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Abstract

Cancer is one of the leading causes of morbidity and mortality worldwide and in Spain. Body
mass index (BMI), the most common indicator of general adiposity, has been associated with
the risk of several cancer types. The use of databases of routinely collected electronic health
records (EHR) has become more common in cancer epidemiology over the past decades and
could be useful to fill in gaps in the adiposity-cancer literature. The main aim of this Thesis
was to investigate the association between adiposity and cancer risk as well as the role of
cardiometabolic conditions in this relationship. As a prior step, we aimed to evaluate the
suitability of a large EHR database from Catalonia, Spain for research and, more specifically,

for cancer-related research.

In this Thesis, we provide an extensive characterization of the Information System for Research
in Primary Care (SIDIAP) database, we validate 25 types of incident cancer cases in the
SIDIAP using regional cancer registries as the gold standard and we investigate the association
between adiposity and the risk of 26 types of cancer accounting for potential non-linearity,
different adiposity indicators, and individual-level factors such as smoking status and incident

cardiometabolic conditions.

The findings of this Thesis revealed that SIDIAP is a suitable database to conduct health- and
cancer-related research. SIDIAP includes 76% of the cancer diagnoses in the population-based
cancer registries of Catalonia but includes a considerable number of cases that are not in the
registries. Furthermore, adiposity is associated with an increased risk of several cancer types.
We confirmed associations previously reported in studies focusing on baseline BMI and we
provide novel evidence that higher and longer exposure to adiposity increases the risk of four
hematological as well as head and neck and bladder (among never smokers) cancers. The BMI-
cancer association is similar among individuals free of cardiometabolic conditions and those
with incident hypertension and/or cardiovascular disease but it is attenuated among individuals
with type 2 diabetes mellitus. BMI and waist circumference result in comparable estimates of

cancer risk associated with adiposity at a population level.

The findings of this Thesis reinforce the need for public health strategies to reduce and prevent
overweight and obesity. The findings also highlight the usefulness of EHRs for conducting

health-related research and providing evidence for public health action.
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Resumen

El cancer es una de las principales causas de morbilidad y mortalidad en el mundo y en Espafia.
El Indice de masa corporal (IMC), el indicador méas comtn de adiposidad general, ha sido
asociado con el riesgo de varios tipos de cancer. El uso de bases de datos de historias clinicas
electronicas (EHR, del inglés) recolectadas de forma rutinaria se ha vuelto mas comun en las
ultimas décadas en la epidemiologia del cancer y podria ser ttil para colmar lagunas en la
literatura de la obesidad y el cancer. El principal objetivo de esta Tesis era investigar la
asociacion entre la adiposidad y el riesgo de cancer, asi como también el rol de condiciones
cardiometabdlicas en esta relacion. Como paso previo, teniamos el objetivo de evaluar la
adecuacion de una gran base de datos de EHR de Catalufia, Espafia para la investigacion, y mas

especificamente, para la investigacion relacionada con el cancer.

En esta Tesis, proporcionamos una extensa caracterizacion de la base de datos del Sistema de
Informacioén para el Desarrollo de la Investigacion en Atencion Primaria (SIDIAP), validamos
25 tipos de casos de canceres incidentes en el SIDIAP utilizando registros regionales de cancer
como criterio de referencia e investigamos la asociacion entre la adiposidad y el riesgo de 26
tipos de cancer teniendo en cuenta posibles asociaciones no lineales, diferentes indicadores de
adiposidad, y factores a nivel individual como el habito tabaquico y condiciones

cardiometabdlicas incidentes.

Los hallazgos de esta Tesis revelaron que el SIDIAP es una base de datos adecuada para realizar
investigacion relacionada con la salud y el cancer. El SIDIAP incluye el 76% de los
diagnosticos de cancer de los registros de cancer poblacionales de Catalufia, pero incluye un
considerable nimero de casos que no figuran en los registros. Ademas, la adiposidad se asocia
con un mayor riesgo de diversos tipos de cancer. Confirmamos asociaciones previamente
encontradas en estudios focalizados en medidas basales de IMC y proporcionamos novedosa
evidencia de que una mayor y mas larga exposicion a la adiposidad incrementa el riesgo de
cuatro canceres hematoldgicos asi como del cancer de cabeza y cuello y de véjiga [inicamente
entre los nunca fumadores]). La asociacion entre adiposidad y cancer es similar en individuos
sin condiciones cardiometabodlicas y en aquellos con hipertension y enfermedad cardiovascular
incidentes, pero la asociacion se atenua en personas con diabetes de tipo 2. Tanto el IMC como
el perimetro de cintura resultan en estimadores de riesgo de cancer asociado con la adiposidad

similares a nivel poblacional.
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Los hallazgos de esta Tesis refuerzan la necesidad de estrategias de salud publica para reducir
y prevenir el sobrepeso y la obesidad. Los hallazgos también resaltan la utilidad de las EHR
para realizar investigacion en salud y proporcionar evidencia para la accion en el ambito de la

salud publica.
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1. Introduction

1.1. Cancer

1.1.1. Definition and descriptive epidemiology

Cancer encompasses a large group of diseases that are characterized by an uncontrollable and
abnormal growth of cells.(1) Cancer (or malignant neoplasm) can start at almost every organ
or tissue of the body and occurs when these uncontrollably and abnormally grown cells
transcend their usual limits to invade adjoining parts of the body and/or spread to other

organs.(1)

There are numerous types of cancer such as carcinoma, sarcoma, melanoma, leukemia,
lymphoma and multiple myeloma, and central nervous system (CNS) cancers.(2) Carcinoma
is the most common type of cancer and begins in the skin or in tissues that line or cover internal
organs. Sarcoma starts in bone, cartilage, fat, muscle, blood vessels, or other connective or
supportive tissue. Melanoma arises in the cells that make the pigment in the skin. Leukemia
begins in blood-forming tissue, such as the bone marrow, and causes excess creation of
abnormal blood cells. Lymphoma and multiple myeloma originate in the cells of the immune

system. Finally, CNS cancers initiate in the tissues of the brain and spinal cord.

Cancer is one of the leading causes of morbidity and mortality worldwide.(3) In 2020, there
were 19.3 million new cancer cases and 10.0 million cancer deaths.(4) As shown in Figure 1,
the regions with the highest age-standardized incidence rates of cancer in 2020 were North
America, Europe, and Oceania while the lowest ones were Africa, the Middle East, and South
Asia.(5) In Spain, cancer was responsible for more than 277,000 new cancer cases in 2020 and
approximately 110,000 deaths in 2019.(6,7) Both at the global and Spanish levels, cancer is the

second most frequent overall cause of death.(7,8)
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Figure 1. Estimated age-standardized incidence rates of all cancer types combined worldwide
in 2020.
Notes: The source is the International Agency for Research on Cancer - World Health Organization (IARC-WHO).

GLOBOCAN 2020. 2020 [cited 2021 Oct 04]. Available from: https://gco.iarc.fr/today/home.
Abbreviations: ASR: age-standardized rate.

Among males in 2020, the most common cancer types worldwide included lung (age-
standardized incidence of 32 per 100 000), prostate (31 per 100 000), colorectum (23 per 100
000), stomach (16 per 100 000), and liver (14 per 100 000) cancers.(9) In Spain, these were
prostate (age-standardized incidence of 71 per 100 000), colorectum (48 per 100 000), lung
(incidence of 44 per 100 000), bladder (27 per 100 000), and kidney (13 per 100 000).(10) The
most notable differences in the age-standardized incidence rates between Spain and the world
were that the incidence rates of prostate, colorectal, and bladder cancers were more than twice
as high in Spain, while for stomach and esophagus cancers, the opposite was observed.(9,10)
Among females in 2020, breast cancer was the most frequent cancer worldwide (incidence of
48 per 100 000), followed by colorectum (16 per 100 000), lung (15 per 100 000), cervix uteri
(13 per 100 000), and thyroid (10 per 100 000).(11) In Spain, the most frequent cancers were
breast cancer (incidence of 78 per 100 000), followed by colorectum (25 per 100 000), lung
(15 per 100 000), corpus uteri (13 per 100 000), and thyroid (12 per 100 000) cancers.(12) In
Spain, the age-standardized incidence rates were considerably higher for breast and colorectal
cancers compared to the world ones, while the contrary was seen for cervix and stomach

cancers.(11,12)
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1.1.2. International Classifications

There are different systems for classifying diseases that can be used to classify cancers such as
the International Classification of Diseases (ICD), ICD for Oncology (ICD-O), Systematized
Nomenclature Of Medicine (SNOMED), the International Classification for Childhood Cancer
(ICCC), or (until 2018) Read codes in the United Kingdom (UK).(13-17) Cancer cases can
also be captured in certain databases under vocabularies serving other purposes (eg, Medical
Dictionary for Regulatory Activities [MedDRA] in the System Organ Class [SOC]).(18)
However, the ICD remains the principal system for classifying diseases worldwide and ICD-O

is the principal source for coding neoplasms in cancer registries.

In 1948, the 6th edition of the ICD incorporated for the first time a nomenclature and coding
of neoplasms.(13,14) Since then, the ICD series has mainly focused on the topography (eg,
lung or breast) and behavior (ie, malignant, benign, in situ, or not specified) of neoplasms.(14)
The ICD-O is a manual that also includes information on the morphology of neoplasms.(14)
While ICD-O is the principal coding system to categorize neoplasms in cancer registries, the
ICD is still widely used in other settings such as primary care practices (which is the main

focus of this Thesis).

The ICD-10th edition includes information on the topography and the behavior (contained in
the same topographical code) of neoplasms.(19) There are five broad categories for the
behavior of the neoplasm: benign neoplasms (D10-D36), neoplasms of uncertain and unknown
behavior (D37-D48), in situ neoplasms (D00-D09), malignant neoplasms stated or presumed
to be primary (C00-C76, C80-C97), and malignant neoplasms, stated or presumed to be
secondary (C77-C79). Thus, primary incident cancers are coded using the malignant neoplasms
stated or presumed to be primary (C00-C76, C80-C97) category which is subdivided according
to the topography of the neoplasm: malignant neoplasms of the lip, oral cavity and pharynx
(C00-C14), digestive organs (C15-C26), respiratory and intrathoracic organs (C30-C39), bone
and articular cartilage (C40-C41), melanoma and other malignant neoplasms of skin (C43-
C44), mesothelial and soft tissue (C45-C49), breast (C50), female genital organs (C51-C58),
male genital organs (C60-C63), urinary tract (C64-C68), eye, brain and other parts of the CNS
(C69-C72), thyroid and other endocrine glands (C73-C75), without specification of site (C80),
lymphoid, hematopoietic and related tissue (C81-C96), and independent (primary) multiple
sites (C97).
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1.1.3. Risk factors

Cancer is a disease mainly caused by abnormal changes in the genes of the cells affecting their
functions, also known as mutations.(20,21) Certain mutations can be inherited; however, most

genetic changes occurring in the cells are acquired.(21)

Inherited gene mutations are linked to specific mutations inherited from an individual’s parents
(germ-line mutations) and therefore are present in every cell in the body that has a
nucleus.(21,22) It has been estimated that inherited genetic mutations play a major role in 5%

to 10% of all cancers.(21)

Acquired genetic mutations can occur during a lifespan due to random mistakes during cell
replication or from unrepaired deoxyribonucleic acid (DNA) damage. Mutations are more
likely to happen as people get older, and some lifestyle and environmental exposures can also
increase the risk of mutations.(22,23) The exposures that have been associated with the highest
proportion of cancer cases include smoking, overweight and obesity, ultraviolet radiation,
occupational exposures, and infections.(24) However, other factors increasing the risk of
mutations include high alcohol intake, insufficient fiber intake, exposure to ionizing radiation,
intake of processed meat, air pollution, insuficient physical activity, high levels of female sex
hormones (eg, estrogens or progesterone) (22-24) A better understanding of the role of
modifiable lifestyle factors such as obesity (which is the main focus of this Thesis) in cancer
risk is essential for the implementation of preventive strategies of cancer at the individual and

population level.

KEY MESSAGES

Cancer

e (ancer is one of the leading causes of morbidity and mortality worldwide and in

Spain.

e Cancer is a disease caused by abnormal changes in the genes of the cells affecting
their functions (ie, mutations). Acquired genetic mutations can occur during a life

span. Exposure to certain lifestyle factors can increase the risk of mutations.
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® A better understanding of the role of modifiable lifestyle factors (eg, obesity) in
cancer risk is essential for the implementation of preventive strategies of cancer at

the individual and population levels.

1.2. General adiposity
1.2.1. Definition and descriptive epidemiology

Adiposity is defined as abnormal or excessive fat accumulation that presents a health risk.(25)
Obesity (or general adiposity) has been associated with the risk of non-communicable diseases,
such as cardiovascular diseases, type 2 diabetes mellitus (T2DM), and some cancers.(26) The
worldwide prevalence of obesity has doubled between 1980 and 2015, and projections show
that the prevalence will continue to rise in the next years.(27,28) In 2015 it was estimated that
15% and 11% of the female and male worldwide population, respectively, were living with
obesity (which accounts for more than 600 million adults).(25,27) In Spain, it has been
estimated that obesity affects between 17% and 28% (depending on the source) of the adult
population, and higher levels among males have been reported.(29-34) There are also
substantial socioeconomic, gender, and racial disparities in obesity.(35-42) At a global scale,
the prevalence of obesity i1s higher in high- and middle-income countries; although over the
past decades, obesity has also become a large problem in low-income countries.(35,36) As
shown in Figure 2, the Americas, Europe and Russia, the North of Africa, the Middle East, and
Oceania had prevalences of obesity above 20% in 2014, while most of the African continent
and South Asia had prevalences below 10%. At a national or urban scale, in high- and middle-
income countries, low socioeconomic status (SES) groups are more likely to have obesity
compared to those from higher-SES, whereas in low-income countries, high-SES groups are
more likely to live with obesity.(37—40) In high-income countries, obesity tends to affect more
men than women, while in low- and middle-income countries, the opposite is observed.(41)
There are also important racial disparities in obesity, for example, in the United States (US)
obesity rates are higher among non-Hispanic Black, Hispanic, and Mexican American adults
compared to non-Hispanic White adults.(42) The high prevalence of obesity, its health

disparities along its concomitant health risks make obesity a major global health challenge.
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Figure 2. Prevalence of obesity among adults (aged 18 years or older) for both sexes worldwide

in 2014.

Notes: The source is the World Health Organization. Obesity atlas. 2017 [cited 2021 Oct 06]. Available from:
http://gamapserver.who.int/gho/interactive_charts/ncd/risk_factors/obesity/atlas.html. There are six colors in this map, very
dark green stands for a prevalence of obesity >30.0%, medium-dark green for one of 20.0%-29.9%, medium-light green for
one of 10.0%-19.9%, light green for one of <10.0%, gray means not applicable and white that there is no data.

1.2.2. Measurement of adiposity in epidemiological studies

Body composition can be assessed using different methods which can be largely categorized
into reference (also known as direct and criterion) and field (or indirect) methods.(37,43,44)
Reference methods include underwater weighing, air-displacement plethysmography, dilution
method, whole-body potassium counting, dual-energy x-ray absorptiometry, computed
tomography, and magnetic resonance imaging technologies. While these methods are
characterized by their accuracy and reproducibility, they have important limitations such as
being timely, expensive, hard to transport, and technically complex.(37,43,44) Therefore, in
practice, reference methods are used in small-scale studies or as validation tools for field
methods. Field methods include bioelectrical impedance analysis and anthropometric
measurements such as body mass index (BMI), waist circumference (WC), waist-to-hip ratio,
and skinfold thickness. These methods can be implemented in large clinical or epidemiological
studies given that they are easy to measure, relatively cheap, and validated against reference
methods.(37,44,45) BMI and WC were the two measurements of adiposity used in the analyses
of this Thesis.
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BMI (weight/height?) is the most commonly used adiposity index in epidemiological
studies.(37) BMI was introduced in 1835 by Lambert Adolphe Jacques Quetelet, a Flemish
astronomer, and statistician.(46) Quetelet discovered that the relationship between body mass
and height in normal young adults was least affected by height when the ratio of weight to
height was squared.(47) Squaring the height reduces the effect of the variance in height in the
relationship of weight to height (before, the ratio of the weight to height was used, which
overestimated body mass in taller individuals). But it was not until 1972 that Keys et al.
popularized the Quetelet index under the name of BMI.(47) In 1995, the World Health
Organization (WHO) published a classification of body weight for height, based on the BMI,
and BMI became widely adopted.(46,48) BMI was categorized into underweight (BMI
< 18.5 kg/m?), normal weight (BMI between >18.5 and <25 kg/m?), overweight (BMI >25
and <30 kg/m?), and obesity (BMI > 30 kg/m?). The use of BMI for epidemiological studies
has several advantages. This indicator is widely used in clinical practice, inexpensive, easy to
calculate and interpret given its standardized categorization, highly correlated with body fat
(assessed with reference methods), and strongly related to multiple adverse health
outcomes.(26,37,43,44,49-51) However, this indicator also has limitations. BMI cannot
distinguish between body fatness and lean body mass and there are differences in the accuracy
to capture body fatness by sex, age, and ethnicity (for the same BMI, different levels of body
fat and lean body mass are observed, depending on these demographics).(37,52) At an equal
BM]I, the percentage of body fat is higher in women than in men, higher in older individuals
compared to younger ones (loss of lean body mass and gain of fat mass increases with age),

higher in Asians and lower in Blacks compared to Whites.(49,53,54)

WC is an indicator of central obesity which is measured at the umbilical level, midway between
the anterior superior iliac spine and the inferior border of the rib while participants are
standing.(37,43,44) The main strengths of this indicator are its simplicity, inexpensiveness,
high correlation with reference methods, standardization of cut-offs, and association with
cardiovascular disease (CVD) and mortality.(37,43,44) Cut-points of WC have been
established based on their correspondence to a BMI of >25 kg/m? (80cm for women and 94cm
for men) and >30 kg/m* (88cm for women and 102cm for men).(55) WC also has its
limitations; it is an imperfect indicator of intra-abdominal adipose tissue (it includes both
subcutaneous fat deposition and visceral adipose tissue), it is not fully adopted in clinical

practice, the exact point of measurement varies between centers or measurers, cut-offs vary
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according to age and ethnicity, and measuring WC in individuals with very high BMIs is
difficult.(37,43,44,56-59)

1.2.3. Risk factors

Obesity is caused by an energy imbalance between calories consumed and calories
expended.(25) However, more broadly, the causes of obesity are complex and multifaceted,
which different frameworks of the determinants of obesity have attempted to summarize.(60—
63) Although each framework contributes with interesting insights on the matter, we adhere to
the framework of the determinants of obesity, published by Swinburn et al. in 2011.(60) This

framework states that there are distal and proximal determinants of obesity (Figure 3).

| Environments | Behaviours l Physiology |

Environmental moderators

Systemic Environmental i # i 3 i Behaviour Energy

drivers :> drivers > patterns :> imbalance

Policy and economic Food supply and Sociocultural, socioeconomic, High food and energy High total energy
systems enable and marketing recreation, and transport consumption with intake pushing
promote high growth environments environments which amplify associated low energy imbalance
and consumption promote high or attenuate the drivers physical activity levels

energy intake

‘ Policy interventions

Health promotion programmes, social marketing, etc

Population effect and political difficulty

Figure 3. A framework to categorize obesity determinants and solutions.

Notes: The source is Swinburn BA, Sacks G, Hall KD, McPherson K, Finegood DT, Moodie ML, Gortmaker SL. The global
obesity pandemic: shaped by global drivers and local environments. Lancet. 2011 Aug 27;378(9793):804-14. doi:
10.1016/S0140-6736(11)60813-1. PMID: 21872749.

At a distal level, the changes in the global food system (ie, increased production of processed,
palatable, energy-dense, affordable, and effectively marketed food) seem to be the main drivers
of the worldwide growth of obesity in the last decades.(60,64) For these changes to affect a
country, countries must also have sufficient wealth as a precondition to developing obesity.(60)
Furthermore, policy and economic systems can be considered as systematic drivers of obesity,
these systems enable and promote high growth and consumption (eg, environmental drivers

can be reinforced through laws and regulations).(60) The differences in the prevalence of
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obesity at the national or local level can be explained by environmental moderators which
might amplify or attenuate the changes in the global food system. These moderators can be
sociocultural (eg, large body size preference or valuation of energy-dense food/sedentary
activities), socioeconomic (eg, low proportion of manual occupations or a high proportion of
car owners), recreational (eg, preference for passive leisures or lack of spaces favoring active
recreation such as parks and sporting facilities), and transport environments (eg, prioritization
for car transportation or lack of availability of cycle/footpaths, public transport, and accessible
stairs in buildings).(60,62,63,65—-67) The environmental drivers and moderators (amplifiers of
the drivers) of obesity described in this framework have been labeled with the term “obesogenic
environment” elsewhere.(68) This term, coined in the 1990s, was proposed to refer to the role
that environmental factors may play in determining both energy intake and expenditure.(62,68)
More precisely, an obesogenic environment is the “sum of the influences that the surroundings,
opportunities or conditions of life have on promoting obesity in individuals and

populations”.(68)

The proximal determinants of obesity can explain why individuals have different susceptibility
to obesogenic environments. While this framework highlights the role of behavioral patterns
(high energy consumption and low levels of physical activity) as proximal determinants of
obesity, there are other important factors. These include socio-demographics such as age (ie,
individuals tend to gain weight as they age), gender (eg, more women are affected by obesity
in low- and middle-income countries), individual SES (robust evidence links SES with obesity,
although there is a differential effect of SES according to the countries’ wealth), race/ethnicity
(due to differential SES or social norms regarding eating and physical activity), and nativity
(eg, migrants tend to adopt the obesity prevalence and/or lifestyle practices of the country of
immigration over time).(37,69-71) But also other relevant variables, for example, biological
factors (eg, several genes have been associated with obesity in genome-wide association
studies), prenatal exposures (eg, maternal smoking during pregnancy, gestational weight gain,
or gestational diabetes), post-natal/early-life exposures (eg, breastfeeding and its duration,
early adiposity rebounds during childhood, childhood overweight, and lack of sleep), sleep
deprivation (some potential mechanisms include altered thermoregulation, increased feeling of
fatigue which can lead to reduced physical activity and increased caloric intake), and
psychological factors (eg, habits, beliefs, stress, lack of social support, and

depression).(37,62,72—89)

30



KEY MESSAGES

Adiposity

e The prevalence of obesity worldwide has more than doubled over the past three
decades, reaching >600 million adults in 2016. In Spain, it has been estimated that

obesity affects between 17% and 28% (depending on the source) of adults.

e In epidemiological studies, general adiposity is commonly assessed using the body
mass index while central adiposity is measured using the waist circumference
indicator.

e Obesity is a complex public health problem, thought to be caused by distal (eg,
changes in the global food system) and proximal (eg, age, gender, SES, race)

determinants.

