestively higher among MZ than DZ pairs; however, the differences were
not significant. There were not enough DZ pairs concordant for HL to provide an estimate of familial risk.

Estimates of tetrachoric correlation (from the biprobit model), and genetic and environmental contribu-
tions to variation in liability to hematologic malignancies (from the “ACE” sub-model) are shown in Table 3.
The tetrachoric correlations were higher for MZ than DZ pairs, but none of the differences were statistically
significant. There were not enough DZ pairs concordant for HL to estimate the tetrachoric correlation.

Table 2. Estimates of lifetime and familial risk, and the number of concordant and discordant pairs for hematologic

malignancies among twins in the NorTwinCan cohort, adjusted for censoring.

Number of Twin Pairs Familial Risk,
Lifetime Risk, MZ DZ % (95% CI) 1
Cancer Site
% (95% CI) 1 Disc. Disc
Conc. ———————— Conc. —————————— MZ DZ
Other3 None4 Other3 None4
Overall hematologic2 2.5 (2.4-2.6) 21 232 591 30 592 1653 7.6 (4.8-11.8) 4.5(3.1-6.5)
Non-Hodgkin
1.1 (1.0-1.2) 4 115 246 8 279 732 52(1.8-139) 2.1 (1.0-4.3)
lymphoma
Hodgkin
0.1 (0.1-0.1) 1-3 14 52 0 33 110 7.4 (1.8-25.6) -
lymphoma
Multiple
0.4 (0.3-0.4) 1-3 49 94 1-3 92 244 2.6 (0.6-10.0) 1.4 (0.2-9.2)
myeloma
Leukemia 0.9 (0.8-1.0) 6 72 207 8 219 582 54 (2.1-13.3) 3.6 (1.7-7.3)

! Estimated at age 100. ? For individuals who were diagnosed with more than one hematologic malignancy during follow-
up (n = 34), time to first diagnosis was used. ® Discordant for cancer type, i.e., one twin was diagnosed with the specified

cancer and the co-twin was diagnosed with another type of cancer. * Discordant for cancer, i.e., one twin was diagnosed
with the specified cancer and the co-twin did not have cancer.
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Table 3. Estimates of tetrachoric correlation (biprobit model), and genetic and environmental contribution (ACE model)
to variation in liability to hematologic malignancies among twins in the NorTwinCan cohort, adjusted for censoring.

Tetrachoric Correlations, (95% CI) Iy Shared Unique
. Heritability, . :
Cancer Site (95% CI) Environment, Environment,
MZ DZ ’ (95% CI) (95% CI)
Overall hematologic 0.24 (0.12-0.35) 0.12 (0.03-0.20) 0.24 (0.14-0.33) 0.00 (NA-NA) 0.76 (0.67-0.86)
Non-Hodgkin
I 0.28 (0.05-0.48) 0.10 (—0.03-0.22) 0.25 (0.08-0.42) 0.00 (NA-NA) 0.75 (0.58-0.92)
ymphoma
Hodgkin
0.57 (0.29-0.76) - 0.56 (0.32-0.80) 0.00 (NA-NA) 0.44 (0.20-0.68)
lymphoma
Multiple
0.26 (0.02-0.48) 0.17 (-0.12-043)  0.19 (-0.54-0.93)  0.07 (-0.54-0.69)  0.74 (0.50-0.97)
myeloma
Leukemia 0.31 (0.10-0.49) 0.23 (0.09-0.36) 0.16 (-0.31-0.64)  0.14 (-0.19-0.48)  0.69 (0.50-0.89)

! For individuals who were diagnosed with more than one hematologic cancer during follow-up (1 = 34), time to first diag-
nosis was used.

The genetic and environmental contributions to variation in liability to overall hematologic malignancy
and to NHL, MM, and leukemia individually were very similar. Generally, the heritability was moderate,
while the contribution from shared environment was practically zero and the remaining variation was at-
tributed to unique environmental effects (Table 3). For overall hematologic malignancy, the estimates and 95%
CI were heritability: 0.24 (0.14-0.33), shared environment: 0 (NA-NA), and unique environment: 0.76 (0.67-
0.86). The respective values for the specific hematological malignancies are also listed in Table 3. For HL, the
heritability was higher, 0.56 (0.32-0.80); the unique environmental contribution equivalently lower, 0.44 (0.20-
0.68); and there was no shared environmental contribution.