1.3. Adiposity and cancer risk association

1.3.1. State-of-the-art

BMI has been convincingly associated with risk of cancers of the esophagus (adenocarcinoma),
gastric cardia, colon and rectum, liver, gallbladder, pancreas, breast postmenopausal, corpus
uteri, ovary, kidney (renal cell), meningioma, thyroid, and multiple myeloma in an analysis of
more than 100 epidemiologic studies by the International Agency for Research on Cancer
(TARC) Viewpoint Working Group (Figure 4).(90) For other types of cancers such as non-
Hodgkin lymphoma, leukemia, lung, bladder, or testis, the evidence is currently limited or
considered inadequate.(90) Data are also limited for rare cancers (incidence <6/100,000/year),
including Hodgkin-lymphoma (incidence in Spain in 2020: 2.6/100.000 men and women),
larynx (3.0/100.000 men and women), or cervix uteri (5.4/100.000 women), given that less-
frequent cancers are difficult to study in traditional cohort studies due to their low incidence.
Conducting research on rare cancers is important as these cancers combined contribute to more
than 20% of all cancers diagnosed annually in Europe and as five-year relative survival is worse
for individuals diagnosed with rare cancers compared to common cancers (47% vs

65%).(91,92)



To this date, large reviews and meta-analyses have been essential to synthesize the data
reported in numerous small studies investigating the association between BMI and risk of
cancer.(22,90,93) Despite this wealth of knowledge, these reviews and meta-analyses have
included heterogeneous studies with data recorded in different settings, analyzed with diverse
methodologies, missing important covariates in their models, and on self-reported BMIs. More
importantly, data on rare cancers are limited in these landmark publications given that these

cancers have seldom been analyzed in smaller studies.

Large cohort studies (>1 million participants) using prospectively collected data have emerged
in the last years as a great opportunity to study the association between BMI and the risk of
different cancer types (including less-frequently occurring ones) using systematic
methodologies.(94-105) Engeland et al. and Borge et al. included data on 2 million men and
women from the general population of Norway and analyzed 15 cancer types across 10
different publications using a similar methodology.(94-103) They found positive linear
associations between BMI and risk of 12 cancer sites [esophageal adenocarcinoma, prostate,
renal cell carcinoma, colorectal, gallbladder, small intestine, thyroid (only in women), non-
Hodgkin lymphoma (only men), Hodgkin lymphoma (only women), leukemia (only for acute
lymphatic type and men), plasma cells, and corpus uteri], and a negative association with
esophageal squamous cell carcinoma (Figure 4). However, in five of these studies, they
investigated potential non-linear associations and found that the association between BMI and
renal cell carcinoma, rectum (men), and gallbladder (men) might be non-linear (although the
confidence intervals [ClIs] were very wide).(97,98,100,101,103) Reeves et al. conducted a
study in the UK with 1.2 million women recruited into the Million Women Study and examined
17 cancer types.(104) They found positive associations between BMI and the risk ok the
following cancers: esophageal adenocarcinoma, colorectal (only in premenopausal women),
pancreatic, breast cancer in postmenopausal women, corpus uteri, ovarian, kidney, non-
Hodgkin's lymphoma, multiple myeloma, and leukemia; and negative associations with
oesophageal squamous cell carcinoma and lung (Figure 4). Finally, Bhaskaran et al. gathered
data from primary care electronic health records (EHRs) of 5.25 million individuals living in
the UK.(105) Their findings revealed associations between BMI and the risk of 17 out of 22
analyzed cancers (Figure 4 only summarizes associations from linear models). They reported
non-linear associations for the risk of 10 cancers (oral cavity, esophagus, stomach, colon, liver,

lung, malignant melanoma, breast premenopausal, beast postmenopausal, and prostate) and

32



positive linear associations with the risk of cancers of the gallbladder, cervix, corpus uteri,

ovaries, kidney, thyroid, and leukemia.
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Figure 4. Summary of the evidence relating adiposity to the risk of specific cancer types (in

linear models) in landmark reviews and large cohort studies.

Notes: Own elaboration with data from 15 publications.(22,90,93—-105). Red boxes represent positive associations and green
boxes negative associations between BMI and cancer risk. In the IARC Viewpoint Working Group study "Gastric cardia" was
considered instead of "stomach", "kidney: renal cell" instead of "kidney", "meningioma" instead of "brain and CNS". In the
WCREF report "Mouth, pharynx, larynx" was considered instead of "head and neck" and “larynx”. For cancers of the mouth,
pharynx, larynx, stomach, gallbladder, ovary and prostate, the evidence was considered "probable", while for the rest it was
“convincing”. In Renehan et al. the results were only provided stratifying by sex, therefore, we reported the associations
between adiposity and risk of each cancer type, that were so for at least one sex. Engeland: We reported associations for

non

obesity-related cancers for at least one sex. "Renal cell carcinoma" was considered instead of "kidney", "acute lymphatic type

non

of leukemia” instead of "leukemia", "plasma cells" instead of "multiple myeloma".
Abbreviations: CNS: central nervous system; IARC: International Agency for Research on Cancer; WCRF: World Cancer
Research Fund.

These studies suggested that BMI is associated with the risk of a larger number of cancer types
than currently recognized in landmark reviews and meta-analyses and that some of those
associations may be non-linear.(22,90,93,97,98,100,101,103,105) However, the main
limitations of available studies include limited adjustment for potential confounding, reliance
on self-reported weight and height, and lack of generalizability to different populations (ie,
these studies were all conducted in Northwestern European countries). Furthermore,
conducting analyses stratified by smoking status is critical to provide unbiased estimates of the

impact of obesity on cancer risk. From a biological perspective, BMI probably represents
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different pathophysiologic alterations in smokers and non-smokers, given that smoking can
help maintain a lower BMI (with lower lean body mass compared to a non-smoker), and can
promote visceral adiposity and insulin resistance.(106—-113) From an epidemiologic
perspective, there can also be residual confounding by smoking (BMI values have different
interpretations according to smoking status, for example, low BMI in non-smokers likely
indicate higher lean body mass and lower adiposity and metabolic consequences of obesity,
while in smokers the opposite might be true).(106) Finally, differentiating the risk by smoking
status could help targeted recommendations in clinical practice.(106) Despite all these reasons,

many of the above-mentioned studies failed to present results stratified by smoking status.

(94,96,99-103)

Another question that remains unanswered is whether BMI as a sole indicator of general
adiposity fully captures the complex association between adiposity and cancer risk.(114) Fat
distribution, which is not accounted for in BMI measurements, has emerged as an important
factor for metabolic and cardiovascular disease risk.(114,115) Nevertheless, the evidence in
the cancer field is still limited and contradictory. On the one hand, central adiposity, typically
assessed using WC, has been related to the risk of several cancer types and a systematic review
of 13 studies found that WC (in comparison to BMI) better discriminates risk associated with
obesity for gastro-oesophageal, leukemia, liver, biliary, and renal (only in females) cancer
risk.(116) Other studies have also suggested WC is more strongly related to colorectal and
breast post-menopausal cancers.(117-120) On the other hand, several pooled analyses and a
multi-national study have found comparable positive associations of BMI and WC with the
risk of pancreatic, endometrial, ovarian, advanced prostate, colorectal, and obesity-related
cancers.(121-125) All in all, definitive evidence is lacking and only few studies have
systematically compared the effect estimates of BMI and WC for multiple site-specific cancers

(of which none have studied less frequently occurring cancer types).(125,126)

Finally, evidence about other BMI-derived exposures assessed during longer periods such as
the duration and cumulative overweight/obesity exposure, and the existence of critical age
periods to develop overweight/obesity in relation to cancer risk is currently limited. Most of
the studies of the BMI-cancer field have mainly focussed on single BMI measurements
assessed at study baseline, which are measures of current BMI status. Whether overweight and

obesity over the life course are more relevant risk factors for cancer is still in
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dispute.(24,93,127) Capturing longitudinal BMI-derived exposures might better reflect the
potential underlying biological mechanisms between long-term exposure to adiposity and the
increase in the risk of cancer development. At an epidemiological level, this could translate
into stronger associations between adiposity and obesity-related cancer risk and into adiposity
being linked to the risk of a larger number of cancer types than currently recognized. Duration
and cumulative adulthood overweight/obesity exposure have been positively associated with
the risk of colorectal, breast postmenopausal, endometrium, kidney, pancreas, and multiple
myeloma cancers in cohort studies from the US and Europe.(128—132) Studies investigating
the age of onset of overweight and obesity in relation to cancer risk are currently lacking. While
previous studies have provided relevant insights into the BMI trajectories-cancer risk
association, they have certain limitations. They lack information on both longitudinal
exposures and BMI at baseline which is essential to answer whether longitudinal exposures can
better capture the effect of adiposity on cancer risk than baseline BMI. Other limitations
involve excluding individuals without BMI information (increasing the risk of selection bias),
having limited sample sizes that precluded them from analyzing a wider range of cancer types
or relying on self-reported and self-recalled weight and height measurements (increasing the

risk of exposure misclassification).

1.3.2. Possible mechanisms

Three mechanisms by which higher general adiposity can increase cancer risk have been
extensively reported in the literature: sex hormonal metabolism, insulin and insulin-like growth
factors (IGF) signaling, and adipokine pathways.(114,133—136) These, in conjunction with the
altered immune function and chronic inflammatory state related to obesity, could also be
responsible for an association between obesity and the risk of other (than those currently
recognized) types of cancers, including rare cancers.(137-139) However, it could also be
plausible that other pathways not yet recognized in the literature explain the associations
between BMI and the risk of different types of cancers. The proposed mechanisms for the
adiposity-cancers associations have evolved, partly due to the impossibility to explain the
associations reported in epidemiologic studies using only one mechanism or a set of
mechanisms.(114,133) This highlights the important role of epidemiologic research in
understanding the biological mechanisms between adiposity and cancer risk which could, in

turn, help inform preventive strategies.(114)
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WC could be a better indicator of cancer risk compared to BMI because WC (as a surrogate
marker of central adiposity) is more strongly correlated with visceral adiposity.(114,117,140)
Visceral adipose tissue is thought to play a role in the development of different diseases,
including cancers, given that metabolically active visceral fat releases substantial amounts of
growth factors, inflammatory markers, free fatty acids that contribute to insulin resistance,
locally produced estrogen and adipokines which might contribute tumor

development.(114,141,142)

Longer, earlier, and cumulative overweight/obesity exposure have been related to key
mechanisms on the obesity-cancer pathway. For instance, they can increase the risk and
severity of hypertension (HTN), insulin resistance, chronic inflammation, oxidative DNA

damage, and alterations in endogenous hormone metabolism. (114,143,144)

KEY MESSAGES

Adiposity and Cancer risk association

e Body mass index (BMI) has been convincingly associated with the risk of at least
12 cancer types. Prior studies suggest BMI may be linked to more cancer types
than currently recognized but more data from large cohort studies is needed to
confirm these associations.

® More evidence on the BMI-cancer relationship stratified by smoking status is
needed from a biological (different pathophysiologic alterations of BMI in
smokers), epidemiological (residual confounding), and clinical (targeted
recommendations to patients) perspective.

e Waist circumference (WC) may be a better discriminator of the risk associated with
obesity for certain cancers; however, a systematic comparison of BMI and WC
for multiple site-specific cancers is lacking.

e Evidence about the association between BMI from a life course perspective and
cancer risk, using indicators such as duration and cumulative overweight/obesity

exposure, and age of onset of overweight/obesity, is currently limited.
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1.4. Cardiometabolic conditions as modifiers of the adiposity-cancer

association

Adiposity has also been associated with a higher risk of cardiometabolic conditions such as

HTN, T2DM, and CVDs.(145)
1.4.1. Hypertension

HTN is a condition characterized by high blood pressure (ie, high force exerted by circulating
blood against the walls of the body’s arteries).(146) HTN can be captured in epidemiologic
studies using diagnostic codes (eg, ICD-10 codes recorded by primary care physicians in the
context of this Thesis). To diagnose this condition, there must be at least two altered
measurements of blood pressure (either a systolic blood pressure >140 mmHg and/or a diastolic

blood pressure >90 mmHg) observed in two different days.(146)

The global prevalence of HTN has nearly doubled in the last three decades: going from 594
million in 1975 to 1.13 billion adults in 2015 (22% of the global population).(146) This
condition mostly affects low- and middle-income countries (two-thirds of the people with HTN
live in these countries).(2) Estimations of the prevalence of HTN in Spain vary widely, going
from 19.2% (in 2015) according to the WHO to 43% (in 2009-2010) according to a study
representative of the Spanish population (Di@bet.es).(147,148)

Several modifiable risk factors of HTN have been identified such as unhealthy diets (high
consumption of salt and saturated/trans fats, and low intake of fruits, vegetables, potassium,
and calcium), sedentary lifestyle, stress, smoking, high alcohol intake, and having overweight
or obesity.(146,149-151) Non-modifiable risk factors include family history of HTN, aging,
and race (eg, in the US, HTN is more frequent and develops earlier among Blacks compared
to Whites).(146,149-151) HTN is an important public health problem because it affects nearly
a quarter of the global adult population and increases the risk of heart attack, stroke, aneurysm,
heart failure, angina, kidney diseases, vision loss, dementia, and certain cancers, among

others.(146,152,153)

A study with data from 7 cohorts (577k adults) from Norway, Austria, and Sweden found that
blood pressure was positively associated with the risk of overall cancer incidence in men.(154)
In addition, a literature review (including 15 cohort and 3 case-control studies) and a systematic

review and meta-analysis (of 48 studies) consistently reported an association between HTN
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and risk of kidney cancer.(155,156) Several studies included in these reviews also found
positive associations between HTN and risk of stomach, colorectal, pancreas, breast cancer
(overall and post-menopausal), brain, and malignant melanoma (only men) cancers -which are

also cancer types associated with higher adiposity levels- as well as lung cancer.(90,93)
1.4.2. Type 2 diabetes mellitus

T2DM is a chronic disease that occurs when the body cannot use the insulin produced by the
pancreas effectively.(157) This condition can be captured in epidemiologic studies using
diagnostic codes (eg, ICD-10 codes recorded by primary care physicians in the context of this
Thesis). To diagnose a patient with this condition, at least two observations of 1) fasting blood
sugar test >26 mg/dl (7 mmol/l), i1) oral glucose tolerance test >200 mg/dl (11.1 mmol/l), iii)
glycated hemoglobin test >6.5%, or iv) a single observation of random blood sugar test >200
mg/dl (11.1 mmol/l) accompanied by typical symptoms of the disease must be observed.(158)
However, T2DM is a condition that is frequently undiagnosed, likely because symptoms are
often absent or less marked than those of type 1 diabetes. In high-income countries, the

proportion of undiagnosed diabetes is estimated to be as high as 30% to 50%.(159-162)

The worldwide prevalence of diabetes among adults nearly doubled over the last three decades,
going from 4.7% in 1980 (108 million adults affected) to 8.5% in 2014 (422 million).(159,163)
This prevalence has risen substantially in all countries (regardless of the income level),
although it has risen faster in low- and middle-income countries compared to high-income
countries.(159) (Nota bene: given that sophisticated laboratory tests for pancreas function are
needed to distinguish type 1 from type 2 diabetes, global estimates of the prevalence consider
diabetes as a whole; nevertheless, T2DM accounts for approximately 90% of diabetes
cases.(159,164)) The estimations of the prevalence of diabetes in Spain vary widely. A study
reported estimates from nine other studies ranging from 4.8% to 18.7%.(165) A more recent
(2009-2010) study having as the main aim to estimate the prevalence of diabetes in Spain
estimated that 13.8% of the Spanish population have diabetes (although it has been only
diagnosed among 7.8% of them).(148)

There are several modifiable (eg, overweight or obesity, high central adiposity, unhealthy diet,
physical inactivity, smoking, low levels of high-density lipoprotein cholesterol, or high levels
of triglycerides) and non-modifiable (eg, race/ethnicity, family history of diabetes, gestational

diabetes or older age) factors which can increase the risk of T2DM.(159,166) T2DM is a major
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global health problem because it affects nearly 8.5% of the adult population worldwide and
because it increases the risk of cardiovascular events (eg, heart attack or stroke), kidney failure,
leg amputation, vision loss, nerve damage, skin conditions, poor healing, hearing impairment,

sleep apnea, dementia, and certain cancer types.(159,166—177)

T2DM has been positively associated with the risk of all cancer types combined and
specifically with the risk of cancers of the stomach; colorectal; liver; gallbladder and biliary
tract; pancreas; breast; corpus uteri; kidney; bladder; thyroid; non-Hodgkin lymphoma;
multiple myeloma; and leukemia in different meta-analyses.(167—177) T2DM has also been
negatively related to the risk of prostate cancer.(168,178) Except for bladder cancer, all other
positive (and negative) associations between T2DM and the risk of different cancer types are

concordant with those related to higher adiposity levels.(90,93)
1.4.3. Cardiovascular diseases

CVDs are a group of disorders affecting the heart and blood vessels including coronary heart
disease (which occurs when the arteries that supply blood to the heart muscle become hardened
and narrowed due to a buildup of plaque on the inner walls of the arteries) and cerebrovascular
disease (which happens when the blood supply to part of the brain is cut off or temporarily
disrupted), among other conditions.(179—181) CVDs can be captured in epidemiologic studies
using diagnostic codes (eg, ICD codes recorded in hospitals and primary care centers in the
context of this Thesis). CVDs are diagnosed using several tests such as electrocardiogram,

exercise stress tests, coronary angiography, or intracoronary ultrasound.(180,181)

The worldwide prevalence of CVD has nearly doubled in the last four decades, going from 271
million in 1990 to 523 million in 2019.(182) The number of CVD deaths has also steadily
increased from 12.1 million in 1990 to 18.6 million in 2019, being the leading cause of death
globally.(179,181) Low- and middle-income countries are especially affected by these diseases
(more than three-quarters of CVD deaths occur in these countries) compared to high-income
ones.(179) In Spain, CVD is the leading cause of hospitalization and death being responsible
for approximately 5 million hospital admissions and 125 000 deaths yearly.(183)

Non-modifiable risk factors of CVD include age, gender, ethnicity, and family history of CVD.
Modifiable risk factors comprise high blood pressure, high cholesterol, smoking, overweight

and obesity, physical inactivity, unhealthy diet, and high alcohol intake.(179—181)
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Emerging evidence has suggested that CVD and cancer risk are associated.(184) This
association might be explained by shared risk factors or by CVD being an independent risk
factor for cancer (which we discuss in the following section [1.4.4.]).

1.4.4. Possible mechanisms

Adiposity, HTN, and T2DM are risk factors of both CVD and cancer and common pathways
have been proposed to explain these relationships.(184) The association between adiposity and
CVD and cancer risk might be mediated by several shared mechanisms including hormones
(ie., sex hormones, insulin and IGF signaling, and adipokines), inflammation, and oxidative
stress.(114,133-136,184) Emerging evidence also suggests CVD might be an independent risk
factor for cancer (cardiac proteins excreted into the bloodstream after myocardial infarction
might promote tumor growth).(185) While HTN is a well-established risk factor for CVD and
the pathways behind this link have been widely investigated (eg, HTN induces oxidative stress
on the arterial wall which can explain its atherogenic influence), the mechanisms by which
HTN can promote cancer are less well established.(184,186) Some shared mechanisms might
involve elevated levels of plasma vascular endothelial growth factor and oxidative
stress.(184,187,188) The T2DM-CVD and T2DM-cancer associations may have
hyperinsulinemia, hyperglycemia, IGF signaling, and inflammation as possible

mediators.(184,189-193)

Because of the strong interrelation between adiposity, HTN, T2DM, CVD, and cancer, incident
HTN, T2DM, CVD may modify cancer processes associated with obesity through the above-
mentioned shared biological pathways. For example, by synergistically enhancing
inflammatory, oxidative stress, or hormonal processes.(184,194) However, the extent to which
these cardiometabolic conditions may modify the BMI-cancer association is unclear given that
prior studies of the field have mostly focused on healthy or general populations.(104,105) In
addition, prior studies have not investigated the combination of component risk factors (ie,

adiposity and incident cardiometabolic conditions) and cancer risk.
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KEY MESSAGES

Cardiometabolic conditions as modifiers of the adiposity-cancer association

A high BMI has been related to cancer risk and cardiometabolic conditions such as
hypertension (HTN), type 2 diabetes (T2DM), and cardiovascular diseases (CVD).

HTN and T2DM have been proposed as risk factors for cancer. CVD and cancer share
common basic biological pathways, and emerging evidence also suggests CVD might be an
independent risk factor for cancer.

Incident HTN, T2DM, and CVD may modify cancer processes associated with obesity
through a cascade of shared (eg, by synergistically enhancing inflammatory, oxidative stress,
or hormonal processes) and non-shared biological pathways.

However, the extent to which these cardiometabolic conditions modify the BMI-cancer
association and the combined effect of component risk factors (ie, adiposity and incident

cardiometabolic conditions) in relation to cancer risk remains unclear.
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2. Rationale

Cancer is one of the leading causes of morbidity and mortality worldwide and in Spain.(3,6,7)
A better understanding of the role of modifiable lifestyle factors such as obesity in cancer risk
is essential for the implementation of preventive strategies of cancer at the individual and

population levels.

The use of databases of routinely collected EHRs has become more common in epidemiology
and clinical research. EHRs can be defined as a longitudinal collection of electronic health
information about individuals and populations.(195) Due to their size, amount of data
availability, representativeness, long-term follow-up, and the sufficient statistical power they
provide (eg, to detect uncommon outcomes such as rare cancer types), EHR databases offer a

great opportunity to conduct cancer-related research.(196,197)

Cohort studies using EHRs could help fill in gaps in the adiposity-cancer association. Namely,
whether BMI at baseline is related to the risk of more cancer types than currently recognized
in the literature and if these associations differ by the smoking status of the participants.
Another important question that still needs to be answered is whether BMI as a sole indicator
of general adiposity fully captures the complex association between adiposity and cancer risk.
In addition, evidence about the relationship between BMI from a life course perspective and
cancer risk (using indicators such as duration and cumulative overweight/obesity exposure and
age of onset of overweight/obesity) is currently limited. Finally, the extent to which
cardiometabolic conditions such as HTN, T2DM, and CVD modify the BMI-cancer association
and the combined effect of component risk factors (ie, adiposity and incident cardiometabolic

conditions) in relation to cancer risk remains unclear.

However, to make good use of EHR databases for epidemiological research, some steps need
to be priorly undertaken. Firstly, it is essential to understand if the available data sources are
suitable (ie, what is the data collected and its scope) to achieve the aims of a specific study.
This can be addressed by conducting exhaustive descriptive studies of the EHR databases of
interest. Secondly, it is important to conduct validation processes to quantify the correctness of
the data and increase the reliability for use in subsequent observational studies.(198) This issue
can be dealt with through validation studies of the outcomes of interest (cancer diagnoses in

the context of this Thesis).

43



Gallbladder &
biliary tract

Breast
postmenopausal

Gallbladder &
biliary tract

Breast

Corpus Uteri Kidney postmenopausal

Thyroid Corpus Uteri Kidney Thyroid

| _____/f-‘-r.—_‘f'

Leukemia Multiple myeloma Testis Brain and CNS Colorectal Leukemia Multiple myeloma Testis Brain and CNS Colorectal

()

Malignant melanoma

Malignant melanoma
skin i

Hodgkin lymphoma Liver Ovary Non-Hodgkin Lymph. Hodgkin lymphoma Liver Ovary Non-Hodgkin Lymph.

Cervix Uteri Prostate Bladder articular cartilage Pancreas Cervix Uteri Prostate Bladder articular cartilage Pancreas
=
= o - e———— “ T L | — | il
Breast Trachea, Breast Trachea,
premenopausal Stomach Head and Neck bronchus & Lung Stomach Head and Neck bronchus & Lung Esophagus

=)

0001

Breast
postmenopausal

\/ allblgdder &
liatract

Thyroid

Corpus Uteri Kidney Ga::lbal'a;me Yroi pos| B:en |

I7

) O . o . .

- E—
|

Leukemia Multiple myeloma Testis Brain and CNS Colorectal Leukemia Multiple myeloma Testis Brain and CNS Colorectal

| p——

|

| —— e ——

Malignant melanoma

Malignant melanoma
skin i

Hodgkin lymphoma Liver Ovary Non-Hodgkin Lymph. Hodgkin lymphoma Liver Ovary Non-Hodgkin Lymph.

J\E -‘—-‘--‘—-——

Bone and Bone and

Cervix Uteri Prostate Bladder articular cartilage Pancreas Cervix Uteri Prostate Bladder articular cartilage Pancreas

~=—— [ — "'—— e

Breast
premenopausal

Breast Stomach Head and Neck (Irachesy Esophagus

Trachea,
Stomach Head and Neck bronchus & Lung

bronchus & Lung




3. Objectives

The main aim of this Thesis was to investigate the association between adiposity and cancer
risk. As a prior step, we aimed to evaluate the suitability of a large EHR database from
Catalonia, Spain for research and, more specifically, for cancer-related research. This Thesis

had three specific objectives:

1. To provide an extensive characterization of the Information System for

Research in Primary Care (SIDIAP) database (Study I in the Results section).

2. To validate twenty-five types of incident cancer cases in the SIDIAP using the
population-based cancer registries of Girona and Tarragona as the gold standard
and to assess the time difference in the date of diagnosis between the SIDIAP

and these cancer registries (Study II in the Results section).

3. To investigate the association between adiposity and the risk of 26 types of
cancer accounting for potential non-linearity, different adiposity indicators, and
individual-level factors such as smoking status and incident cardiometabolic

conditions (Study III in the Results section, Studies IV and V in the Appendix).

The specific objectives of each study can be consulted in Results section where we included
the full manuscripts corresponding to Studies I-III (published articles) and in Appendices 1 and
2 where we included those corresponding to Studies IV and V (manusctipts submitted to

scientific journals).
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4. Methods

In this section, we give a general overview of the study designs, setting, data sources, study
populations, assessment of key variables, and statistical analyses used in this Thesis. A more
detailed description of the methods and, specifically, of the statistical analyses corresponding
to each study is included in Section 5 (in the Methods section of Studies I-III) and in the
Appendices 1 and 2 (in the Methods section of Studies IV and V, presented as manuscripts

submitted to scientific journals).
4.1. Study designs, setting, and data sources

Studies I and II were cross-sectional studies including data from 2006 until 2021 and from
2009 until 2015, respectively. Studies III, IV, and V were cohort studies with data from 2006
until 2018.

The five studies of this Thesis were population-based and included prospectively collected data
from the SIDIAP (www.sidiap.org). SIDIAP includes routinely recorded information by health
professionals from 287 primary care centers in Catalonia, a region in Northeastern Spain.(199)
SIDIAP contains pseudo-anonymized records for 5.8 million people, including data on
anthropometric measurements, disease diagnoses (using the ICD-10 coding system),
demographic and lifestyle information, among others. Further, SIDIAP is linked to the
Minimum Basic Dataset (CMBD in Spanish), a population-based registry that includes hospital
discharge information in Spain, which was also used for four studies (Studies II to V).(200) A

broad description of the SIDIAP database (including its possible linkages) is given in Study L.

For Study II, we also used data from the cancer registries of Girona (created in 1994) and
Tarragona (in 1980) which cover 20% of the Catalan population.(201,202) They collect cancer
diagnoses from public and private hospitals, anatomopathological and hematological
laboratories, mortality registries, and other information sources.(203—205) Both cancer

registries comply with the IARC quality requirements.(206)
4.2. Study population

Study I included all the individuals registered in the SIDIAP database (all-time population and
population as of mid-2021).
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Study II included all adults considered as incident cancer cases (with a first cancer diagnosis)

from 2009 to 2015 among inhabitants of the provinces of Girona and Tarragona.

In Study III, we included all individuals registered in the SIDIAP database aged >18 years with
a valid BMI (comprised between 15 and 60 kg/m?) recorded between 2006 and 2017 and free
of cancer at baseline. For the secondary objective of this study, we included an additional
eligibility criterion, which was to have a valid WC assessment (WC values > 40 and <160 cm)

no more than 5 years previous to or 1 year later than the first BMI measurement recorded.

For Study IV, we included all the individuals registered in the SIDIAP database who were aged
>40 years in 2009 who had at least one year of history in the SIDIAP database and were free

of cancer at baseline.

Study IV included all individuals aged >40 years registered in the SIDIAP database in 2010
without prevalent HTN, T2DM, CVD, and/or cancer at baseline.

4.3. Variables

4.3.1. Exposures

Given the aims of Studies I and II we did not have any exposure in those studies. For Study I,
we described the characteristics of the SIDIAP population based on different variables (eg,
sociodemographics, lifestyle, or laboratory values), and for Study II, we compared the cancer
diagnoses registered in the SIDIAP database and the cancer registries of Girona and Tarragona

using the cancer definition reported in Section 4.3.2..

For Studies III and V, the main exposure of interest was BMI at study entry as a continuous
variable (in kg/m?). BMI was automatically calculated through a computer program (“Estaci6
clinica d’atencio6 primaria”) after general practitioners (GPs) or nurses entered the weight (kg)

and height (cm) of patients they directly assessed in a standardized manner.(207)

Additionally, for the Secondary objective of Study III, we also considered WC as an exposure;
this indicator was routinely measured by GPs or nurses who follow a measurement
protocol.(158) WC was measured at the umbilical level, midway between the anterior superior

iliac spine and the inferior border of the rib while participants were standing.

For Study IV, we used BMI measurements from all the adults in the SIDIAP database to obtain
imputed individual trajectories of BMI. We used the BMI trajectories to calculate the exposures
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of interest. The window to capture longitudinal exposures was during early adulthood, between
the ages of 18 and 40 years, and was separated from the time-to-event window. We generated
six longitudinal exposures. The duration of BMI >25 kg/m? (and of >30, respectively) was the
sum of years lived with a BMI >25 (>30) kg/m?. Cumulative exposure to a BMI >25 kg/m?
(and >30) was calculated by summing the differences between the BMI measurements that
were >25 (>30) kg/m? and 24.9 (29.9) kg/m? for every year lived with a BMI >25 (>30) kg/m>.
For all the other years, the value of the cumulative exposure was set to 0.(143,144,208) Age of
onset of a BMI >25 (and >30) kg/m? was the age at which a person had a BMI measurement
>25 (>30) kg/m? for the first time in the trajectory and was only available for individuals who

ever had a BMI >25 (>30) kg/m>.

Finally, for the Secondary objective of Study V, the exposure of interest was a composite
variable of 16 categories combining binary BMI (< or >25kg/m?) and cardiometabolic
conditions which was coded as a time-varying variable with eight categories (“healthy”; HTN;
T2DM; CVD; HTN & T2DM; HTN & CVD; T2DM & CVD; HTN, T2DM, & CVD). All study
participants were in the “healthy” category at index date, and during follow-up, they could
change states to one (HTN; T2DM; or CVD), two (HTN & T2DM; HTN & CVD; or T2DM &
CVD), or three (HTN, T2DM, & CVD) cardiometabolic conditions.

4.3.2. Cancer definition

We created a definition of 25 incident cancer types in the SIDIAP adult (aged >18 years)
population for Study II. Subsequently, we adapted this definition to satisfy the aims of Studies
III, IV, and V where we used it to define the outcomes of these studies (changes mentioned in

Section 4.3.3.).

We used ICD-10 codes and date of diagnosis to identify the following cancer types: head and
neck (ICD-10 codes: C00-C14), esophagus (C15), stomach (C16), colorectal (C18-21), liver
(C22), gallbladder and biliary tract (C23-24), pancreas (C25), larynx (C32), trachea, bronchus,
and lung (C33-34), bone and articular cartilage (C40-C41), malignant melanoma of skin (C43),
breast (C50), cervix uteri (C53), corpus uteri (C54-C55), ovary (C56), prostate (C61), testis
(C62), kidney (C64), bladder (C67), brain, CNS, pituitary gland and pineal gland (C70-72,
C75.1-C75.3), thyroid (C73), Hodgkin lymphoma (C81), non-Hodgkin lymphoma (C82-C86,
C96), multiple myeloma (C90), and leukemia (C91-95).(19) We also considered diagnoses
registered in the hospital discharge database (CMBD) which were coded in ICD-9.(209) We
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mapped diagnostic codes to ICD-10 using available conversion codes eCIEMaps v3.1.9 which

are available in the supplementary material of Study II.

For Study II, we also reproduced this definition using data from the cancer registries of Girona

and Tarragona.
4.3.3. Outcomes
Given the aims of Studies I and II, we did not have any outcomes in those studies.

For Studies III and IV, we considered incident cancer diagnoses (registered in the SIDIAP
database and the CMBD, the hospital discharge database) as the outcomes of interest. We used
the same cancer types as specified in the cancer definition of Section 4.3.2.. Additionally, we
categorized breast cancer into pre- and postmenopausal due to well-established evidence
indicating different mechanisms of adiposity in the risk of this cancer according to menopausal

status at cancer diagnosis.(133)

The outcome of interest for Study V was a binary variable indicating a diagnosis of any obesity-
related cancer. We identified obesity-related cancers as diagnostic codes registered in the
SIDIAP database and the CMBD (hospital discharge database). We defined obesity-related
cancers as those listed in the IARC Viewpoint Working Group review report as having well-
established evidence indicating that the presence of excess body fatness increases the risk of
these cancers.(90) Therefore we included colorectum; liver; gallbladder and biliary tract;
pancreas; postmenopausal breast; corpus uteri; ovary; kidney; brain and CNS; and multiple
myeloma as obesity-related cancers using the cancer definition of Section 4.3.2.. We omitted
esophagus and stomach cancers from this list given that with the available data we could not
differentiate esophageal adenocarcinoma (obesity-related) from squamous cell carcinoma nor
gastric cardia (obesity-related) from non-cardia cancers. Furthermore, the incidence of the non-
obesity-related subtypes of these cancers is higher in Spain.(210) All the diagnostic codes used

to define the outcomes can be consulted in the supplementary material of Study IV.
4.4. Statistical analyses

In Study I, we conducted different types of descriptive analyses. We described the origin and
purpose of the SIDIAP database, the overall characteristics of the SIDIAP population, and the

SIDIAP’s population representativeness of the general population of Catalonia in terms of the
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geographic, sex, and age distribution. We also described key data available in the SIDIAP
database and the evolution in the recording of key variables and data domains in the SIDIAP

population over the years.

In Study II, we calculated the sensitivity, positive predictive values (PPV), and the time
difference between the date of diagnosis entered into the SIDIAP and the cancer registries. We

added hospital discharge cancer diagnoses to the SIDIAP to assess sensitivity changes.

For the primary objective of Study III, we fitted multivariable-adjusted Cox proportional
hazard models to estimate cause-specific hazard ratios (HR) and 99% Cls for the relation
between BMI and risk of each cancer type. We investigated potential non-linear associations
between BMI and risk of each cancer by fitting models using restricted cubic splines for BMI.
To assess residual confounding by smoking, we re-run the main models among never smokers.
For the secondary objective of Study III, we compared risk estimates for general (BMI) and
central (WC) adiposity in relation to the risk of 26 cancers by fitting multivariate-adjusted Cox
proportional hazard models (one for each adiposity indicator). We estimated HRs and 99% Cls
per 1 standard deviation (SD) increment of adiposity indicators (BMI and WC) to allow

comparability between both estimates.(125)

In Study IV, we investigated the association between each of the exposures of interest with the
risk of the 26 cancer types by estimating multivariable-adjusted Cox proportional hazard
models. We calculated the HRs and their respective 95% Cls for each cancer type per 1 SD
increment of each exposure to allow comparability between the different HRs.(125) We
checked whether the 95% CIs of the HR of each longitudinal exposure overlapped with that of
BMI at index date to assess differences in the strength of the associations between the
longitudinal exposures and BMI at index date. We assessed non-linearity in the relationship
between each exposure and each cancer type using restricted cubic splines for each

exposure.(211,212)

To investigate if incident HTN, T2DM, and CVD modify the association between BMI and the
risk of obesity-related cancers (primary objective of Study V) we fitted multivariable-adjusted
Cox proportional hazard models including BMI, cardiometabolic conditions as a time-varying
variable, and an interaction of those with BMI. We estimated HRs and their 95% Cls per
5 kg/m? increment of BMI. For the secondary aim of Study V, we assessed the relative excess

risk due to interaction (RERI) of obesity-related cancers between overweight/obesity (BMI>25
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kg/m?) and incident cardiometabolic conditions by fitting a multivariable-adjusted Cox
proportional hazard model using the above-mentioned composite variable with 16
categories.(213) The RERI was calculated as RERIrr = RRi1 — RRio — RRo1 + 1, where 11
denotes being exposed to both factors (eg, overweight/obesity and HTN), 10 to one factor (eg,
overweight/obesity), and o1 to the other one (eg, HTN). A RERI of 0 was considered a lack of

additive interaction and 95%CIs were calculated as proposed by Hosmer and Lemeshow.(214)
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5. Results

In this section, we only show the results of three studies (Studies I-11I) which are manuscripts
published in scientific journals. For the sake of completeness, in Appendices 1 and 2, we
included the manuscripts corresponding to Studies IV and V (which also address the third
objective of this Thesis). These studies are a continuation of Study III and are submitted to

scientific journals.
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5.1. Study I

Recalde M, Rodriguez C, Burn E, Far M, Manuel-Garcia D, Carrere-Molina J, Benitez M,
Moleras A, Pistillo A, Bolibar B, Aragdén M, Duarte-Salles T.

Data Resource Profile: the Information System for Research in Primary Care (SIDIAP)

International Journal of Epidemiology, dyac068: 1-13.

55



IEAS
-

International Epidemiological Association

International Journal of Epidemiology, 2022, 1-13
https://doi.org/10.1093/ije/dyac068
Data Resource Profile

OXFORD

Data Resource Profile

Data Resource Profile: The Information System
for Research in Primary Care (SIDIAP)

Martina Recalde

12" Clara Rodriguez,’” Edward Burn

12 Marc Far,’

Dario Garcia," Jordi Carrere-Molina,” Mencia Benitez,’
Anna Moleras,’ Andrea Pistillo,” Bonaventura Bolibar,’?

Tx*

Maria Aragon, ** and Talita Duarte-Salles

1%

'Fundacié Institut Universitari per a la Recerca a I'Atencié Primaria de Salut Jordi Gol i Gurina
(IDIAPJGol), Barcelona, Spain, 2Universitat Autonoma de Barcelona, Bellaterra, Spain and *Centre for
Statistics in Medicine, NDORMS, University of Oxford, Oxford, UK

*Corresponding author. Institut Universitari d'Investigacié en Atencié Primaria Jordi Gol (IDIAPJGol), Gran Via Corts
Catalanes, 587 atic, 08007 Barcelona, Spain. E-mail: maragon@idiapjgol.info

TJoint first authors.
*Joint senior authorship.

Received 4 November 2021; Editorial decision 1 March 2022; Accepted 29 March 2022

Data resource basics

Primary care in Catalonia, Spain

Spain has a universal taxpayer-funded health system that is
decentralized to its 17 autonomous communities (the coun-
try’s first level of political and administrative division).'
Primary care is free of charge and is the main entry point
for accessing public non-emergency health-related services
that are delivered through primary care. Persons can be re-
ferred to secondary care if necessary. Primary care centres
are composed of general practitioners (GPs), paediatri-
cians, dentists, nurses, social workers, auxiliary nurses and
administrative staff. Additionally, as part of primary care,
there are a set of support services such as sexual and repro-
ductive health or home care at the end of life.

In Catalonia, an autonomous community in north-east-
ern Spain, the Institut Catala de la Salut (ICS, Catalan
Health Institute) is the largest healthcare provider.” As
seen in Figure 1, ICS covers most of the Basic Health Areas
(territorial units by which primary healthcare services are
organized in Catalonia) across Catalonia. It manages 328
primary care centres covering 5.8 million people, 75% of

the population living in Catalonia (the remaining 25% is
distributed among other providers whose services are hired
by the Department of Health) (Figure 1 and Table 1).

The Information System for Research in Primary
Care

The Information System for Research in Primary Care
(SIDIAP; www.sidiap.org) database includes routinely col-
lected data by >30000 professionals from the ICS. During
the 1990s, the ICS created a computerized programme
lestaci6 clinica d’atencid primaria (e-CAP)] for the record-
ing of information during primary care visits in a struc-
tured format that has been in use since 2005. In 2010, the
ICS and the Institute for Primary Health Care Research
Jordi Gol i Gurina (IDIAPJGol) created SIDIAP, which in-
cluded the data collected through the e-CAP programme
since 2006. SIDIAP was designed to provide a valid and re-
liable database of selected information from the patients’
electronic health records (EHRs) for research.’

Table 1 presents the main characteristics of the SIDIAP
population. The database has information on 8036948

©The Author(s) 2022. Published by Oxford University Press on behalf of the International Epidemiological Association. 1
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Key Features

terms of age, sex and geographic distribution.

information is available online (www.sidiap.org).

* The Information System for Research in Primary Care (SIDIAP) is a database of population-wide primary care
electronic health records that was created to provide a useful tool for healthcare research.

* SIDIAP includes data from 328 primary care centres managed by the Catalan Health Institute in Catalonia, Spain. The
database contains pseudo-anonymized records for >8 million people since 2006, with 5.8 million people active in
June 2021 (75% of the Catalan population). SIDIAP is representative of the general population living in Catalonia in

* SIDIAP is updated on a 6-monthly basis and the median follow-up time of the population is currently 15.5 years.

* SIDIAP includes high-quality data on demographics, all-cause mortality, disease diagnoses, prescription and
dispensation of drugs, laboratory tests, socio-economic indicators, vaccinations, lifestyle information, parent-child
linkage and clinical parameters, among others. SIDIAP can be linked on a project-by-project basis to other data
sources such as hospital discharges, mental health centres or specific disease registries.

* Researchers from public institutions can request data access if they comply with certain requirements. Further

people, of whom 5801280 (72.2%) were still active as of
30 June 2021, 1545850 (19.2%) had been transferred out
of the database (i.e. individuals who had moved out of the
catchment area of SIDIAP) and 689 818 (8.6%) had died.
Individuals are automatically incorporated into SIDIAP if
they are registered in the public health system and have been
assigned to a primary care centre of the ICS. The only re-
quirement to do the self-registration in the public health sys-
tem is to live in Catalonia (based on a census certificate). The
registration process is free of charge and can be done online
(without having to go to a primary care centre) or in person
at a primary care centre. For births that take place in public
healthcare facilities, the facility registers the newborn in the
public health system. Individuals can subsequently leave the
database when they move out of the catchment area (based
on the census certificate) of SIDIAP or die. The median
follow-up time of the population is 15.2 [interquartile range
(IQR): 6.2-15.5] years (Table 1).