Relative recurrence (RR) risks and 95% confidence intervals of cross-cancers at age 100 are shown in
Figure 2. For example, the risk for leukemia and NHL to cooccur in DZ twin pairs was 2.3 times higher than
the risk of these two cancers occurring independently. The RR for DZ twins were generally higher than one
indicating a familial predisposition, though only leukemia/NHL and leukemia/leukemia were statistically
significant. Furthermore, all of the ratios were higher among MZ than DZ twins, suggesting the influence of a
shared genetic component, though none of these differences were statistically significant.

Cumulative incidence and familial risk by age for overall hematological malignancy are depicted in
Figure 3. The DZ familial risk lying above the cumulative incidence, especially at old age, indicates a familial
predisposition. The MZ familial risk was somewhat higher than DZ, suggesting a genetic component, but this
difference was not statistically significant. The curves were estimated using the “AE” submodel as it allowed
for more accurate inference than the nonparametric counting process modelling (Figure S4). Curves based on
the biprobit model and “ACE” sub-model were almost identical to Figure 3 but with wider confidence inter-
vals.
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Figure 2. Lifetime cross-cancer relative recurrence risk (concordance risk in pairs relative to independent occurrence risk)
and 95% confidence intervals for hematologic malignancies in the NorTwinCan cohort, adjusted for censoring and com-
peting risk of death. Monozygotic pairs are in upper triangle, and dizygotic pairs are in lower triangle. The color scale
indicates the magnitude of estimates.
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Figure 3. Cumulative incidence and familial risk for monozygotic (MZ) and dizygotic (DZ) twins by age and 95% confi-
dence intervals for overall hematologic malignancy in the NorTwinCan cohort, adjusted for censoring.
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The genetic (heritability) and unique environmental contributions to variation in liability to overall
hematologic malignancy by age are shown in Figure 4. The heritability decreases from around 55% at age 40
and stabilizes around 20-25% at age 55. The remaining variation is accounted for by the unique environmental
contribution as shared environmental contribution (C) was not different from zero at any age.
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Figure 4. Shared genetic (heritability) and unique environmental contribution to variation in liability to hematologic
malignancy by age and 95% confidence intervals in the NorTwinCan cohort, adjusted for censoring.

The heritability in risk of overall hematologic malignancy by age estimated using the nonparametric
approach was fairly stable over age and not significantly different from zero (Figure S5). The shared environ-
mental contribution was zero at all ages.

Familial risks for each hematologic malignancy given any hematologic malignancy in the co-twin were
estimated for MZ and DZ (in %, 95% CI): NHL: 3.4 (1.1-5.6) and 1.9 (1.0-2.8); HL: 0.7 (-0.2-1.6) and 0.1
(-0.1-0.2); MM: 1.4 (0.3-2.6) and 0.6 (0-1.2); and leukemia: 2.4 (0.7-4.1) and 2.3 (1.2-3.4).

Finally, to analyze the concordance of overall hematologic malignancy and non- hematologic cancers,
we counted the number of occurrences by zygosity and estimated lifetime cross-cancer relative recurrence risk
and heritability on the risk scale (Table S1). The relative recurrence risk of overall hematologic malignancy
and the following cancers were borderline significantly higher than one among DZ twins, indicating a familial
predisposition for colon, lung, prostate, kidney, bladder, skin (melanoma and non-melanoma), brain/central
nervous system, and lip/oral cavity / pharynx cancers. However, none of the ratios were significantly higher
among MZ twins than DZ and none of the heritabilities were significantly different from zero, providing no
evidence of shared genetic influence.