The current SIDIAP population (as of 30 June 2021) has
a balanced sex distribution (50.7% are female) and a median
age of 44 years (IQR: 25-60). The sex and age distribution
of the SIDIAP population is similar to that of the general
population in Catalonia (Figure 2). The large majority of the
SIDIAP population is of Spanish nationality (83.9%), lives in
urban areas (88.4%) and resides in the Barcelona region
(75.3%) (Table 1). Interestingly, whereas the majority of the
SIDIAP population resides in the Barcelona region, as seen in
Figure 1, SIDIAP has a population coverage of <24% for
several Basic Health Areas of Barcelona City.

Data collected

SIDIAP is
anonymized data recorded in primary care centres (e.g.

a dynamic database containing pseudo-

disease diagnoses, lifestyle information, clinical parame-
ters, etc.) on a daily basis. It also contains external infor-
mation related to the primary care visit such as pharmacy
dispensations and results of laboratory tests, among others
(Table 2). Although SIDIAP systematically collects data
since 2006, information prior to this date is also available
due to professionals recording data retrospectively and to
the data transferred from paper to the EHRs in certain
centres during the computerization process. The database
is updated every 6months and is structured in data
domains, each containing the person’s pseudo-anonymized
identifier, which allows linkage between them. Although
the number of available data domains grows over time, a
description of those most widely used is provided in
Table 2.

SIDIAP includes socio-demographic characteristics of
the population such as the date of birth (only month and
year can be provided to avoid re-identification), sex, na-
tionality, type of residential area (rural or urban), dates of
entry and exit (if applicable) and the status at the moment
of the data extraction (active, transferred out of SIDIAP or
dead). Socio-economic status is captured through individ-
ual and ecological indicators. The individual income level
(<18 000€, between 18000€ and 100000€, >100000€
per year) and type of occupation (active, retired) are
obtained through the pharmaceutical co-payment informa-
tion.* Social class based on occupation is also available for
those individuals who have taken sick leave at least once
since 2014. The Mortalidad en dreas pequenas Espartiolas y
Desigualdades Socioeconémicas y Ambientales (MEDEA)
deprivation index measures socio-economic status at the
census tract level of both the residence and the primary
care centre.’ In addition, the Indice de Privacién of 2011
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Population coverage by the SIDIAP*
0% - 7%
>7% - 24%
>24% - 86%

0 >86% - 96%

B >96% - 100%

*Classification based on the Jenks natural breaks algorithm

Figure 1 Population coverage by the Information System for Research in Primary Care database by Basic Health Area on 30 June 2021

Basic Health Areas are the territorial units by which primary healthcare services are organized in Catalonia. This delimitation is determined by the
population’s accessibility to health services, the efficiency of the organization of health resources and other factors (geographical, demographical, so-

cial and epidemiological).

(IP2011) is available at the residential census tract level
and the Indice de socioeconémico compuesto (ISC) is cal-
culated at the primary care centre coverage area level.*”

Health conditions are captured via diagnoses registered
International

by healthcare professionals using the

Classification of Diseases (ICD) codification system
(dates of beginning and end of diagnosis given by a GP can
be obtained). Currently, the Tenth Revision, Clinical
Modification version of the ICD-10 is being used.

The database also contains comprehensive information
regarding prescriptions and dispensations of medications.
This includes the drugs (dosage and drug units per day)
prescribed by ICS healthcare professionals (mostly GPs al-
though specialists can also initiate a prescription for
chronic medications that are continued by GPs in the mid-
term and long term) that are financed by the Spanish
National Health System and dispensed in community
pharmacies (number of drug packages dispensed per
month). For each drug, the corresponding code from the

Anatomical Therapeutic Chemical (ATC) Classification
System, defined daily dose recommended by the World
Health Organization, the strength, the number of units per
package and the administration route are available.

Data on therapeutic and requested procedures, physical
examination results, routine measurements and laboratory
tests are also captured. Therapeutic procedures include
vaccinations (e.g. antigen and the number of administered
doses) and health counselling information. Requested pro-
cedures comprise diagnostic imaging (e.g. echography, ra-
diology, etc.), tests and scales (e.g. cognitive, pain, mental
health, etc.) used in primary care, as well as other cardio-
vascular, digestive and respiratory diagnostic procedures
(e.g. spirometry results, etc.). Physical examination results
and routine measurements refer to blood pressure, weight,
height, body mass index (BMI), measurements related
to child growth and >500 other parameters (e.g. heart
rate, cardiovascular risk calculator ‘REGICOR’, etc.).
Laboratory tests include information such as cell count,
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Table 1 Socio-demographic characteristics of the Information System for Research in Primary Care population, all-time and on

30 June 2021
SIDIAP population
Total since 2006 Current (as of 30 June 2021)
Persons, n 8036948 5801280
Coverage of the population of Catalonia, % - 74.9
Follow-up in years, median (IQR) 15.2 (6.2-15.5) 15.5 (12.7-15.5)

Sex, 1 (%)
Female
Male
Age in years, median (IQR)
Age in years, 1 (%)
<18
18-64
>64
Geographic region of nationality, 7 (%)
Spain
Europe (other than Spain)
America
Asia
Africa
Oceania
Type of residential area, 7 (%)
Urban
Rural
Missing
Catalan regions, 7 (%)
Barcelona
Lleida
Girona
Tarragona
Missing
Status on 30 June 2021
Active
Transferred out
Death

4029112 (50.1)
4007 836 (49.9)
44 (27-63)

1245702 (15.5)
4912030 (61.1)
1879216 (23.4)

6476556 (80.6)
409026 (
500886 (
252291 (
397178 (

(

6
)
)
)
)
1011 )

5.1
6.2
3.1
4.9
0.0

6652818 (82.8)

2940521 (50.7)
2860759 (49.3)
44 (25-60)

1009303 (17.4)
3676712 (63.4)
1115265 (19.2)

4867045 (83.9)
241816 (
278905 (

156298 (
256687 (

(

9
)
)
)
)
529 )

4.2
4.8
2.7
4.4
0.0

5125779 (88.4)

433639 (5.4) 332827 (5.7)
950491 (11.8) 342674 (5.9)
5733291 (71.3) 4365572 (75.3)
518810 (6.5) 390365 (6.7)
667816 (8.3) 512985 (8.8)
706192 (8.8) 527997 (9.1)
410839 (5.1) 4361 (0.1)

5801280 (72.2)
1545850 (19.2) -

5801280 (100)

689818 (8.6) -

IQR, interquartile range.

serology and biochemistry, among others, that are col-
lected in each laboratory and automatically integrated into
the individual’s EHR.

SIDIAP also contains lifestyle information. The most
widely used indicators include smoking status (categorized
into never, former or current smoker) and alcohol intake
risk (categorized into no risk, low risk or high risk). The
latter is calculated based on the reported amount and the
frequency of consumption of alcoholic drinks (e.g. on a
daily basis), the type of alcoholic drink and/or whether the
consumption is made in risky situations (e.g. pregnancy).
This information is converted into standard units of alco-
hol ingested on a weekly basis and converted into levels of
alcohol consumption.

Data regarding primary care visits are available, includ-
ing the date of the visit and the type of professional con-
sulted as well as the cause and date of referral to
specialists.

The database includes detailed pregnancy information
such as dates of last period and of estimated delivery, along
with the type of delivery, the circumstance of the end of
the pregnancy (e.g. type of delivery, abortion, etc.), gesta-
tional age and trimestral obstetric ultrasounds, among
others. SIDIAP contains information about paediatric
(<15years of age) health (e.g. nutrition, development,
screening tests, etc.), collected under the framework of the
Programa de infancia amb salut (Childhood and Health
Program).® In addition, parent—child linkage is available
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Figure 2 Age and sex distribution in the current Information System for Research in Primary Care population and in the general population of

Catalonia

The Information System for Research in Primary Care data used for this graph was extracted on 30 June 2021. The data of the population of Catalonia
were obtained from the Instituto Nacional de Estadistica (National Institute of Statistics) website for the year 2020, ‘Poblacién por comunidades, edad
(grupos quinquenales), Espanoles/Extranjeros, Sexo y Ano’ tab, available from https://www.ine.es/jaxi/Tabla.htm?path=/t20/e245/p08/10/&file=02002.

px&L=0.

for children and adolescents born or entering the database
after 2006.

SIDIAP continues to incorporate new information into
the database when needed (e.g. to answer new research
questions or to monitor more closely a specific condition
or disease, etc.) and possible. For instance, during the coro-
navirus disease 2019 (COVID-19) pandemic, SIDIAP in-
corporated additional information needed to investigate
this disease (e.g. polymerase chain reaction test results, ad-
ministered vaccines, etc.) in a timely fashion.

Free text that has been previously anonymized is avail-
able when sufficient detail cannot be obtained from the
structured data. Further information to complement the
structured data or to validate diagnoses needed for

research can also be obtained through surveys sent to
health professionals administered by the ICS.

The growth in the recording of information in
SIDIAP over time is shown in Figure 3a and b. For ex-
ample, in 2019, ~80% of the SIDIAP population had at
least one visit to primary care and >60% had one clini-
cal diagnosis and/or a prescription/dispensation for a
medication (Figure 3a). A decrease in the amount of
recorded information can be observed in 2020 (likely
due to the COVID-19 pandemic). By 2019, 75% of the
population had at least one record available of blood
pressure and >60% had a record of alcohol intake,
BMI, glucose, total cholesterol and/or smoking status
(Figure 3b).
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Table 2 Description of key data available in the Information System for Research in Primary Care database

Type of data Data domain in Number of peo- Total number of Key information recorded in the data domain
collected the SIDIAP ple with at least entries for the
database one entry for the data domain

data domain

Socio- Population 8036948 8036948 Date of birth, sex, date of entry to the database, date
demographics and cause of exit (death, transferral out of the
database) if applicable, nationality (grouped into
11 categories)
Socio-economic 8036948 8036948 Individual income level (<18 000€, between 18 000€
variables and 100 000€, >100 000€ per year), deprivation
indices measured at the census tract level
(MEDEA?, IP2011") and the basic health area
level (ISC), requested pharmaceutical contribu-
tion (exempted, or contribution of 10%, 40%,
50%, 60%), maximum monthly pharmaceutical
contribution (without limit, or up to 8.23€,
18.52€ or 61.75€)

Regional 8036948 18036 948 Type of residential area (rural or urban), province

variables (Barcelona, Tarragona, Girona, Lleida) and basic
health area (n = 388) where the person resides;
productive unit (333 categories, e.g. EAP
Vallirana, EAP Salt, EAP La Garriga, etc.), sani-
tary scope (10 categories, e.g. Barcelona, Girona,
Terres del Ebre, etc.).

Complexity 8036948 8036948 Clinical risk group (indicator based on the person’s
co-morbidities), state of fragility (categorizes per-
sons into ‘with chronic complexity’, ‘with ad-
vanced chronic disease’ or none) and whether the
person lives in a nursing home (yes, no)

Health Primary care 7531524 171215580 ICD-10 code, dates of start and end (if there is any),
conditions diagnoses SIDIAP grouper (e.g. ‘Arthrosis’ includes two
ICD-10 codes with its descendants) and type of
productive unit (hospital, primary care team,
mental health centre, etc.) that registers the health

problem
Sick, maternity 3191357 16651062 Coding of the health problem causing the sick leave
or paternity (ICD-10) and dates of start and end of leave
leaves
Medications and Prescriptions 7083 845 320380795 ATC code, treatment group (e.g. anxiety, hormonal
vaccines replacement therapy, hypertension), dates of start
and end of prescription, posology, frequency of
intake and DDD of the medication, speciality of
the health professional (e.g. general medicine, gy-
naecology, paediatrician) and setting (hospital,
primary care team, mental health centre, etc.) of
prescription
Dispensations 6928471 1082492571 ATC code, dates of start and end of the dispensa-
tion, DDD, number of packages dispensed per
month
Adverse 240047 316214 ATC code of the drug that produces the adverse re-
reactions action and date of occurrence
Vaccinations 6443204 116 615695 Code, date and dose of administration and grouper

of the antigen of the vaccine

(Continued)
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Table 2 Continued

Type of data Data domain in Number of peo- Total number of Key information recorded in the data domain

collected the SIDIAP ple with at least entries for the

database one entry for the data domain
data domain

Laboratory tests Analytical 5703343 1129564883 Biomarker/measurement (e.g. glucose, cholesterol, bili-

variables rubin, PCR), date of test/measurement, result value
and unit of the test, and interpretation of the value
(in four categories: positive, negative, indeterminate,
inconclusive or through free text if applicable)
Serology 2051806 11170439 Serological test (e.g. hepatitis C antibodies, HIV)
date and result (i.e. positive, negative,
indeterminate)

Clinical practice Clinical and life- 6545968 513637096 Clinical measurement (e.g. systolic/diastolic blood
and lifestyle style variables pressure, weight, height) and lifestyle variables
information (e.g. alcohol consumption, smoking status) date

and value of the registry
Request of com- 4314375 21741943 Type (e.g. mammography, colonoscopy) and date of
plementary the exploration request
explorations/
tests
Visits Visits 7473119 695049273 Visited service, SIDIAP grouper (e.g. dermatology,
nursing, general practice), type of productive unit
(hospital, primary care team, mental health cen-
tre, etc.) that does the visit, place (online, in per-
son at the health centre or at the residence of the
person) where the visit takes place
Referrals 4738748 22042118 Health service to which the person is being referred
to, date and cause (usually suspicion of an ICD-10
code) of referral

Sexual and re- Variables of sex- 1566025 172218876 Variable (e.g. year of menopause, breastfeeding, or
productive ual and repro- result of the last mammography), date and value
health ductive health (if none, the result is reported in another variable

assistance containing text in free format) of the registry

Pregnancy 427193 649630 Date of last period and of estimated delivery, type of
delivery (e.g. voluntary miscarriage, natural miscar-
riage, c-section), gestational age (in weeks), miscar-
riage risk (none, low, normal, moderate, high, very
high), number of foetuses, trimestral obstetric ultra-
sounds [containing information about the mother
(type of exploration, location of the placenta, type
of amniotic fluid, etc.) and the foetus(es) (sex, car-
diac activity, cephalic circumference, etc.))

Paediatric health Paediatric health 1592446 263953678 Variables related to birth (e.g. gestational age at de-
(<15 years of livery, sex, weight, height), screening (e.g. neona-
age) tal deafness, cystic fibrosis, congenital

hypothyroidism), development (e.g. reaction to
external stimuli, object manipulation, sphincter
control), nutrition (e.g. gluten intolerance, breast-
feeding length, beikost consumption), school (e.g.
course, integration, performance), hygiene (e.g.
correct fingernail, oral and genital hygiene), lei-
sure and sports (e.g. extracurricular and weekend
activities, screen time) and sleeping patterns (e.g.

dyssomnia, sleeping schedule, snoring)

(Continued)
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Table 2 Continued

Type of data Data domain in Number of peo- Total number of Key information recorded in the data domain
collected the SIDIAP ple with at least entries for the
database one entry for the data domain
data domain
Other data Diagnoses and 3223390 59748073 ICD-10-CM/PCS code, SIDIAP grouper, position of
sources availa- medical the diagnosis/procedure at the time of admission
ble through procedures at (used to prioritize the diagnoses/procedures that
external hospital caused the admission), dates and circumstance
linkage discharge® (urgent, scheduled) of admission, and dates and
circumstance (eight categories, including home,
voluntary discharge or death) of discharge. From
2016 onwards, type of anaesthesia used, ICU ad-
mission and length of it, date of the first ICU
admission
Hospital 516557 14563331 ATC code, date of dispensation, content per box
medication for (tablets, syringes, suppositories, etc.), code of the
outpatient pharmaceutical product, reason for the dispensa-
dispensing® tion, price of the dispensation

“Deprivation index (based on five indicators related to work, education, housing conditions) calculated at the census tract level and available for urban areas.

Deprivation index available at the residential census tract level based on six indicators of employment and education for urban and rural areas.

“Deprivation index calculated at the basic health area level for the assignment of the budgets of the primary healthcare teams in Catalonia valid for urban and

rural areas.

9Rural areas are defined as municipalities with a population density of <100 people per km? and/or a population of <30 000 inhabitants.

“Information recorded in all Catalan public hospitals registered in the minimum basic set of hospital discharge data (CMBD-AH) available through linkage to
the Data Analysis Program for Health Research and Innovation (PADRIS) of the Department of Health.
ATC, Anatomical Therapeutic Chemical; DDD, defined daily dose; GP, general practitioner; ICD-10, International Classification of Diseases, 10th Revision

(CM: Clinical Modification or PCS: Procedure Coding System); ICU, intensive care unit; [P2011, Deprivation Index 2011; ISC, Composed Socio-economic Index;

HIV, human immunodeficiency virus; MEDEA, Mortalidad en dreas pequenas Espanolas y Desigualdades Socioeconomicas y Ambientales; PCR, polymerase

chain reaction.

Linkage to other data sources

SIDIAP is a pseudo-anonymized database and does not
contain individual personal data. Nevertheless, it can be
linked to other data sources on a project-by-project basis
through a Trusted Third Party (TTP) using the individuals’
unique personal identifier.

The information recorded in all Catalan public hospi-
tals is registered in the minimum basic set of hospital dis-
charge data (CMBD-AH) and is linked to SIDIAP through
the Programa d’analitica de dades per a la recerca i la
innovacio en salut (PADRIS, Data Analysis Program for
Health Research and Innovation) of the Catalan
Department of Health.”'? This linkage has been widely
used for SIDIAP research and includes the date and cause
of hospitalization and discharge, as well as the codes regis-
tered during the stay (in ICD-10-CM and ICD-10-PCS, re-
=19 o

outpatient centres of mental health, dispensed medication

spectively). from psychiatric  hospitals,
in hospital settings and emergency rooms can also be
obtained through the same linkage process.'® In addition,
SIDIAP has been previously linked to disease registries of
cancer, arthroplasties, dementia, kidney transplants and

dialysis, among others.'*~17-2%2! Finally, linkage to urban

environment indicators (air pollution, noise, green spaces
and built environment) at the census tract level*? and to
external cohorts at the individual level have also been con-
ducted. An example of the latter is the population-based
prospective peripheral arterial disease study (ARTPER)
cohort that includes 3786 individuals aged >49years
recruited in 28 primary care centres of Catalonia through
random sampling. The participants were given an appoint-
ment for an interview, a blood sample extraction and a
visit at which anthropometric indicators were measured
(including the ankle arm index examination). The col-
lected data were used to estimate the prevalence and asso-
ciated risk factors of peripheral arterial disease in the

general population.'®

Data quality

Internal and external validation processes are carried out
to determine the data quality of the SIDIAP information at
each data update. These include stratifying the data by geo-
graphical regions and year in order to identify differences
in data collection that need to be harmonized (e.g. record-
ing of a specific information under different codes). The
units of  variables

measurement measuring one
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Figure 3 Recording of key variables and data domains in the Information System for Research in Primary Care population by calendar year

(a) Proportion of the Information System for Research in Primary Care population with yearly registries of key data domains, by calendar year. (b)
Proportion of the population with at least one recording of key variables by calendar year. The data domain ‘visits’ of Figure 3a include all kinds of vis-
its (in person at the primary care centre or at home and telematic). The clinical variables domain shown in Figure 3b contains information about data

collected in primary care

visits (BMI, blood pressure, smoking status, alcohol intake, etc.). BMI, body mass index.
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characteristic are also homogenized (e.g. transformation of
the data from every laboratory that measures haemoglobin
to grams per decilitre). Visual inspection of all data in-
cluded in the database by week is also conducted, allowing
one to see temporal patterns in the registry of a certain var-
iable. With this information, the SIDIAP team can issue
recommendations to researchers about the most common
variable(s) where certain information is recorded (e.g.
there are several variables with information concerning the
women’s menopausal status and with these visual inspec-
tion tools the SIDIAP team can inform the researchers
about which related variables have the largest number of
records and could be more helpful to capture menopause).
Data availability (longitudinality and reliability), plausibil-
ity (range checks and unusual values) and consistency are
inspected through visualization tools. In addition, before
having access to the data for a requested project, research
teams have access to a quality-control report. This docu-
ment contains counts, years, percentiles, maximums and
minimums, incidences and prevalences of the data
requested for the project, allowing detection of inconsis-
tencies in the data extraction prior to data delivery.
External validation processes of the SIDIAP database
mainly include assessing the data recorded in SIDIAP
through linkage to external gold standard data sources,
by analysing free text or by sending questionnaires to
health professionals. The quality of a wide number of
data captured in SIDIAP (e.g.
disease, dementia, cardiovascular risk factors and musculo-

cancer, Alzheimer’s

skeletal disorders) has been demonstrated in validation

studies.13_16’20’21’23’24

Data resource use

SIDIAP data have been extensively used by national and
international institutions to generate real-world evi-
dence. A non-exhaustive list of 223 peer-reviewed pub-
lished articles and of 306 projects (of which 37 are still
ongoing) using the SIDIAP database is available on the
SIDIAP  website

‘Dissemination’ tabs). These publications cover a wide

(www.sidiap.org, ‘Projects’ and
range of research topics such as cardiovascular diseases,
diabetes, musculoskeletal disorders, respiratory prob-
lems, cancer, mental health, multimorbidity, COVID-19,
vaccinations; and research areas including pharmacoepi-
demiology, evaluation of safety and comparative effec-
tiveness research, characterization of a disease, drug
utilization, temporal trends of disease, health economics

and evaluation of healthcare

11,18,19,25-30

services, among

others.