4. Discussion

The results from this prospective cohort study of Nordic twins with the longest follow-up ever provide
evidence of increased familial risk of hematologic malignancies. For a DZ twin with an affected co-twin, the
overall risk (4.5%) of developing a hematologic malighancy was almost twice the risk in the general population
(2.5%). Notably, this DZ familial risk was significantly higher than that of the general population already from
40 years of age. The lifetime risks of leukemia and NHL were about twice as high if a DZ co-twin had been
diagnosed with any hematologic malignancy. The estimates of relative recurrence risk indicated familial pre-
disposition, not only within the hematologic malignancies but also between overall hematologic malignancy
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and other types of cancer (as defined by the NORDCAN classification). Moreover, about a quarter (24%) of
the variation in liability to develop a hematological malignancy was attributed to genetic effects (heritability)
and the remaining variation was explained by effects not shared by twin siblings. The heritability varied across
age and was around 55% at age 40 but decreased thereafter to 20-25% and stayed constant at the older ages.

The lifetime risks for individuals were not entirely consistent with the estimates reported by
NORDCAN. They provide the following risks of developing cancer in the absence of competing risks of death
before age 75 in the Nordic countries for male/female (%); NHL: 1.3/0.9, HL: 0.2/0.2, MM: 0.5/0.3, and
leukemia: 0.9/0.6 [1]. The lifetime risks for the corresponding age and sex estimated in this study (Figure S2)
were all lower than those from NORDCAN. The differences between the estimates from NORDCAN and our
findings might reflect the fact that we adjusted for competing risk of death; omitting this will likely bias esti-
mates upwards. There is a variable age-at-entry of the twins into the cohorts, which may be associated with
absence of hematological cancers diagnosed early in life in some cohorts. However, this is taken into account
by adjusting for delayed entry, providing valid estimates at all ages.

Several studies have reported evidence of familial predisposition to hematologic malignancies
[9,12-22]. One is a study by Fallah et al. [7], who found significantly increased familial risks of NHL for various
familial relationships by sex relative to the general population in the Nordic countries. Not surprisingly, the
highest familial risk of NHL was found among twins; however, the zygosity was unfortunately not specified.
Similar results were seen in a study of familial risk of HL by Kharazmi et al. [9], who also ignored zygosity.
The distinction between MZ and DZ twins is considered crucial to the analysis presented in this paper as it
allows for the partitioning of genetic and environmental influences.

Another approach was taken by Sud et al. [19], who published results from an extensive study including
153,115 Swedish patients with hematologic malignancies. They utilized the large sample size by examining
the interrelationships between familial relative risks (corresponding to the relative recurrence risks of this
study) of 22 different hematologic malignancies. To the extent that they are comparable, the results are similar
to the ones we provide. A weakness of our study is the lack of power in the sense that we were limited by the
low number of concordant twin pairs. Therefore, we consider only the four main hematologic malignancies
when assessing familial dependence measures and when estimating familial predisposition by age hemato-
logic malignancy as an overall group. However, the fact that we were able not only to assess the course of
familial risk by age but also to partition the variation in liability to hematologic malignancy by age into genetic
and environmental factors is a novel contribution.

A common problem regarding studies of familial risk of hematologic malignancies, especially the sub-
types, is the questionable validity of self-reported family history [20,33]. As this is a multi-country study based
on four nationwide registries with very long follow- up times, we avoided issues of misclassification and recall
bias.

The estimated genetic and environmental influences for NHL, HL, and MM based on the NorTwinCan
cohort are reported for the first time in this paper. The heritability estimates for NHL, MM, and leukemia were
generally low (16-25%), while the shared environmental effects were estimated to be zero. The remaining
variance was attributed to exposures and experiences not shared by twin siblings, which includes a wide range
of possible factors from occupational exposures and lifestyle factors to somatic mutations and random effects
at the cellular level. The estimates of genetic and environmental influences on liability to leukemia were sim-
ilar to those from Lichtenstein et al. [23] despite using methods that take into account the timing of events and
censoring [26].