Strengths and weaknesses

Strengths

SIDIAP has several strengths. First, the database is repre-
sentative of the population of Catalonia in terms of age,
sex and geographic distribution (Figures 1 and 2). This
favours the generalizability of the findings of the studies
conducted using SIDIAP to the general population living in
Catalonia but also to other comparable regions. Second,
due to SIDIAP’s large size, this database can be used to an-
swer research questions that would not be feasible in
smaller-sized data sets. Third, the diverse type of data
encompassed by this database is also an asset. Not only
does SIDIAP include data typically recorded in EHRs (e.g.
clinical diagnoses) but also contains socio-demographic in-
formation (e.g. socio-economic status or nationality) and
lifestyle information (e.g. smoking status or alcohol in-
take). The parent—child linkage is also a major strength as
it allows one to study the impact of parental health and
early life exposures on health outcomes during childhood.
Furthermore, SIDIAP contains data from external sources
such as biomarkers’ information originating from labora-
tories or prescription and dispensation of drugs, which
makes the assessment of drug exposure quite complete.
Data from different settings (e.g. disease and hospitaliza-
tion registries) can also be obtained through diverse link-
ages, enriching the data available for studies. Finally,
SIDIAP is being mapped to different common data models
used in European projects. At present, it has already been
mapped to the international Observational Medical
Outcomes Partnership-Common Data Model (OMOP-
CDM), which facilitates and promotes multi-database
studies, helps with data management and data analyses,
and ensures confidentiality throughout the studies using a
federated analysis approach.>’

Weaknesses

The SIDIAP database also has weaknesses. Although the
database is representative of the population living in
Catalonia and regions with similar socio-demographics, it
is not necessarily so of other regions of Spain or other
countries. In addition, data missingness is a common issue
of EHRs (e.g. BMI is not recorded for every participant in
the database, as seen in Figure 3b) and a recent measure-
ment of a variable of interest might not be available at the
index date for a particular study (e.g. the last BMI mea-
surement available might have been recorded years before
the index date). However, methodological approaches
such as multiple imputations can be implemented to reduce
collider bias in research studies.>” Under-reporting of cer-
tain variables is also a limitation that can lead to the
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underestimation of the frequency of a certain exposure or
condition (e.g. less severe behavioural or mental disorders
might be more likely to go undiagnosed in clinical prac-
tice). Furthermore, individual validation of a complete list
of events of interest, as conducted ad hoc in cohort or
case—control studies, is not possible for large EHR data-
bases and may lead to misclassification. However, algo-
rithms to capture diseases or conditions can be tested in
validation studies and allow the quantification of the data
quality. Also, relevant information for research might be
recorded in unstructured format (i.e. free text) by health
professionals. Although advanced techniques to process
these data are not yet available in SIDIAP, previously ano-
nymized free text can be manually explored by researchers.
Another limitation refers to clinical practice standards and
coding that can change over time, giving rise to observed
changes in the incidence of a certain condition that might
be unrelated to its epidemiology. Finally, due to the pri-
mary care nature of this database, studies conducted with
SIDIAP could lack the granularity to answer certain re-
search questions. For instance, specialist prescribing, drugs
administered in the hospital setting, drugs purchased over
the counter and actual drug intake are not available in the
database.

Data resource access

Any researcher is able to request SIDIAP data to conduct a
study. A five-step procedure takes place before data access
is granted: (i) the researcher(s) must send an application
(standardized form available at www.sidiap.org and study
protocol) to the SIDIAP team; (ii) the application is ap-
proved by SIDIAP’s Scientific Committee which evaluates
the scientific quality and feasibility of the proposal; (iii) the
study protocol is approved by the Clinical Research Ethics
Committee of IDIAPJGol; (iv) the principal investigator of
the study must sign a Good Practice form and, in some
cases, an agreement between parties is needed; and (v) a
meeting between the research team and the SIDIAP team is
arranged to discuss the procedures and set the data extrac-
tion. Further information is available online (https:/www.
sidiap.org/index.php/menu-solicitudesen/application-proc
cedure) or by contacting Anna Moleras (sidiap@idiapjgol.
org). Data access is limited to researchers from public
organizations and collaboration with private institutions is
possible when a study is required by a regulatory agency or
for non-commercial studies within a European project fi-
nanced by the European Commission.

In accordance with current European and national law,
the data used in this study are only available for the
researchers participating in this study. Thus, we are not

allowed to distribute or make publicly available the data to
other parties.
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Background: Electronic health records are becoming an increasingly valuable resource for
epidemiology but their data quality needs to be quantified. We aimed to validate twenty-five
types of incident cancer cases in the Information System for Research in Primary Care
(SIDIAP) in Catalonia with the population-based cancer registries of Girona and Tarragona
as the gold-standard.

Methods: We calculated the sensitivity, positive predictive values (PPV), and the time-
difference between the date of diagnosis entered into the SIDIAP and into the registries. We
added hospital discharge cancer diagnoses to the SIDIAP to assess sensitivity changes.
Results: We identified 27,046 incident cancer diagnoses in the SIDIAP from 2009-2015
among the 949,841 residents of Girona and Tarragona. The cancer types with the highest
sensitivity were breast (89%, 95% CI: 88-90%), colorectal (81%, 95% CI: 80-82%), and
prostate (81%, 95% CI: 80-83%). Trachea, bronchus and lung cancers had the highest PPV
(76%, 95% CI: 74%-78%) followed by stomach (72%, 95% CI: 68-75%) and pancreas
(71%, 95% CI: 67-75%). Most cancer diagnoses were reported with less than three months
of difference between the SIDIAP and the registries. More cases were registered first in the
registries than in the SIDIAP. By adding cancer diagnoses based on hospital discharge data,
sensitivity increased for all cancers, especially for gallbladder and biliary tract for which the
sensitivity increased by 21%.

Conclusion: The SIDIAP includes 76% of the cancer diagnoses in the cancer registries but
includes a considerable number of cases that are not in the registries. The SIDIAP reports
most of the cancer diagnoses within a three-month period difference from the date of
diagnosis in the cancer registries. Our results support the use of the SIDIAP cancer diagnoses
for epidemiological research when cancer is the outcome of interest. We recommend adding
hospital discharge data to the SIDIAP to increase data quality, particularly for less frequent
cancer types.

Keywords: validation studies, cancer, electronic health records, primary health care,
population-based cancer registries

Introduction

Cancer is one of the leading causes of morbidity and mortality worldwide.' In 2018,
there were 18 million new cases and 9 million deaths.? In Spain, cancer is a
significant burden for the National Health System: cancer is the second most
frequent overall cause of death and results in more than 250,000 new invasive
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cancer cases every year.” Therefore, conducting research
focused on understanding cancer epidemiology is impor-
tant both at the national and international levels.

The use of databases of routinely collected electronic
health records (EHRs) is becoming more common in epi-
demiology and clinical research. Due to their size, amount
of data availability, representativeness, and long-term fol-
low-up, EHR databases offer a great opportunity to con-
duct cancer research.* Another advantage of large health
record databases is that they provide sufficient statistical
power to detect uncommon outcomes such as rare cancer
types.” However, validation processes are required to
quantify the correctness of the data and to increase the
reliability of large health record databases for use in sub-
sequent observational studies.®

The information recorded in EHRs by primary health
care professionals in Catalonia — a region in Northeast
Spain with 7.5 million inhabitants (2017) — comprises the
Information System for Research in Primary Care (SIDIAP)
platform.” Since the SIDIAP aims to provide reliable infor-
mation to support research in primary health care, validation
studies are performed regularly.® A previous study assessed
the validity of lung, colon and rectum, prostate, breast, and
cervix uteri cancers in the SIDIAP during the period
2009-2012 with sensitivities ranging from 64% (cervix
uteri) to 92% (breast).” However, this study compared
SIDIAP cancer cases with those from the registry of a
single hospital in Barcelona. Although the data collection
for this hospital is rigorous for a specific area in Barcelona,
this area is not representative of the general population of
Catalonia. Furthermore, the hospital does not have data
available for research use on hematological cancers. A
study validating more cancer types and using population-
based cancer registries as the gold-standard may increase
the scope of the validity of cancer diagnosis in the SIDIAP
as well as its use in new areas of research.

The aim of this study was to validate twenty-five types
of incident cancer cases in the SIDIAP using the popula-
tion-based cancer registries of Girona and Tarragona as the
gold-standard and to assess the time-difference in the date
of diagnosis between the SIDIAP and these cancer

registries.

Methods

Data Sources
We performed a cross-sectional study in the SIDIAP dur-
ing the years 2009-2015, using data from the two

population-based cancer registries that exist in Catalonia,
the Girona and Tarragona cancer registries, as the gold-
standard. The SIDIAP includes information recorded in
EHRs by health professionals during routine visits at 287
primary health care centers from the Institut Catala de la
Salut (ICS, Catalan Health Institute).'®!" The SIDIAP has
anonymized records for more than seven million people
and is representative of the Catalan population in terms of
age, sex, and geographic distribution.'" It includes infor-
mation on disease diagnoses (International Classification
for Diseases, 10th revision [ICD-10]), drug prescriptions
and dispensations in the primary care setting, and clini-
cally relevant parameters (eg, weight, blood pressure,
laboratory tests). It is also linked to a hospital discharge
database for patients who attend ICS hospitals (30% of the
SIDIAP population).'*'* The cancer registries of Girona
(created in 1994) and Tarragona (in 1980) cover 20% of
the Catalan population.'*'> They collect cancer diagnoses
from public and private hospitals, anatomopathological
and hematological laboratories, mortality registries, and
other information sources.'®'® Both cancer registries com-
ply with the International Agency for Research on Cancer
quality requirements."”

Study Population And Cancer Case

Definition
In the SIDIAP, incident cancer cases were identified as the
first cancer diagnosis from 2009 to 2015 among inhabi-
tants of the provinces of Girona and Tarragona. We had the
number of incident cancer cases from the cancer registries
during 2005-2015 for Girona and during 2005-2013 for
Tarragona available for reference. Cases registered during
2005-2008 were used to clean prevalent cases (Figure 1).
The linkage between the SIDIAP and the cancer registries
data was performed by a Trusted Third Party (the ICS in
this study) using the unique personal identification number
of patients. We obtained approval from the Clinical
Research Ethics Committee of the IDIAPJGol (project
code: P14/074) and the Research Ethics Committee of
the Hospital Doctor Josep Trueta (project code: 2017.024).
We used ICD-10 codes and date of diagnosis to iden-
tify the following 25 cancer types in adults (aged >18
years): head and neck (ICD-10 codes: C00-C14), esopha-
gus (C15), stomach (C16), colorectal (C18-21), liver
(C22), gallbladder and biliary tract (C23-24), pancreas
(C25), larynx (C32), trachea, bronchus, and lung (C33-
34), bone and articular cartilage (C40-C41), malignant
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Figure | Time period covered by each data source with respect to the duration of the study.
Notes: Figure adapted from Margulis, A. et al. (2017). Validation of Cancer Cases Using Primary Care, Cancer Registry, and Hospitalization Data in the UK. Epidemiology, 29(2), |.

Abbreviation: SIDIAP, Information System for Research in Primary Care.

melanoma of skin (C43), breast (C50), cervix uteri (C53),
corpus uteri (C54-C55), ovary (C56), prostate (C61), testis
(C62), kidney (C64), bladder (C67), brain, central nervous
system, pituitary gland and pineal gland (C70-72, C75.1-
C75.3), thyroid (C73), Hodgkin lymphoma (C81), non-
Hodgkin lymphoma (C82-C86, C96), multiple myeloma
(C90), and leukemia (C91-95).2° We excluded other and
unspecified malignant neoplasm of skin (C44). Other
unspecified or very low-frequency cancers (n<100) were
excluded. Diagnosis in hospital discharge data was regis-
tered using ICD-9 codes.?' We mapped diagnosis codes to
ICD-10 using available conversion codes eCIEMaps
v3.1.9, which we have provided in Supplementary
Table S1.

Other Variables

In the SIDIAP, we had information on the primary care center
to which individuals were assigned in 2016 (Girona,
Tarragona), date of diagnosis, sex (women, men), age (18—

35, 36-50, 51-65, >66), and nationality (Spanish,

non-Spanish). Socioeconomic status was assessed using the
“Mortalidad en areas pequeiias Espafiolas y Desigualdades
Socioecondémicas y Ambientales” (MEDEA) deprivation
index, which we categorized into quintiles for anonymization
purposes. The 1st and the Sth quintiles represent the least and
most deprived levels of the urban population in Catalonia,
respectively.”” We included a rural category since the
MEDEA index was not available for people living in these
areas.

Statistical Analysis
We performed a descriptive analysis of the overall number
of cancer cases in SIDIAP and of the confirmed (ie,
matched diagnoses between the SIDIAP and the cancer
registries) vs non-confirmed cases (ie, in the SIDIAP but
not in the cancer registries) by sex, age, nationality,
MEDEA deprivation index, and year of diagnosis, in
Girona and Tarragona, and we used a Chi-squared test to
assess for significant differences.””> We used the Catalonia
Cancer (CCRs, Girona

Registries and Tarragona

Clinical Epidemiology 2019:11
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combined) data as the gold-standard to calculate the sen-
sitivity and the positive predictive values (PPVs) for each
cancer type (an illustration of our calculations is available
in Figure S1. As secondary analyses, we stratified the
sensitivity and PPV analyses by province (Girona and
Tarragona) to assess if there were geographical differences
and by sex, nationality, age, and the MEDEA deprivation
index to assess if there were differences for specific popu-
lation groups. We also checked if the sensitivities
improved after including cancer diagnoses from the hospi-
tal discharge database.

For the confirmed cases, we calculated the time differ-
ence (months) between the date of diagnosis registered in
the SIDIAP and the date registered in the CCRs.

We used R version 3.5.0 for all the statistical analyses
and considered p-values <0.05 to be statistically
significant.

Results

Sociodemographic Characteristics Of

SIDIAP And Confirmed Cases

In the SIDIAP, we identified 496,356 inhabitants of Girona
in 2016, of which 16,211 had a cancer diagnosis between
2009 and 2015, and 453,485 inhabitants of Tarragona, of
which 10,835 had a cancer diagnosis between 2009 and
2013. There were more cancer cases registered in the
SIDIAP among men (55%, 56% for Girona and
Tarragona, respectively), people aged 66 years or older
(45%, 49%), Spanish citizens (94%, 95%), and people
living in rural areas (32%, 37%) (Table 1).

We confirmed 9,296 cancer cases in Girona and 7,182
in Tarragona. Compared to non-confirmed cases, con-
firmed cases had a higher proportion of men in
Tarragona (58% vs 52%) as well as people aged 51 to 65
in both provinces (35% vs 31% in Girona; 34% vs 27% in
Tarragona) but a lower proportion of socioeconomically
deprived individuals in Girona (11% vs 14%) (Table 1).

Overall Validation

Out of the 21,559 cancer cases registered in the CCRs,
16,478 (76%) were in the SIDIAP. The cancer types with
the highest sensitivities in Catalonia were breast (89%,
95% CI: 88-90%), colorectal (81%, 95% CI: 80-82%),
and prostate (81%, 95% CI: 80-83%) (Table 2). Almost all
cancer types had sensitivities above 60% in both pro-
vinces. The exceptions were head and neck (51%, 95%

CI: 47-55%) and gallbladder and biliary tract (29%, 95%
CIL: 23-35%) (Table 2).

Out of the 27,046 SIDIAP cancer cases present in
Catalonia, 16,478 (61%) were also in the CCRs. The
trachea, bronchus and lung cancers had the highest PPV
(76%, 95% CI: 74—78%) followed by stomach (72%, 95%
CI: 68-75%) and pancreas (71%, 95% CI: 67-75%) can-
cers (Table 2). On the other hand, bone and articular
cartilage (23%, 95% CI: 15-31%) and cervix uteri (28%,
95% CI: 24-33%) cancers had the lowest PPVs (Table 2).

Most cancer diagnoses were reported within less than
three months of difference between the SIDIAP and the
registries (Figure 2). More cases were reported first in the
cancer registries than in the SIDIAP. Only kidney cancer
had more than twenty-five percent of cases reported first in
the SIDIAP compared to the CCRs.

Secondary Analyses

Overall, Girona had higher sensitivities than Tarragona,
especially for cancers of the cervix uteri (68% vs 52%,
for Girona and Tarragona, respectively), Hodgkin lym-
phoma (69% vs 56%) and head and neck (56% vs 45%)
(Supplementary Table S2). The only cancer for which

Tarragona had a higher sensitivity than Girona was for
bone and articular cartilage (56% vs 75%). Regarding
PPVs, Tarragona had higher estimates than Girona, except
for six cancer types. We observed the biggest differences
for bladder (33% vs 69% %, for Girona and Tarragona,
respectively), colorectal (65% vs 77%) and larynx (52% vs
63%) cancers. The cancer types for which Girona had the
biggest differences in PPVs with Tarragona were gallblad-
der and biliary tract (56% vs 44%) and Hodgkin lym-
phoma (71% vs 56%) (Supplementary Table S2).
Overall, sensitivity estimates differed by age groups,

and PPVs estimates differed by age, nationality and socio-
economic status. Those older than 66 years showed lower
sensitivities than those aged between 36 and 65 years for
most cancer types (Supplementary Table S3). Overall,

PPVs were lower in those aged between 18 and 35 years
than in the rest of age groups, in non-Spanish than in the
Spanish population and in the most deprived compared to
the least deprived MEDEA quintiles (Supplementary
Table S4). Besides the abovementioned situations, we did
not observe any other change in the sensitivity and PPVs
according to sex, age, nationality, and socioeconomic sta-
tus, with exception of certain specific cancer types
(Supplementary Tables S3 and S4).
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Table 2 Validity Of The ICD-10 Codes Used To Identify Incident Cancer Diagnoses Registered In The SIDIAP Database, Catalonia®

(2009-2015)°

Cancer Type (ICD-10 CM) Cancer Cases, n Sensitivity, % (95% CI) PPV, % (95% CI)
CCRs SIDIAP Confirmed
Head and neck (C00-C14) 650 819 332 51.1 (47.2-54.9) 40.5 (37.2-43.9)
Esophagus (CI15) 211 255 157 74.4 (68.5-80.3) 61.6 (55.6-67.5)
Stomach (C16) 673 633 455 67.6 (64.1-71.1) 71.9 (68.4-75.4)
Colorectal (C18-C21) 3743 4329 3035 81.1 (79.8-82.3) 70.1 (68.7-71.5)
Liver (C22) 561 625 364 64.9 (60.9-68.8) 58.2 (54.4-62.1)
Gallbladder & biliary tract (C23-C24) 197 107 57 28.9 (22.6-35.3) 53.3 (43.8-62.7)
Pancreas (C25) 578 590 419 72.5 (68.8-76.1) 71.0 (67.4-74.7)
Larynx (C32) 337 403 226 67.1 (62.0-72.1) 56.1 (51.2-60.9)
Trachea, bronchus & lung (C33-C34) 2152 2155 1631 75.8 (74.0-77.6) 75.7 (73.9-77.5)
Bone and articular cartilage (C40-C41) 39 106 24 61.5 (46.3-76.8) 22.6 (14.7-30.6)
Malignant melanoma of skin (C43) 550 962 417 75.8 (72.2-79.4) 43.3 (40.246.5)
Breast (C50) 3325 4456 2958 89.0 (87.9-90.0) 66.4 (65.0-67.8)
Cervix uteri (C53) 198 416 118 59.6 (52.8-66.4) 28.4 (24.0-32.7)
Corpus uteri (C54-C55) 576 661 424 73.6 (70.0-77.2) 64.1 (60.5-67.8)
Ovary (C56) 263 398 190 72.2 (66.8-77.7) 47.7 (42.8-52.6)
Prostate (Cé61) 2820 3596 2286 81.1 (79.6-82.5) 63.6 (62.0-65.1)
Testis (C62) 139 175 102 73.4 (66.0-80.7) 58.3 (51.0-65.6)
Kidney (Cé4) 536 730 397 74.1 (70.4-77.8) 54.4 (50.8-58.0)
Bladder (C67) 1456 2370 1108 76.1 (73.9-78.3) 46.8 (44.7-48.8)
Brain and CNS (C70-C72, C75.1-C75.3)° 393 544 298 75.8 (71.6-80.1) 54.8 (50.6-59.0)
Thyroid (C73) 395 432 264 66.8 (62.2-71.5) 61.1 (56.5-65.7)
Hodgkin lymphoma (C81) 144 142 92 63.9 (56.0-71.7) 64.8 (56.9-72.6)
Non-Hodgkin lymphoma (C82-C86, C96) 709 909 472 66.6 (63.1-70.0) 51.9 (48.7-55.2)
Multiple myeloma (C90) 294 362 233 79.3 (74.6-83.9) 64.4 (59.4-69.3)
Leukemia (C91-C95) 620 871 419 67.6 (63.9-71.3) 48.1 (44.8-51.4)

Notes: *Provinces of Girona and Tarragona. ®Data from the Tarragona Cancer Registry was only available for 2009-2013. “Include pituitary gland and pineal gland tumors.
Abbreviations: Cl, Confidence Interval; CNS, Central Nervous System; CCRs, Catalonia Cancer Registries; ICD-10, International Classification for Diseases, 10th
revision; PPV, positive predictive values; SIDIAP, Information System for Research in Primary Care.

When adding cancer diagnoses from hospital discharge
to primary care data, we observed an increase in sensitivity
for all cancer types. Gallbladder and biliary tract cancer
had the most substantial change in sensitivity, changing
from 29% to 50% (Supplementary Table S5). We also
observed changes above 10% for larynx (67% to 83%),
head and neck (51% to 66%) and liver (65% to 78%)
cancers (Supplementary Table S5).

Discussion

This study validated cancer diagnoses recorded in primary
care using the data of the two provincial population-based
cancer registries that exist in Catalonia as the gold-stan-
dard. We found that 23 out of 25 cancer types had sensi-
tivities above 60%. PPV estimates were generally lower
than the sensitivities observed in most cancer types. The
number of cancer cases in the SIDIAP that were not
confirmed by the cancer registries was high for some

specific cancer sites. More cases were first recorded in
the cancer registries rather than in the SIDIAP, though
for most cancer cases, the time difference between both
data sources did not exceed three months. Including cancer
diagnoses from hospital discharge data considerably
improved the reliability of the data for specific cancer
types.

We observed a high sensitivity for the majority of
cancer types. Breast, colorectal and prostate cancers had
the highest sensitivities, which are some of the most inci-
dent tumors and thoroughly screened cancers in systematic
programs (breast and colorectal) and strongly sought by
opportunistic ~screening (prostate) in Catalonia.>*?*
Furthermore, these cancers take part in the rapid diagnos-
tic circuit program run in Catalonia, which could also
contribute to an increase in the accuracy of diagnosis in
primary care.”® Previous studies conducted in the United
Kingdom (UK) that compared primary care data with

I 020 submit your manuscript

Dove

Clinical Epidemiology 2019:1 |

75



Dove

Recalde et al

100 — —
el | el ful ettt [0 | ol
75
[
[
®
o
S
g Time-difference
s (months):
o
5 B 3m
= 50 [-3m,-1m)
B [-1m,1m)
g [1m,3m)
o] 3mor +
S
e
[
(%)
S
[
o
25
S AN A& N A Y AN YYSYS A aAA A D A Y A AN RN AN A
S S FFFFFTITFESETEFSTSSTSESELFEES TS S
‘WA R ETEEE NPy EEEEEFEY
S S S 32 IR o
S § O LY F ST F FLSESTFTEFELES §8§FES
T & v S PP s~ O & &% NS 8 F
y § 5 2 s & 7 o & & @ & § © EFo g g @ & 28
KA & & 5 &8 s ¢ v § £ &¢
o W $ S > & 3 § o & N
< > @ S N : S § 8 &
oD S N $ & L & N § &§ § 3
& @ S ¥ & O Q §8Q§
\z@ 7 s O = 2 T &
$ § ¥ § < 4
S NS O §
& s & 'S ¥z
ol & s
<
Cancer type

Figure 2 Time-difference (months) in the date of cancer diagnosis recorded in the SIDIAP and the population-based Catalonia Cancer Registries® (2009-2015)"

Notes: *Population-based cancer registries from the provinces of Girona and Tarragona. "Data from the Tarragona Cancer Registry was only available for 2009-2013.
Negative values indicate SIDIAP diagnosis before the registries’ diagnosis date. Brain and CNS include pituitary gland and pineal gland tumors.

Abbreviations: CNS, Central Nervous System; m, months; SIDIAP, Information System for Research in Primary Care.

hospital and cancer registry data also reported high sensi-
tivities for breast, prostate, and colorectal cancers, high-
lighting that these cancers are usually managed by general
practitioners.””*® In Catalonia, a previous study compar-
ing SIDIAP cases with those registered in a hospital can-
cer registry in Barcelona, also reported high sensitivities
for breast, colorectal and prostate cancers.” High sensitiv-
ities are important to enhance study inclusiveness and to
be able to ascertain common exposures.”’ A high sensitiv-
ity paired with a high specificity (which is important for
classifying outcomes) facilitates both the study of cancer
as an outcome as well as the identification of the cases’
common exposures. In our study, the lowest sensitivities
were found for cancers that are less frequent and that are
more commonly managed in hospitals, such as gallbladder
and biliary tract or bone and articular cartilage.”**>%*! We

are not aware of any previous national or international
studies validating the primary care diagnosis of these
cancer types using external sources. Thus, our results
indicate that using SIDIAP cancer diagnoses for research
when cancer is the outcome of interest is reliable for most
common cancer types in Catalonia but may be insufficient
for less frequent types.

PPV estimates were generally lower than the sensitiv-
ities observed in most cancer types. The number of cancer
cases in the SIDIAP that were not confirmed by the cancer
registries was high for some specific cancer sites. A pre-
vious study validating only colorectal, lung, gastro-eso-
phageal and urological cancer diagnosis in primary care
in the UK reported higher PVV estimates than in our study,
ranging from 92% to 98%.>® This study hypothesized that
some of the reasons behind non-confirmed cases might be
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a disagreement in the type of cancer diagnosed in each
data source, or the possibility of suspicious symptoms
being registered as cancer diagnoses in primary care.”® In
agreement with this hypothesis, we found that approxi-
mately 10% of the non-confirmed cases by the cancer
registries were due to disagreement in the type of cancer
diagnosis between the data sources. The low PPV for
cervix uteri cancer (included in the rapid diagnostic circuit
in Catalonia) could be due to detected suspicious symp-
toms recorded as cancers in SIDIAP; however, we did not
have the information needed to prove this hypothesis.
Another factor that can influence PPVs is the prevalence
of the cancer type which could partially explain the low
PPVs of bone and articular cartilage (106 cases registered
in the SIDIAP) and gallbladder and biliary tract (107 cases
registered). High PPVs are important when we want to
identify a cohort of people that only includes people with
the condition of interest but do not need to be representa-
tive of all cases.”’ Therefore, the SIDIAP does not appear
to be an appropriate database to create a cohort of cancer
patients, except for certain cancer types (eg, trachea,
bronchus and lung, stomach, pancreas or colorectal can-
cers). More research needs to be conducted to understand
the reasons behind non-confirmed cancer cases in SIDIAP.

Most cancer diagnoses were reported within less than
three months of difference between the SIDIAP and the
registries, and generally, the cancer registries reported the
cases earlier than the SIDIAP. Our results are in line with
two previous studies in the UK which assessed the time
difference between the date of cancer diagnoses registered
in the cancer registries and primary care databases. One
study reported a median time difference in the date of
diagnosis of 11 days (range 6-30 days) between a UK
primary care database and the Cancer Registry in England
for colorectal, lung, gastro-esophageal and urological
cancers.”® The other study, also using information from
the same UK primary care database and cancer registry but
combining 11 cancer types, reported that 63% of cancer
diagnoses were recorded with one month of difference
between the data sources and 24% within one to three
months of difference. However, the authors did not specify
which source registered the diagnosis first.>* Although the
time difference between the data sources was not substan-
tial in our study, investigators should be aware of it when
addressing time-related research questions in the SIDIAP,
such as those in the cancer survival field.

In our study, the inclusion of hospital discharge data to
SIDIAP cancer diagnoses improved the sensitivity estimates

for most cancer sites, with substantial improvements
observed particularly for less frequent cancer types. The
use of multiple data sources is highly recommended when
using EHRs for epidemiological research since the advan-
tages of each database can overcome the limitations of the
others.**? Specifically, the need to link primary care data-
bases to those from hospitals and cancer registries to cor-
rectly identify certain cancer types has been proposed in the
UK.?” Therefore, considering both SIDIAP and hospital
discharge databases can improve the reliability in the results
of future research. This may be especially important for
larynx, head and neck and liver cancers. For gallbladder
and biliary tract cancer, despite the sizeable improvement in
sensitivity after adding hospital discharge to SIDIAP cancer
diagnoses, the final sensitivity estimate (50%) seems insuf-
ficient to perform future studies using this cancer type as an
outcome. If data is available, future studies may consider
restricting their analyses to confirmed cases only to avoid
misclassifications and attain data robustness.

The main strengths of this study are first, the use of the
SIDIAP database, which provides a large and representative
sample of the Catalonian population and increases external
validity."" Second, the use of two population-based cancer
registries as the gold-standard allowed us to validate numer-
ous cancer types. Third, we were able to calculate the sensi-
tivity of the SIDIAP cancer diagnoses, a type of measure that
is often not reported in cancer validation studies. However,
our study has limitations. First, since the SIDIAP is a primary
care database, certain cancer types are harder to be detected
at this level; nevertheless, we assessed the inclusion of hos-
pital discharge information to account for this limitation.
Second, textual information in medical records could be of
value to distinguish cancer suspicions from actual diagnoses
in the SIDIAP, but this information was not available in this
study. Third, for this study we were only able to add cancer
diagnoses from hospital discharge from the ICS hospitals,
therefore we cannot confirm whether including information
from all Catalan hospitals would permit better identification
of cases for the same cancer types we found. Finally, our
population of reference was the population of individuals
assigned to a primary care center in Girona and Tarragona
provinces in 2016 and, thus, we could not account for
changes in patient address during the whole study period.

Conclusion

The SIDIAP includes 76% of the cancer diagnoses present
in the cancer registries of Catalonia but also includes a
considerable number of cases that are not in the registries.
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Overall, the SIDIAP reports cancer cases later than the
registries but the time difference in the date of diagnosis
between the databases is usually less than three months.
Our results support the use of SIDIAP cancer diagnoses
for national and international epidemiological research
when cancer is used as an outcome, especially for the
most frequent cancer types. The inclusion of cancer diag-
noses from hospital discharge data is recommended to
improve the reliability of certain cancer types such as
head and neck, liver, larynx, and leukemia. However, our
results do not support the use of SIDIAP data for all
cancer sites when the purpose of the study is to identify
a cohort of cancer patients. Further research is needed to
understand the cancer cases recorded in the SIDIAP that
were not confirmed by the cancer registries.
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Body mass index and waist circumference
in relation to the risk of 26 types of cancer:
a prospective cohort study of 3.5 million
adults in Spain
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Heinz Freisling®" and Talita Duarte-Salles' "

Abstract

Background: A high body mass index (BMI) has been associated with increased risk of several cancers; however,
whether BMI is related to a larger number of cancers than currently recognized is unclear. Moreover, whether waist
circumference (WC) is more strongly associated with specific cancers than BMI is not well established. We aimed to
investigate the associations between BMI and 26 cancers accounting for non-linearity and residual confounding by
smoking status as well as to compare cancer risk estimates between BMI and WC.

Methods: Prospective cohort study with population-based electronic health records from Catalonia, Spain. We
included 3,658,417 adults aged 2 18 years and free of cancer at baseline between 2006 and 2017. Our main
outcome measures were cause-specific hazard ratios (HRs) with 99% confidence intervals (Cls) for incident cancer at
26 anatomical sites.

Results: After a median follow-up time of 8.3 years, 202,837 participants were diagnosed with cancer. A higher BM|
was positively associated with risk of nine cancers (corpus uteri, kidney, gallbladder, thyroid, colorectal, breast post-
menopausal, multiple myeloma, leukemia, non-Hodgkin lymphoma) and was positively associated with three
additional cancers among never smokers (head and neck, brain and central nervous system, Hodgkin lymphoma).
The respective HRs (per 5 kg/m? increment) ranged from 1.04 (99%C! 1.01 to 1.08) for non-Hodgkin lymphoma to
149 (1.45 to 1.53) for corpus uteri cancer. While BMI was negatively associated to five cancer types in the linear
analyses of the overall population, accounting for non-linearity revealed that BMI was associated to prostate cancer
in a U-shaped manner and to head and neck, esophagus, larynx, and trachea, bronchus and lung cancers in an L-
shaped fashion, suggesting that low BMIs are an approximation of heavy smoking. Of the 291,305 participants with
a WC measurement, 27,837 were diagnosed with cancer. The 99%Cls of the BMI and WC point estimates (per 1
standard deviation increment) overlapped for all cancers.
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Conclusions: In this large Southern European study, a higher BMI was associated with increased risk of twelve
cancers, including four hematological and head and neck (only among never smokers) cancers. Furthermore, BMI
and WC showed comparable estimates of cancer risk associated with adiposity.

Keywords: Body mass index, Waist circumference, Body size, Body fat distribution, Adiposity, Obesity, Cancer,

Electronic health records

Background

The prevalence of obesity worldwide has nearly tripled
over the past three decades, reaching 650 million adults
in 2016 [1]. Body mass index (BMI), the most common
indicator of general adiposity, has been convincingly as-
sociated with at least 12 cancer types [2]. Results from
previous large cohort studies suggest that BMI is associ-
ated with a larger number of cancer types than currently
recognized and that some of those associations may be
non-linear (3, 4]. However, the main limitations of avail-
able studies include limited adjustment for potential con-
founding, reliance on self-reported weight and height, and
lack of generalizability to different populations. Further-
more, although conducting analyses stratified by smoking
status is critical to provide unbiased estimates of the im-
pact of obesity on cancer risk [4, 5], many studies failed to
present results stratified by smoking status, in part due to
insufficient statistical power [3].

In addition, whether BMI as a sole indicator of general
adiposity fully captures the complex association between
adiposity and cancer risk is still in dispute. Central adi-
posity, typically assessed using waist circumference
(WC), has been suggested to increase the risk of several
cancer types and to better discriminate risk associated
with obesity for colon and breast post-menopausal can-
cers [6—8]. However, only few studies have systematically
compared the effect estimates of BMI and WC for mul-
tiple site-specific cancers, and none have studied less fre-
quently occurring cancer types [9, 10].

The primary objective of the current study was to in-
vestigate associations between BMI and the risk of 26
types of cancer accounting for non-linearity and residual
confounding by smoking status. Our secondary objective
was to compare risk estimates for general (BMI) and
central (WC) adiposity in relation to the risk of 26 can-
cer types.

Methods

Study design, setting, and data sources

We performed a cohort study with prospectively col-
lected data from the Information System for Research in
Primary Care (SIDIAP; www.sidiap.org), from January 1,
2006, until December 31, 2018. SIDIAP includes rou-
tinely recorded information by health professionals from
287 primary care centers in Catalonia, a region in

Northeastern Spain [11, 12]. SIDIAP contains anon-
ymized records for approximately six million people
(80% of the Catalan population) and is representative of
the Catalan population in terms of age, sex, and geo-
graphic distribution [12]. It includes high-quality data on
anthropometric measurements, disease diagnoses (Inter-
national Classification for Diseases, 10th revision [ICD-
10]), prescription and dispensation of drugs, laboratory
tests, and demographic and lifestyle information. Fur-
ther, SIDIAP is linked to the Minimum Basic Dataset
(CMBD in Spanish), a population-based registry that in-
cludes hospital discharge information in Spain [13].

Participants

For the primary objective, we included all participants
aged > 18 years with a valid BMI (weight (kg)/height (m)?
between 15 and 60 kg/m?) recorded between January 1,
2006, and December 31, 2017, and subsequent eligible
follow-up time (minimum of 1 year). The study’s index
date was the date of the first BMI assessment during this
period. We followed participants from the study index
date until first incident (primary) cancer diagnosis, death,
transferal out of the SIDIAP, or until the end of the study
period (December 31, 2018). We excluded individuals
who were older than 100 years of age at index date, had a
BMI assessment only available during pregnancy (from
the 3rd month of pregnancy until 2 months after delivery),
had any record of cancer before the study index date, or
complied with any of the end-of-follow-up criteria de-
scribed above before attaining 12 months of follow-up to
avoid reverse causality (Fig. 1, dataset 1). For our second-
ary objective, we included an additional eligibility criter-
ion, which was to have a valid WC assessment (WC
values > 40 cm and < 160 cm) no more than 5 years previ-
ous to or 1 year later than the index date (first BMI meas-
urement recorded) (Fig. 1, dataset 2). If a participant had
more than one WC measurement available, we selected
the closest one to the index date. Figure 1 shows the flow
chart of inclusion and exclusion criteria for each study
objective.

Assessment of anthropometric indicators and covariates

For our primary objective, the exposure of interest was
BMI as a continuous variable (in l<g/m2). BMI was auto-
matically calculated through a computer program
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Total SIDIAP population from 2006-2017,
Aged 218 & <100 years
N= 6,447,722

No BMI assessment or assessed duringﬁ
pregnancy
n= 2,459,462

Remaining subjects

n= 3,988,260

Individuals with personal history of cancer

n=131,167

Remaining subjects

n= 3,857,093

Less than 12 months of follow-up before
censoring event

n= 198,676
Dataset 1 for 1%t Objective
n=3,658,417
No WC assessment ]

n=3,367,112

Dataset 2 for 2" Objective
n=291,305

Fig. 1 Flow chart showing the creation of the study's datasets with the participants’ inclusion and exclusion criteria. Notes: 221 individuals were
aged above 100 years at the time of their first available BMI measurement. Abbreviations: BMI, body mass index; SIDIAP, Information System for

Research in Primary Care; WC, waist circumference
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(“Estaci6 clinica d’atencié primaria”) after general practi-
tioners (GPs) or nurses entered the weight (kg) and
height (cm) of patients they directly assessed in a stan-
dardized manner [14]. For participants without informa-
tion from that computer program, we calculated the
BMI using weight and height data available in their
health records (if height was not available on the same
date as the weight measurement, we calculated the indi-
viduals’ mean height using all available measurements in
their health records during adulthood (=18 years) and
we chose the closest real height value to the mean). For
our secondary objective, we additionally considered WC
as an exposure; this indicator was routinely measured by
trained health professionals (GPs and nurses) who follow
a measurement protocol [15]. WC was measured at the
umbilical level, midway between the anterior superior
iliac spine and the inferior border of the rib while partic-
ipants were standing.

We also extracted information on sex (women, men),
age (in years), and geographic region of nationality
(Spain, European [non-Spanish], Africa, America, and
Asia). We assessed socioeconomic status in urban areas
using the “Mortalidad en dreas pequeiias Esparfiolas y
Desigualdades Socioeconémicas y Ambientales” (MEDE
A) deprivation index, which is calculated at the census
tract level and was categorized into quintiles by the
SIDIAP for anonymization purposes [16]. The first and
the fifth quintiles represent the least and most deprived
groups of the population living in urban areas of Catalo-
nia, respectively. We included a rural category since the
MEDEA index was not available for participants living in
those areas. We also extracted information on smoking
status (never, former, or current smoker) and alcohol in-
take (none, low or high). If a participant had more than
one record of smoking status and alcohol intake avail-
able, we selected the one closest to the index date within
a 6-year period (5 years before and 1 year after the first
BMI measurement). For type 2 diabetes, we considered
any registry of a GP diagnosis (ICD-10 code E11) before
the index date. For women, we included information on
menopausal status and hormonal replacement therapy
(HRT) use, the definitions of which can be consulted in
Additional file 1: Appendix S1.

Ascertainment of cancer cases

We considered first incident cancer diagnoses as the
outcomes of interest. We identified outcomes using
ICD-10 codes in the SIDIAP database and ICD-9 codes
in the CMBD from January 1, 2007, to December 31,
2018. We mapped ICD-9 diagnosis codes to ICD-10
using available conversion codes (eCIEMaps v3.1.9)
which are provided in Additional file 1: Table S1. We
used the following cancer types as outcomes: head and
neck; esophagus; stomach; colorectal; liver; gallbladder
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and biliary tract; pancreas; larynx; trachea, bronchus,
and lung; bone and articular cartilage; malignant melan-
oma of skin; breast (which we categorized into pre- and
post-menopausal due to well-established evidence indi-
cating different BMI relations) [17]; cervix uteri; corpus
uteri; ovary; prostate; testis; kidney; bladder; brain and
central nervous system (CNS); thyroid; Hodgkin lymph-
oma; non-Hodgkin lymphoma; multiple myeloma; and
leukemia. All cancer diagnoses in the SIDIAP including
the CMBD have been previously validated [18].

Statistical analysis

We described the number of excluded individuals in
each step of the creation of the main dataset. We pre-
sented the overall baseline characteristics of the study
participants and by the World Health Organization
(WHO) BMI categories: underweight or normal weight
(BMI <18.5kg/m* and between >18.5 and < 25 kg/m?),
overweight (BMI > 25 and < 30 kg/m?), and obesity (BMI
> 30 kg/m?).

We fitted Cox proportional hazard models with age as
the time metric to estimate cause-specific hazard ratios
(HR) and 99% confidence intervals (CI) for the relation
between BMI and risk of each cancer type. We stratified
all models by age (5-year categories) and sex to reduce
the sensitivity to violations of the proportional hazards
assumption. The first (basic) model included BMI only
(model 1) and the second (multivariable-adjusted) model
further adjusted for smoking status, alcohol intake, type
2 diabetes, socioeconomic status, and nationality (model
2). A directed acyclic graph was used to guide decisions
on the control for confounding (Additional file 1: Fig.
S1) [19]. We used a missing category for variables with
missing data.

Firstly, we investigated potential non-linear associa-
tions between BMI and risk of each cancer. We consid-
ered non-linearity in BMI by fitting models using
restricted cubic splines for BMI with 3 knots (placed at
the 10th, 50th, and 90th percentiles) or 5 knots (placed
at the 5th, 27.5th, 50th, 72.5th, and 95th percentiles).
We evaluated linearity by comparing the Akaike infor-
mation criterion of models with restricted splines to the
model with BMI as a linear term in combination with a
Wald test linearity hypothesis [20, 21]. To assess residual
confounding by smoking, we re-run the multivariable-
adjusted (adjusted for alcohol intake, type 2 diabetes, so-
cioeconomic status, and nationality) models among
never smokers for cancers for which we found evidence
of non-linearity.

Secondly, we fitted model 2 with BMI as a linear term
to estimate HRs of the relation between BMI (per 5 kg/
m? increment) and risk of each cancer type. Again, we
re-run the multivariable-adjusted models (adjusted for
alcohol intake, type 2 diabetes, socioeconomic status,
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and nationality) only among participants who reported
having never smoked to explore residual confounding by
smoking.

In the subsample of participants who had information
on both BMI and WC (Fig. 1, dataset 2), we compared
risk estimates for general (BMI) and central (WC) adi-
posity in relation to the risk of 26 cancers by fitting Cox
proportional hazard models (one for each adiposity indi-
cator) with age as the time metric. We estimated HRs
and 99% Cls per 1 standard deviation (SD) increment of
adiposity indicators (BMI and WC) to allow comparabil-
ity between both estimates [9]. We considered estimates
different if the 99% Cls of the point estimates of each
adiposity indicator did not overlap. We adjusted the stat-
istical models for the same variables as in model 2, and
we used the same end of follow-up definition. We only
analyzed cancer types for which we ascertained at least
100 cancer cases.