In contrast to other hematological malignancies, HL showed considerably more heritable variation, with
a heritability estimate (56%) that was more than twice as high as the other hematologic malignancies. This
finding is congruent with the study by Mack et al. [22]. Excluding HL from overall hematologic malignancies
in our analyses did not result in noteworthy differences in familial risk by age or in genetic and environmental
effects by age, though this might not have been the case if we focused on childhood and young adulthood.
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Though it could be argued that the hematologic malignancies are fundamentally different and should
be studied separately, we considered it relevant, from an epidemiological point of view, to look at overall
hematologic malignancies when estimating genetic and environmental effects. By doing so we have, for the
first time, gained insight into the time-varying influence of genetic and environmental influences on the lia-
bility to develop a hematologic malignancy.

We found evidence of familial predisposition to cross-cancer occurrences when com- paring overall
hematologic malignancy and other cancers, including prostate, lung, and non-melanoma skin cancer. For these
cross-cancer associations, the relative recurrence risks were higher among MZ than DZ twins, indicating a
possible shared genetic influence, though it was not statistically significant. These are verifications of previous
findings; for instance, Goldgar et al. [21] reported evidence of familial predisposition for, e.g., breast
cancer/NHL, prostate cancer/NHL, and leukemia/colon cancer and Zhang et al. [12] found evidence of fa-
milial predisposition to NHL/lung cancer.

Etiological studies of hematologic malignancies indicate that there are numerous risk factors and that
they influence the subtypes to various degrees. For instance, immunodeficiency is deemed a relevant risk
factor of NHL along with radiation exposure, alcohol intake, and certain infectious organisms, but we have
yet to fully explain the increase of NHL incidence rate that has been seen in developed countries [4,8]. One
should keep in mind that many risk factors tend to be aggregated within families, representing shared
environmental effects and heritability. Additionally, there are (rare) congenital syndromes, such as Downs
syndrome, Fanconi anemia, Diamond Blackfan anemia, and other rare bone marrow failure syndromes, that
increase the risk of hematologic malignancy [34]. While an underlying syndromic predisposition could also
explain familial clustering of these cancers, it seems unlikely that these known rare syndromes explain our
findings. Though the influence of many environmental risk factors has already been studied, it seems there
are more to be found. A more recent trend that could influence cancer risk, especially cancers of the lymphatic
system, is tattooing. Pathologists have reported cases of pigments from tattoo ink found in lymph nodes [35-
37], and it has been hypothesized that ink particles may also reach the blood stream and become distributed
to organs. In a mouse study, the authors reported that tattoo pigments were detected in the liver but not in
other internal organs [38]. However, the (cancer) risk of long-term exposure to tattoo ink has yet to be exam-
ined. The matched co-twin design provides the perfect setting for such studies.

5. Conclusions

In this largest ever studied twin cohort with the longest follow-up, we found evidence of increased
familial risk of hematologic malignancies and indications of familial predisposition, not only within the he-
matologic malignancies but also between overall hematologic malignancy and other types of cancer. Heritable
factors were most important among young and middle-aged adults and decreased across age after 55 years of
age. The discovery of decreasing familial predisposition with increasing age underscores the importance of
cancer surveillance in families with hematological malignancies.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3390/can-
cers13123023/s1, Figure S1: Cumulative incidence by age and country, Figure S2: Cumulative incidence by age and sex,
Figure S3: Cumulative incidence by age and zygosity, Figure S4: Cumulative and familial risk by age, Figure S5: Herita-
bility in risk, Table S1: Number of pairs where one twin has been diagnosed with a hematologic malignancy and the co-
twin another type of cancer and estimates of lifetime relative recurrence risk and heritability in risk.
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Figure S1. Cumulative incidence and 95% confidence intervals for hematologic malignancies by age in each of the Nordic
countries, adjusted for censoring and competing risk of death.
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Figure S2. Cumulative incidence and 95% confidence intervals for hematologic malignancies by age and sex, adjusted for
censoring and competing risk of death.
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Figure S3. Cumulative incidence and 95% confidence intervals for hematologic malignancies by age and zygosity, adjusted
for censoring and competing risk of death.
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Figure S4. Cumulative incidence and familial risk for monozygotic (MZ) and dizygotic (DZ) twins by age and 95%

confidence intervals for overall hematologic malignancy in the NorTwinCan cohort, adjusted for censoring and competing
risk of death.
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Figure S5. Heritability in risk by age and 95% confidence interval for overall hematologic malignancy in the NorTwinCan
cohort, adjusted for censoring and competing risk of death.
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Table S1. Number of pairs where one twin was diagnosed with a hematologic malignancy and the co-twin was diagnosed
with another type of cancer (following the NORDCAN classification). Estimates of lifetime relative recurrence risk and
heritability at age 100 among twins in the NorTwinCan cohort, adjusted for censoring and competing risk of death.