Model-checking and sensitivity analyses

For all models, we checked the proportional hazard as-
sumption by using the Schoenfeld test of proportionality
and by visual inspection of the scaled Schoenfeld resid-
uals [22].

We assessed the robustness of our primary objective
findings by performing six sensitivity analyses. First, we
accounted for residual selection bias by additionally
adjusting model 2 for the number of GP consultations in
the year of the index date because participants who see
their GP more often may have different health behaviors
than those who see their GP less often. Second, we ex-
plored potential outcome misclassification by restricting
the analyses to specific regions of Catalonia where we
had access to population-based or hospital cancer regis-
tries. We considered as cancer cases only those who had
the same diagnosis in the SIDIAP and a cancer registry.
Third, we addressed potential reverse causality (i.e., un-
diagnosed cancer affecting BMI) by extending the mini-
mum follow-up time (of 1year in the main analyses) to
2 and 4vyears. Fourth, we strengthened the validity of
our results by performing multiple imputations (using
the fully conditional specification approach, with 10 im-
puted data sets created) to deal with missing values of
model 2 covariates [23, 24]. Fifth, we avoided confound-
ing in the analyses of BMI and specific cancer types by
re-running model 2, additionally adjusting for HRT use
in post-menopausal women [women-only cancers] and
excluding participants with a diagnosis of chronic hepa-
titis B/C [liver cancer risk factor] or a helicobacter pylori
infection [stomach cancer risk factor]). Finally, to inves-
tigate to which extent the relationships between BMI
and risk of each cancer type represents an effect of
weight, height, or both weight and height, we re-ran the
multivariable-adjusted models (model 2) with height and
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weight as the main exposures, mutually adjusted for
each other.

To assess the robustness of our secondary findings, we
performed two sensitivity analyses. We re-ran the ana-
lyses that compared BMI and WC in relation to cancer
risk with mutual adjustment for both adiposity indica-
tors using residuals of WC and BMI (e.g., we regressed
WC on BMI, and we included the residuals from this
analysis in the model using BMI as an indicator of gen-
eral adiposity) to assess if this added valuable informa-
tion to fully capture adiposity [9]. Finally, we added
height as an adjustment variable to the analyses that
compared BMI and WC in relation to cancer risk.

The a priori level of statistical significance was set at a
2-sided P value of 0.01 for all analyses. We used STATA
version 15.1 (College Station, TX, USA) for data analysis
and R version 3.5.0 for data visualization.

We obtained approval from the Clinical Research Eth-
ics Committee of the IDIAPJGol (project code: P14/074)
to perform this study.

Results

Of the 6,447,722 individuals aged between >18 and <
100 years in the SIDIAP population, 2,459,462 were ex-
cluded due to the unavailability of a valid BMI, 131,167
due to personal history of cancer, and 198,676 due to
less than 12 months of follow-up (Fig. 1). A total of 3,
658,417 participants constituted the primary dataset of
this study for whom follow-up ended at a median of 8.3
years (interquartile range [IQR] 5-11) after study entry.
In total, 202,828 [5.6%] individuals were diagnosed with
cancer over the study period (Table 1). Among all par-
ticipants, 55% were women, the median age at inclusion
was 46 years (IQR 32-61), and the median BMI was
26.3 kg/m* (IQR 23-30). When stratifying participants
by WHO categories of BMI, the median follow-up and
age increased with increasing categories of BMI. There
were fewer participants from deprived areas and more
current smokers in the underweight and normal weight
category compared to those in the obesity category
(Table 1). Compared to the overall SIDIAP adult popula-
tion, the individuals included in this study were more
likely to be women and older, as well as to have more
comorbidities and complete information on lifestyle fac-
tors (the characteristics of the included and excluded in-
dividuals can be consulted in Additional file 1: Table
S2).

Non-linear BMI associations and analyses restricted to
never smokers

BMI was non-linearly associated with ten of twenty-six
cancer types (p for non-linearity < 0.01) (Fig. 2). For can-
cers of the head and neck, esophagus, stomach, larynx,
trachea, bronchus, and lung, low BMI values were
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Table 1 Baseline characteristics of the study participants included in the analyses of the first objective (dataset 1) by body mass
index categories and of the second objective (dataset 2)

Dataset 1, N (%) Dataset 2, N (%)
Under and normal weight Overweight Obese (BMI > 30) BMI total WC total
(BMI < 25) (BMI > 25 and < 30)
Characteristic 1,436,991 (39.3) 1,326,642 (36.3) 894,784 (24.4) 3,658,417 (100) 291,305 (100)
Follow-up (in years)®® 7.7 (44-106) 85 (5.0-11.3) 9.1 (56-11.8) 83 (49-11.2) 9.9 (6.9-11.9)
Visits to health center®* 5(3-9 7(4-12) 8 (5-14) 6 (3-11) 10 (6-16)
BMI® 22.5(208-238) 27.3 (26.1-285) 329 (31.2-356) 263 (23.2-29.9) 290 (25.9-32.5)
wc® - - - - 100 (91-108)
Age (in years)b“’| 36 (27-50) 51 (37-65) 55 (42-66) 46 (32-61) 59 (46-71)
Sex
Men 527,253 (36.7) 707,939 (534) 394,948 (44.1) 1,630,140 (44.6) 137,298 (47.1)
Women 909,738 (63.3) 618,703 (46.6) 499,836 (55.9) 2,028,277 (55.4) 154,007 (52.9)
MEDEA deprivation index®
Quintile 1 226,165 (15.7) 180,162 (13.6) 98,899 (11.0) 505,226 (13.8) 32542 (11.2)
Quintile 2 208,133 (14.5) 189,510 (14.3) 119,236 (13.3) 516,879 (14.2) 39,826 (13.7)
Quintile 3 198,978 (13.9) 192,240 (14.5) 131,763 (14.7) 522,981 (14.3) 40,019 (13.7)
Quintile 4 193,565 (13.5) 195,463 (14.7) 142,024 (15.9) 531,052 (14.5) 41,767 (14.3)
Quintile 5 190,155 (13.2) 185,886 (14.0) 144,632 (16.2) 520,673 (14.2) 34,249 (11.8)
Rural 263435 (183) 251,378 (18.9) 169,075 (18.9) 683,888 (18.7) 73,535 (25.2)
Missing 156,560 (10.9) 132,003 (10.0) 89,155 (10.0) 377,718 (10.3) 29,367 (10.1)
Nationality (geographic region)
Spain 1,216,424 (84.6) 1,169,166 (88.1) 804,483 (89.9) 3,190,073 (87.2) 271,950 (93,3)
Europe (non-Spanish) 68,689 (4.8) 36,592 (2.8) 22475 (2.5) 127,756 (3.5) 5560 (1.9)
Africa 15,968 (1.1) 13,208 (1.0) 6379 (0.7) 34,655 (1.0) 1019 (04)
America 75117 (5.2) 63,293 (4.8) 37,867 (4.2) 176,277 (4.8) 7310 (2.5)
Asia 61,693 (4.3) 44,383 (3.3) 23,580 (2.7) 129,656 (3.5) 5466 (1.9)
Smoking status
Never 674,872 (46.9) 688,304 (51.9) 487,643 (54.5) 1,850,819 (50.6) 174,775 (60.0)
Former 113,105 (7.9) 154,969 (11.7) 106,333 (11.9) 374,407 (10.2) 33,958 (11.6)
Current 438,103 (30.5) 308,376 (23.2) 177,332 (19.8) 923,811 (25.3) 58,468 (20.1)
Missing 210911 (14.7) 174,993 (13.2) 123,476 (13.8) 509,380 (13.9) 24,104 (8.3)
Alcohol intake
None 541,451 (37.7) 464,399 (35.0) 315211 (35.2) 1,321,061 (36.1) 107,230 (36.8)
Low 340,721 (23.7) 325,238 (24.5) 173,382 (194) 839,341 (22.9) 60,568 (20.8)
High 25114 (1.7) 28,074 (2.1) 19,043 (2.1) 72,231 (2.0) 7077 (24)
Missing 529,705 (36.9) 508931 (384) 387,148 (43.3) 1,425,784 (39.0) 116,430 (40.0)
Type 2 diabetes 34,847 (24) 109,302 (8.2) 123,313 (13.8) 267,426 (7.3) 50,269 (17.3)
Cause of end of follow-up
End of study 1,170,596 (81.5) 1,037,513 (78.2) 683,190 (76.4) 2,891,299 (79.0) 207,329 (71.2)
Cancer’ 47,609 (3.3) 87,344 (6.6) 67,875 (7.6) 202,828 (5.6) 27,837 (9.5
Death 51,777 (3.6) 82,920 (6.2) 70,090 (7.8) 204,787 (5.6) 33,702 (11.6)
Transferred-out 167,009 (11.6) 118,865 (9.0) 73,629 (8.2) 359,503 (9.8) 22437 (7.7)

BMI body mass index, MEDEA “Mortalidad en &reas pequenas Espanolas y Desigualdades Socioecondémicas y Ambientales”, WC waist circumference
Participants were followed from the study index date until cancer diagnosis, death, transferal out of the SIDIAP, or until the end of the study period (December
31, 2018)

PMedian (interquartile range)

“Visits to general practitioners and nurses during the year of BMI assessment

At baseline

€Quintile 1 represents the least deprived and quintile 5 represents the most deprived. Rural was included as a category since the index cannot be calculated for
people living in rural areas

fAny, excl. non-melanoma skin cancer
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Fig. 2 Association between body mass index and the risk of 26 cancer types in the overall population, allowing for non-linear effects, with 99%
Cls. Notes: (1) The reference BMI for these plots was 22 kg/m? Separate models were fitted for each cancer type and adjusted for smoking status,
alcohol intake, nationality, the MEDEA deprivation index, type 2 diabetes, and had sex and age (5-year categories) in the strata statement. Each
model had a restricted cubic spline for BMI with 3 knots placed at 21, 26, and 34 I<g/m2 except for head and neck; stomach; trachea, bronchus,
and lung; corpus uteri; and prostate and bladder cancers that had 5 knots placed at 19, 23, 26, 29, and 37 kg/mz. (2) Gallbladder includes biliary
tract; lung includes trachea and bronchus; bone includes articular cartillage; brain includes the CNS, pituitary gland and pineal gland tumors. M.
melanoma of skin stands for Malignant melanoma of skin; Non-Hodgkin L. stands for Non-Hodgkin lymphoma. (3) Models for ovary, cervix, and
corpus uteri cancers were only computed in women, for breast pre-menopausal only in pre-menopausal women, for breast post-menopausal
only in post-menopausal women, and for prostate and testis only computed in men. (4) All models have a scale up to a HR of 3 and are ordered
by ascending ranking of ICD-10 codes, except for esophagus, corpus uteri, and Hodgkin lymphoma. Abbreviations: BMI, body mass index; Cl,
confidence interval; CNS, central nervous system; HR, hazard ratio; KG, kilograms; M, meters

associated with a higher risk of these cancers. The risk
stabilized above values of 22 kg/m* (with HRs either at
or below one). These non-linear relations disappeared
when we restricted the analyses to never smokers
(Fig. 3).

The curves for the associations between BMI and risk
of cancers of the liver, breast post-menopausal, corpus
uteri, prostate, and Hodgkin lymphoma were non-linear
and were similarly shaped in the overall cohort and
among never smokers (Figs. 2 and 3). Liver cancer
showed an attenuated U-shaped curve, with a higher risk
among participants with very low or very high BMI
values. The risk of breast post-menopausal cancer
seemed to increase linearly up to a BMI of 30 kg/m?, at
which point the increase in risk diminished. For prostate

cancer, the risk curve displayed an attenuated inverse U-
shape, with a lower risk of cancer among those with low,
normal, and very high BMIs, but an increased risk for
those in the overweight range. For corpus uteri cancer,
the risk increased faster than linear at higher BMI
values. Finally, the association between BMI and Hodg-
kin lymphoma was J-shaped, with a modest higher risk
of this lymphoma in people with low BMIs and a more
markedly higher risk for those with high BMIs.

Linear BMI associations and analyses restricted to never
smokers

A BMI increment of 5 kg/m2 (in multivariable analyses)
was positively associated with risk of cancers of the cor-
pus uteri (HR 1.49, 99%CI 1.45-1.53), kidney (1.16,
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Fig. 3 Association between body mass index and the risk of 10 cancer types in never smokers, allowing for non-linear effects, with 99% Cls.
Notes: (1) The reference BMI for these plots was 22 kg/m?. Separate models were fitted for each cancer type and adjusted for alcohol intake,
nationality, the MEDEA deprivation index, type 2 diabetes, and had sex and age (5-year categories) in the strata statement. Each model had a
restricted cubic spline for BMI with 3 knots placed at 21, 26, and 34 kg/m? except for head and neck, bronchus and lung, and corpus uteri that
had 5 knots placed at 19, 23, 26, 29, and 37 kg/m?. (2) Lung includes trachea and bronchus tumors. (3) The association for corpus uteri cancer
was only computed in women, for breast post-menopausal only in post-menopausal women, and for prostate cancer only in men. (4) All models
have a scale up to a HR of 3, except for corpus uteri and Hodgkin lymphoma. Abbreviations: BMI, body mass index; Cl, confidence interval; HR,

—
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1.12-1.20), gallbladder and biliary tract (1.10, 1.03-1.19),
multiple myeloma (1.09, 1.04-1.15), thyroid (1.08, 1.03—
1.13), leukemia (1.07, 1.04—1.11), colorectal (1.06, 1.04—
1.08), breast post-menopausal (1.07, 1.05-1.08), and
non-Hodgkin lymphoma (1.04, 1.01-1.08) (Fig. 4). Re-
sults from the basic model are presented in Additional
file 1: Table S3. Results for corpus uteri and breast-
postmenopausal cancers should be interpreted in com-
bination with the splines of Fig. 3 due to the evidence of
non-linearity. For the five cancer types (trachea, bron-
chus and lung, larynx, esophagus, head and neck, and
prostate) for which we observed an inverse association
between BMI and cancer risk, there was evidence of
non-linearity as shown in Fig. 3. After restricting the
analyses to never smokers, BMI remained inversely asso-
ciated only with risk of prostate cancer (0.95, 0.92—0.98),
but became positively associated with risk of Hodgkin
lymphoma (1.16, 1.01-1.35), and cancers of the head
and neck (1.09, 1.03-1.16), and brain and CNS (1.07,
1.00-1.10).

BMI and WC comparison in relation to cancer risk
Of the 291,305 participants who also had a WC assess-
ment available, 27,837 were diagnosed with cancer from
2007 to 2018 (Table 1). Among eligible participants, the
median follow-up time was 9.9 (IQR 7-12) years and the
median age was 59 (IQR 46-71) years. The median WC
was 100 (IQR 91-108) cm and the median BMI was 29
(IQR 26-33) kg/m> Compared to the overall BMI cohort,
these participants were older and had a higher median
BMI and a higher prevalence of type 2 diabetes (Table 1).
We ascertained more than 100 cases for all cancers of
interest except cancers of the bone and articular cartil-
age (64 cases), Hodgkin lymphoma (63), testis (52), and

breast pre-menopausal (44) (Fig. 5). For all cancer sites,
the 99% Cls of the HRs for WC (per 1 SD increase) and
BMI overlapped. We observed the largest differences be-
tween the WC and BMI effect estimates for cancers of
the bladder (HR for BMI 0.97, 99%CI 0.91-1.03; WC
1.04, 0.98-1.10), larynx (HR for BMI 0.77, 99%CI 0.65—
0.91; WC 091, 0.78-1.06), and trachea, bronchus, and
lung (HR for BMI 0.85, 99%CI 0.79-0.91; WC 0.97,
0.90-1.03), although the 99%Cls overlapped. Nonethe-
less, these results should be interpreted with caution due
to evidence of non-linearity in the association between
WC and risk of bladder and trachea, bronchus, and lung
cancers (Additional file 1: Table S4).

Sensitivity analyses

We assessed the robustness of our results by comparing the
HRs of our main analyses to those from sensitivity analyses.
We found that the HRs from our primary model (model 2)
were similar to those from the sensitivity analyses. The Cls
of the sensitivity analyses consistently included the main
point estimate with only two exceptions (Additional file 1:
Tables S5-S8). In the analysis in which we extended the
minimum follow-up time from 1 to 4 years, the HRs from
the main model for stomach and trachea, bronchus, and
lung cancers (1-year follow-up) were not included in the
CIs from the models with a 4-year minimum follow-up
(stomach cancer with 1-year follow-up HR 0.99, 99%CI
0.99-1.00, vs. 4-year follow-up HR 1.01, 99%CI 1.00-1.01;
trachea, bronchus, and lung cancer with 1-year follow-up
HR 0.96, 99%CI 0.96-0.97, vs. 4-year follow-up HR 0.97,
99%CI 0.97-0.97; all HRs are per 1kg/m> increment in
BMI) (Additional file 1: Table S5). We also re-ran the
multivariable-adjusted models (model 2) using height on
one hand and weight on the other as the main exposures
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Cancer Type (ICD-10 codes) (n) Hazard Ratio (99%Cl)
Corpus Uteri (C54-C55) (5,115) 1.49 (1.45-1.53)
(3,554) 1.48 (1.43-1.53)
Kidney (C64) (6,124) 1.16 (1.12-1.20)
(3,028) 1.14 (1.08-1.19)
Gallbladder & biliary tract (C23-C24) (1,355) 1.10 (1.03-1.19)
(777) 1.16 (1.06-1.28)
Multiple myeloma (C90) (3,270) 1.09 (1.04-1.15)
(1,950) 1.11 (1.05-1.18)
Thyroid (C73) (2,688) 1.08 (1.03-1.13)
(1,469) 1.07 (1.00-1.14)
Leukemia (C91-C95) (6,842) 1.07 (1.04-1.11)
(3,936) 1.06 (1.01-1.10)
Hodgkin lymphoma (C81) (746) 1.06 (0.97-1.17)
(293) 1.16 (1.01-1.35)
Colorectal (C18-C21) (30,886) 1.06 (1.04-1.08)
(16,345) 1.08 (1.05-1.10)
Breast post-menopause (C50) (18,995) 1.07 (1.05-1.08)
(13,293) 1.07 (1.05-1.09)
Brain and CNS (C70-C72, C75.1-C75.3) (3,569) 1.05 (0.99-1.09)
(1,891) 1.07 (1.00-1.13)
Non-Hodgkin Lymphoma (C82-C86, C96) (6,626) 1.04 (1.01-1.08)
(3,572) 1.05 (1.00-1.10)
Cervix Uteri (C53) (1,838) 1.01 (0.95-1.07)
(891) 1.05 (0.97-1.14)
Bone and articular cartillage (C40-C41) (766) 1.00 (0.91-1.10)
(384) 1.06 (0.93-1.21)
Ovary (C56) (2,156) 0.99 (0.94-1.05)
(1,305) 1.00 (0.93-1.07)
Liver (C22) (5,611) 0.99 (0.95-1.02)
(2,529) 0.99 (0.94-1.05)
Pancreas (C25) (4,274) 0.98 (0.94-1.02)
(2,331) 0.97 (0.92-1.03)
Bladder (C67) (20,013) 0.98 (0.96-1.00)
(6,945) 1.02 (0.98-1.06)
Malignant melanoma of skin (C43) (6,834) 0.98 (0.94-1.01)
(3,778) 0.98 (0.94-1.02)
Prostate (C61) (26,674) 0.97 (0.95-0.99)
(12,495) 0.95 (0.92-0.98)
Stomach (C16) (4,897) 0.97 (0.93-1.01)
(2,598) 0.98 (0.93-1.04)
Head and neck (C00-C14) (5,199) 0.94 (0.90-0.98)
(1,976) 1.09 (1.03-1.16)
Breast pre-menopause (C50) (651) 0.93 (0.84-1.02)
(267) 0.99 (0.86-1.15)
Testis (C62) (760) 0.89 (0.80-1.00)
(298) 0.85 (0.70-1.02)
Esophagus (C15) (1,560) 0.88 (0.81-0.95)
(509) 1.03 (0.91-1.18)
Larynx (C32) (2,974) 0.83 (0.78-0.88)
(558) 1.00 (0.88-1.15)
Trachea, bronchus & Lung (C33-C34) (15,455) 0.83 (0.81-0.85)
(3,556) 0.95 (0.91-1.00)
nervous system; KG, kilograms; M, meters; WC, waist circumference

Forest plot of Hazard Ratios

Legend
W Overall
HH B Never Smokers

T
0.5

Fig. 4 Forest plot of hazard ratios of 26 cancer types related to a linear increment in body mass index of 5 kg/m? with 99% Cls, in the overall
population, and in never smokers. Notes: (1) Separate models were fitted for each cancer type and adjusted for smoking status, alcohol intake,
nationality, the MEDEA deprivation index, type 2 diabetes, and had sex and age (5-year categories) in the strata statement. (2) Cancer types are
ordered by descending ranking. (3) Brain and CNS include pituitary gland and pineal gland tumors. (4) Models for ovary, cervix, and corpus uteri
cancers were only computed in women, for breast pre-menopausal only in pre-menopausal women, for breast post-menopausal only in post-
menopausal women, and for prostate and testis only computed in men. Abbreviations: BMI, body mass index; Cl, confidence interval; CNS, central

T 1

1 1.5
Hazard Ratio per 5 kg/m2 increase in BMI (99% ClI)

(Additional file 1: Table S9). The nine cancer types that
were positively associated with BMI were also all positively
associated with weight, while six were so with height (colo-
rectal, breast post-menopausal, kidney, thyroid, non-
Hodgkin lymphoma, and leukemia). Corpus uteri cancer
was negatively associated with height. The five cancer types
for which we found a negative association with BMI were
also negatively associated with weight while two of these
were positively associated with height (trachea, bronchus,
and lung and prostate cancers).