Number of Twin Pairs

Relative Recurrence Risk (95% CI)

Hematologic Heritability in Risk,
Malignancy Mz DZ Mz DZ % (95% CI)
Lip, oral cavity
and pharynx 9 14 3.0 (1.0-5.1) 1.7 (1.2-2.1) 4.0 (-2.8-10.9)
Oesophagus 4 8 2.2 (0.0-4.5) 2.1 (0.6-3.6) 0.4 (-5.9-6.8)
Stomach 6 12 1.6 (0.2-3.1) 1.0 (0.4-1.7) 2.2 (-3.8-8.3)
Small intestine 0 4 - - -
Colon 20 46 2.1 (1.1-3.1) 1.6 (1.1-2.2) 2.7 (-3.9-9.4)
Rectum and 9 25 1.2 (0.3-2.0) 1.4 (0.8-2.0) 1.2 (-6.1-3.7)
anus
Liver 4 9 2.2 (0.0-4.5) 1.9 (0.6-3.2) 0.8 (-5.5-7.1)
Gallbladder 5 7 3.3(0.3-6.2) 1.7 (0.4-3.0) 3.7 (-3.6-11.0)
Pancreas 8 12 1.9 (0.5-3.3) 1.4 (0.6-2.2) 1.9 (-3.9-7.7)
Nose, sinuses 0 0 - - -
Larynx 13 5 2.2 (-1.0-5.5) 1.7 (0.2-3.3) 0.9 (-5.3-7.1)
Lung 22 54 1.9 (1.1-2.8) 1.6 (1.2-2.1) 1.8 (-4.6-8.2)
Pleura 0 1-3 - - -
Bone 1-3 0 - - -
Melanoma of
X 9 28 1.4 (0.4-2.3) 1.8 (1.1-2.5) 1.8 (-7.3-3.6)
skin
Skin, non- 24 50 2.5 (1.5-3.6) 1.9 (1.3-2.4) 44 (-35-12.3)
melanoma
Soft tissues 13 13 2.2 (-0.9-5.3) 1.1 (-0.7-2.8) 1.9 (-3.8-7.6)
Breast! 34 86 1.7 (1.1-2.4) 1.5 (1.0-1.9) 2.9 (-5.7-11.4)
Cervix uteri! 11 34 1.2 (0.4-2.0) 1.0 (0.4-1.6) 14 (-5.3-8.1)
Corpus uteri? 6 12 1.4 (0.2-2.6) 0.8 (0.1-1.5) 3.1 (-3.6-9.7)
Uterus, other! 0 1-3 - - -
Ovary! 5 15 1.6 (0.1-3.1) 1.1 (0.3-2.0) 2.0 (-5.7-9.7)
Otl.1er female 0 13 i i i
genital organs?

Prostate? 45 106 2.5 (1.7-3.2) 2.3 (1.7-2.8) 2.5 (-8.9-13.9)
Testis? 1-3 4 5.0 (-2.3-12.3) 1.3 (-0.2-2.9) 8.8 (-9.0-26.7)
Penis? 0 1-3 - - -
Kidney 6 16 2.0 (0.4-3.7) 2.2 (1.1-3.4) 0.7 (-6.9-5.5)
Bladder 18 36 2.3 (1.1-3.4) 2.0 (1.3-2.6) 1.6 (-5.3-8.5)

Eye 0 1-3 - - -
Brain, central 7 26 1.5 (0.2-2.8) 2.0 (1.2-2.8) 1.9 (-7.8-4.1)
nervous system

Thyroid 13 13 1.2 (-0.5-2.9) 1.0 (-0.2-2.3) 0.3 (-3.6-4.1)

! Females only.
2 Males only.
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