Furthermore, in the analysis comparing WC and BMI
in relation to cancer risk, we assessed whether adding
the residuals of the complementary adiposity indicator
added valuable information to fully capture adiposity.
This was not the case as the 99%Cls of the models com-
prising residuals always included the HRs from the main
models (Additional file 1: Fig. S2). For example, for cor-
pus uteri cancer, the model that only included BMI (HR
1.60, 99%CI 1.47-1.74) was similar to the one that in-
cluded BMI and the residuals of WC (HR 1.61, 99%CI

89



Recalde et al. BMC Medicine

(2021) 19:10

Page 10 of 14

Cancer Type (ICD-10 codes) (n)

Forest plot of Hazard Ratios by Obesity indicator
HR (99%Cl)

Corpus Uteri (C54-C55) (761) 1.60 (1.47-1.74)
1.52 (1.39-1.67)
1.06 (0.96-1.17)
1.08 (0.97-1.19)
1.12 (0.92-1.36)
1.12 (0.91-1.37)
1.14 (1.01-1.30)
1.09 (0.96-1.24)
1.08 (0.94-1.26)
1.15 (0.98-1.34)
1.04 (0.95-1.15)
1.09 (0.99-1.20)

Kidney (C64) (864)

Gallbladder & biliary tract (C23-C24) (208)

Multiple myeloma (C90) (501)

Thyroid (C73) (262)

Leukemia (C91-C95) (969)

Hodgkin lymphoma (C81) (63)

Colorectal (C18-C21) (4,737) 1.06 (1.01-1.10)
1.07 (1.02-1.12)
1.07 (1.02-1.13)
1.06 (1.01-1.12)
1.05 (0.93-1.20)
1.07 (0.94-1.22)
1.04 (0.95-1.15)
1.03 (0.94-1.14)
1.05 (0.84-1.31)
1.03 (0.83-1.30)

Breast post-menopause (C50) (2,618)

Brain and CNS (C70-C72, C75.1-C75.3) (452)

Non-Hodgkin Lymphoma (C82-C86, C96) (863)

Cervix Uteri (C53) (146)

Bone and articular cartillage (C40-C41) (64)

Ovary (C56) (247) 0.97 (0.82-1.16)
0.99 (0.83-1.18)
0.98 (0.88-1.09)
1.03 (0.93-1.15)
0.99 (0.89-1.12)
1.05 (0.94-1.18)
0.97 (0.91-1.03)
1.04 (0.98-1.10)
0.94 (0.85-1.05)
0.95 (0.86-1.06)
0.96 (0.91-1.01)
0.98 (0.93-1.02)
1.05 (0.94-1.16)
1.07 (0.96-1.19)
0.95 (0.85-1.07)
1.01 (0.90-1.13)

Liver (C22) (813)

Pancreas (C25) (641)

Bladder (C67) (2,880)

Malignant melanoma of skin (C43) (752)

Prostate (C61) (4,094)

Stomach (C16) (753)

Head and neck (C00-C14) (672)

Breast pre-menopause (C50) (44)

Testis (C62) (52)

Esophagus (C15) (208) 0.91(0.73-1.14)

0.98 (0.79-1.20)
0.77 (0.65-0.91)
0.91 (0.78-1.06)
0.85 (0.79-0.91)
0.97 (0.90-1.03)

Larynx (C32) (372)

Trachea, bronchus & Lung (C33-C34) (2,071)

. — S Legend

| BMmI
—a— | we

0.5

Fig. 5 Forest plot of hazard ratios of 22 specific cancer sites related to a 1 standard deviation increase in body mass index and a 1 standard deviation
increase in waist circumference. Notes: (1) SD for BMI and WC were 5.3 and 13.9 overall, 5.8 and 14.5 for women, 6.5 and 16.1 for pre-menopausal
women, 54 and 13.3 for post-menopausal women, and 4.7 and 12.9 for men. (2) Separate models were fitted for each cancer type and adjusted for
smoking status, alcohol intake, nationality, the MEDEA deprivation index, type 2 diabetes, and had sex and age (5-year categories) in the strata
statement. (3) HRs are ordered by the descending ranking of BMI estimates from Fig. 4. (4) Brain and CNS include pituitary gland and pineal gland
tumors. (5) Models for ovary, cervix, and corpus uteri cancers were only computed in women, for breast post-menopausal only in post-menopausal
women, and for prostate only computed in men. (6) We only calculated hazard ratios for cancer types for which we ascertained at least 100 cancer
cases. Abbreviations: BMI, body mass index; Cl, confidence interval; CNS, central nervous system; SD, standard deviation; WC, waist circumference

T 1

1 1.5
Hazard Ratio per 1 SD increase in BMI or WC (99% CI)

1.48-1.76); the same was observed for the model that
only included WC (HR 1.52, 99%CI 1.39-1.67) and the
one that included WC and the residuals of BMI (HR
1.53, 99%CI 1.39-1.68). The ClIs of the sensitivity ana-
lysis that further adjusted for height also consistently in-
cluded the main point estimate of the main analyses
comparing WC and BMI in relation to cancer risk (Add-
itional file 1: Table S10).

Discussion

Main findings

In this prospective study that included 3,658,417 partici-
pants and 202,837 cancer cases, we found that a higher
BMI was associated with risk of 18 of 26 cancer types,
although these relations differed in terms of direction,
shape, and smoking status at baseline. BMI was posi-
tively associated with risk of cancers of the corpus uteri,
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kidney, gallbladder and biliary tract, thyroid, colorectum,
breast post-menopausal, multiple myeloma, leukemia,
and non-Hodgkin lymphoma (in descending order of lin-
ear effect sizes). After restricting the analyses to never
smokers to account for incomplete adjustment for
smoking, BMI was also positively associated with Hodg-
kin lymphoma and cancers of the head and neck, and
brain and CNS. BMI was associated in an inverse U-
shaped manner with the risk of prostate cancer and in
an L-shaped fashion with the risk of four cancers (head
and neck, esophagus, larynx, and trachea, bronchus, and
lung) in the overall cohort likely indicating residual con-
founding by smoking since the shape of these associa-
tions drastically changed among never smokers, except
for prostate cancer.

In a subsample of 291,305 participants with a WC
measurement and 27,837 cancer cases, we compared
cancer risk estimates of WC and BMIL The 99% ClIs of
the WC and BMI effect estimates consistently over-
lapped, indicating that WC provides risk associations
similar to BMI across a wide range of cancer types in
our population.

Strengths and limitations of this study
This study has several strengths. Firstly, to our know-
ledge, this is the first study to systematically compare
both BMI and WC indicators in relation to the risk of a
wide variety of cancers, including less frequently occur-
ring ones. Secondly, owing to the large scale of the
SIDIAP database, we were able to investigate the associ-
ation between BMI and numerous cancer types in a
Southern European region, increasing the external valid-
ity of results previously reported in Northwestern Euro-
pean countries [3, 4]. Lastly, we previously demonstrated
the high quality of cancer diagnoses in the SIDIAP data
and we conducted sensitivity analyses in regions where
we could include cancer cases confirmed by population-
based cancer registries (Additional file 1: Table S6) [18].
This study also has limitations. Firstly, the inclusion of
individuals with a BMI measurement (62% of the
SIDIAP adult population) could result in selection bias.
However, the study participants were not substantially
different from the overall SIDIAP population (Additional
file 1: Table S2). Secondly, although we cannot exclude
the possibility of exposure misclassification, we were em-
pirically reassured that this was not a serious bias. The
distribution of BMI in the SIDIAP was similar to
population-based survey data and representative studies
of the Spanish population (Additional file 1: Table S11).
Thirdly, outcome misclassification could have biased our
results towards the null because modest positive predict-
ive values have been reported in a validation study of
SIDIAP cancer diagnoses [18]. Fourth, residual con-
founding is an inherent limitation of observational
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studies; an example in our study was residual confound-
ing for smoking status at baseline. Fifth, we did not have
data on factors in the possible causal path between obes-
ity and cancer, such as specific reproductive variables
(e.g., parity, breastfeeding history), physical activity, and
diet. Neither did we have information on cancer subtype
or stage at diagnosis, which could have helped sharpen
the analyses for certain cancers (e.g., prostate cancer).
Fifth, while the magnitude of this study’s sample size has
its advantages, some of the significant findings of this
study could have been related to the large sample size.
Another limitation was the missing covariate data which
ranged from 10% (for the MEDEA deprivation index) to
39% (for alcohol intake risk). However, the results from
our main analysis did not differ when we performed
multiple imputations of these data (Additional file 1:
Table S5). Finally, we had information for both BMI and
WC for only 10% of the study participants. This limited
our interpretation of the comparison of adiposity mea-
sures associated with cancer risk to individuals with both
indicators and does not enable us to extrapolate the WC
effect estimates to the general population.

Interpretation and comparison with previous studies

The observed positive associations between BMI and dif-
ferent cancer types are in line with previous studies. The
increased risk of breast post-menopausal and corpus
uteri cancers has been consistently reported in the litera-
ture [25, 26]. Furthermore, our non-linear analyses
showed that the higher the BMI, the greater the magni-
tude of risk of corpus uteri cancer which concurs with
previous studies [4, 27]. The positive association be-
tween BMI and cancers of the colorectum, kidney, thy-
roid, and gallbladder and biliary tract is well recognized
in the literature; however, nuances by subtype (kidney)
[2, 28], histology (thyroid) [29], and sex (colorectal and
gallbladder and biliary tract) have been reported [25, 30,
31]. In our data, we observed a stronger effect of BMI
for gallbladder and biliary tract cancer in women and
colorectal cancer in men, which is in line with previous
studies (Additional file 1: Table S12) [25, 31]. Further,
our results showed a clear pattern in the association be-
tween BMI and hematological cancers. The association
observed between BMI and higher risk of leukemia and
multiple myeloma has been consistently reported in the
literature [25, 32—34], but the association between BMI
and the lymphomas is less well established. Although
our results for non-Hodgkin lymphoma are supported
by two meta-analyses [25, 35], other studies have only
reported a link with the subtype of diffuse large B cell
lymphoma [36]. For Hodgkin lymphoma, we observed a
J-shaped association with BMI, which concurs with a
large study from the United Kingdom (UK) [37]. The
positive association observed between BMI and cancers
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of the brain and CNS might have been driven by the in-
clusion of meningioma in this broad cancer group [2].

We also observed that the associations between BMI
and respiratory tract cancers (head and neck, esophagus,
larynx, and trachea, bronchus and lung) were L-shaped,
suggesting that low BMIs are an approximation of heavy
smoking. In the linear analyses restricted to never
smokers, the associations between BMI and cancers of
the larynx and esophagus became null, likely due to the
opposite effects of BMI in adenoma and squamous cell
carcinoma [25]. Also, among never smokers, BMI be-
came positively associated with cancer of the head and
neck and remained negatively associated with cancer of
the trachea, bronchus, and lung, which concurs with
other meta-analyses [25, 38—40]. For prostate cancer, we
found an attenuated inverse U-shaped association which
coincided with a large UK study [4]. The shape of this
association could be explained by the dual effect of BMI
on prostate cancer (inversely and positively associated
with localized and advanced prostate cancer, respect-
ively) [41]. Unfortunately, we did not have data on pros-
tate cancer subtypes to test this hypothesis.

There were also differences between our results and
those of previous studies. Despite the evidence support-
ing the inverse association between BMI and risk of
breast pre-menopausal cancer [25], we observed a nega-
tive trend only with BMI values greater than 27 kg/m?.
In addition, some studies described a positive association
between BMI and cancers of the liver and stomach [42,
43]. Our results suggest these associations are non-linear
and similarly shaped to a large UK study (U- and L-
shaped for liver and stomach cancers, respectively) [4].
We noted that the non-linear association for stomach
resembled the one for respiratory tract cancers, suggest-
ing residual confounding by smoking status for this can-
cer as well.

In a post hoc analysis, modeling height and weight in
mutually adjusted models, we found that the nine and
five cancer types that were positively and negatively, re-
spectively, associated with BMI (in linear models) were
also all associated with weight in the same directions.
On the other hand, height was positively associated with
14 cancer types (and only negatively associated with cor-
pus uteri cancer) (Additional file 1: Table S9). This sug-
gests that the associations observed for BMI (our main
analysis) were driven by excess body weight rather than
height. Height is a complex exposure and likely reflects
the fact that more stem cells are at risk of acquiring
driver mutations during cell division over time. A second
possible explanation is that a common factor (such as
insulin-like growth factor (IGF) 1) directly affects cancer
risk as well as increasing height [44].

Finally, our results indicate that BMI and WC have a
comparable relationship with cancer risk. The effect
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estimates of BMI and WC were similar although we ob-
served moderate differences for cancers of the bladder,
larynx, and trachea, bronchus, and lung. Contrarily to
BMI, WC was not negatively associated with the risk of
cancers of the larynx and trachea, bronchus, and lung.
We hypothesized that this could be explained by smok-
ing since smokers tend to have a higher WC, more vis-
ceral adipose tissue, and leaner body mass [5].

Conclusion

In this large Southern European study, we found that a
higher BMI was associated with higher risk of twelve
cancer types. We provide novel evidence that higher
BMI increases the risk of four hematological and head
and neck (only among never smokers) cancers, and we
confirmed associations reported in previous studies.
Moreover, this study showed that BMI and WC result in
comparable estimates of cancer risk associated with adi-
posity at a population level.

While the observational nature of this study prevents
us from making policy and clinical recommendations,
our findings reinforce the need for public health strat-
egies focusing on the reduction of obesity for cancer
prevention and indicate that assessing obesity-related
cancer risk in primary care using BMI may be sufficient.
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6. Discussion

In this Thesis we investigated the association between adiposity and cancer risk. Adiposity was
captured mainly with the BMI indicator, but also with WC in a subset of the study population
(both measured by trained healthcare personnel). As a first step, we evaluated the suitability of
a large EHR database from Catalonia, Spain for research and, more specifically, for cancer-
related research. In Sections 5 (Results) and 9 (Appendices, where we included the manuscripts
corresponding to studies IV and V) we presented the results and preliminary results,
respectively, as well as the detailed discussion of the findings of each specific objective of this
Thesis. Therefore, in this section, we provide a general discussion of the Thesis, starting with
a broad overview of the main findings, followed by its strengths and limitations, contributions
to the current knowledge, implications for public health, and ending with future research

possibilities.
6.1. Main findings

6.1.1. The SIDIAP database for epidemiological research

We assessed the suitability of SIDIAP for general health-related and cancer-related research.
More specifically, in Study I, we explained what the SIDIAP database is and we described the
overall characteristics of the SIDIAP population. SIDIAP is a database of population-based
primary care EHRs containing pseudo-anonymized records for >8 million individuals since
2006 (median follow-up time: 15.5 years), with 5.8 million individuals active in June 2021
(75% of the Catalan population). The SIDIAP population is representative of the general
population living in Catalonia in terms of age, sex, and geographic distribution. The large
majority of the SIDIAP population is of Spanish nationality, lives in urban areas, and resides
in the Barcelona region. The database includes high-quality data on demographics, all-cause
mortality, disease diagnoses, prescription and dispensation of drugs, laboratory tests,
socioeconomic indicators, lifestyle information, and clinical parameters, among others.
SIDIAP can be linked on a project-by-project basis to other data sources such as hospital
discharges, mental health centers, or specific disease registries. In Study II, we assessed the
suitability of the SIDIAP database for cancer research by validating site-specific cancer
diagnoses recorded in SIDIAP using the data of the two regional population-based cancer
registries that exist in Catalonia as the gold-standard. The sensitivities of the SIDIAP cancer

cases were above 60% for 23 out of 25 cancer types and the PPV estimates were generally
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lower than the sensitivities observed in most cancer types. While more cases were recorded
first in the cancer registries compared to SIDIAP, the time difference between both data sources
generally did not exceed three months. Including cancer diagnoses from hospital discharge data

considerably improved the reliability of SIDIAP data for specific cancer types.
6.1.2. Adiposity and cancer risk association

We investigated the association between adiposity and cancer risk as well as the role of
cardiometabolic conditions in this link. In Study III, we investigated associations between
baseline BMI and the risk of 26 types of cancer accounting for non-linearity and residual
confounding by smoking status. That study included 3,658,417 participants and revealed that
higher levels of BMI were associated with the risk of 18 out of 26 cancer types. However, these
relations differed in direction, shape, and smoking status at baseline. BMI was positively
associated with risk of cancers of 12 cancer types (corpus uteri, kidney, gallbladder and biliary
tract, thyroid, colorectum, breast post-menopausal, multiple myeloma, leukemia, and non-
Hodgkin lymphoma as well as Hodgkin lymphoma and cancers of the head and neck, and brain
and CNS [the latter three cancers only among never smokers]). BMI was associated in an
inverse U-shaped fashion with the risk of prostate cancer and in an L-shaped fashion with the
risk of cancers of the head and neck, esophagus, larynx, and trachea, bronchus, and lung in the
overall cohort. The latter findings likely indicated residual confounding by smoking amount
since the shape of these associations drastically changed among never smokers, except for
prostate cancer. In study III we also compared cancer risk estimates of WC and BMI in a
subsample of 291,305 participants with a WC measurement. The 99% Cls of the WC and BMI
effect estimates consistently overlapped each other, indicating that WC provides risk

associations similar to those of BMI across a wide range of cancer types.

We also aimed to investigate longitudinal BMI-derived exposures (with data on baseline BMI
for comparison) in relation to cancer risk. Study IV (which is available in Appendix 1 as a
manuscript submitted to a scientific journal) was a population-based cohort study that included
2,645,885 individuals aged 40 years or older living in Catalonia, Spain, where we found that
longitudinal BMI-derived exposures and BMI at baseline were positively associated with the
risk of 12 cancers (corpus uteri, kidney, gallbladder and biliary tract, multiple myeloma,
leukemia, breast postmenopausal, colorectal, liver, thyroid, brain and CNS, as well as head and
neck and bladder [among never smokers]). At least one of these longitudinal exposures was

additionally positively associated with the risk of six cancer types (ovary, non-Hodgkin
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lymphoma, malignant melanoma of skin, prostate, pancreas, and stomach cancers). BMI at
index date and BMI duration >25kg/m?* were negatively associated with the risk of stomach
and respiratory tract cancers, which likely indicates residual confounding by smoking since

these associations disappeared when we restricted these analyses to individuals who never

smoked.
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Figure 5. Summary of the findings of this Thesis relating different adiposity exposures to the

risk of specific cancer types.

Notes: Own elaboration with data from Studies III, IV, and V. Given that Studies IV and V are submitted to scientific journals,
respectively, we included them in the Appendices of this Thesis. Cells filled in dark red denote positive linear associations
(light red, positive trends) and dark green denote negative linear associations. Letters in the intersection between exposures
and cancer types represent the shape of observed non-linear associations (Studies III & IV). Cancer types marked with “*” in
Study IV are cancer types positively associated with BMI among never smokers. Outcomes of Study V were not specific
cancer types, but a binary variable of obesity-related cancers as defined in the IARC viewpoint report (2016) on the association
between excess body fatness and cancer risk.(90) Cells in gray were not analyzed for that study.

Abbreviations: BMI: Body mass index; CNS: central nervous system; CVD: cardiovascular disease; HTN: hypertension;
T2DM: type 2 diabetes mellitus

Finally, we investigated whether incident HTN, T2DM, and CVD modify the association

between BMI and the risk of obesity-related cancers as well as the joint associations of
98



overweight/obesity and one or more cardiometabolic conditions with the risk of obesity-related
cancer. In Study V (available in Appendix 2 as a manuscript submitted to a scientific journal),
which included 1,774,904 individuals aged 40 years or older from the SIDIAP population, we
found that the positive association between a higher BMI and the risk of obesity-related cancers
was similar among “healthy” (free of cardiometabolic conditions) individuals and those with
incident diagnoses of HTN and/or CVD. In contrast, among individuals with incident T2DM,
the association between BMI and obesity-related cancer risk was null. We also found that
individual cardiometabolic conditions, and combinations thereof, were each independently and
positively associated with the risk of obesity-related cancer. A striking finding was that the
association of overweight/obesity and CVD (only or in combination with more conditions) with
obesity-related cancer risk was greater than the sum of their separate associations. On the
contrary, the observed joint association of overweight/obesity and T2DM (only or in
combination with other conditions) with obesity-related cancer risk was lower than the sum of

their separate associations.
6.2. Strengths and limitations

6.2.1. Data source

The five studies included in this Thesis were performed using data from the SIDIAP database.
The first study of this Thesis was conducted in order to understand if the SIDIAP was suitable
(ie, what was the data collected and its scope) to achieve the aims of the subsequent specific
studies. Not only the database can be considered suitable for general health- and cancer-related
research, but SIDIAP has several strengths to investigate the association between adiposity and
cancer risk. Firstly, the SIDIAP population is representative of the general population living in
Catalonia in terms of age, sex, and geographic distribution which favors the generalisability of
the findings of this Thesis to the general population of Catalonia but also to other regions of
Spain and other countries with similar sociodemographics. While most studies of the field have
been conducted in Northern Europe, this Thesis contributes with evidence from Southern
Europe. Secondly, the size of SIDIAP offers the possibility to address research questions that
would not be possible to investigate in smaller-sized studies. Studies III to V would not have
been feasible in traditional cohorts given that in SIDIAP we had sufficient statistical power to
analyze numerous cancer types (including rare ones) and we accounted for the smoking status
and the incident cardiometabolic conditions of the study participants. Finally, SIDIAP offers

the possibility to be linked to external data sources such as population-based cancer registries.
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This allowed us to assess the quality of the SIDIAP cancer diagnoses for 25 cancer types (Study
IT) and to conduct a sensitivity analysis in Study III in which we restricted the analyses of the
baseline BMI-cancer association to regions where we could include cancer cases confirmed by

population-based cancer registries.
6.2.2. Exposure assessment

BMI was the main exposure of this Thesis since it was used (directly or indirectly) for Studies
IIT to V. Using BMI as an exposure has several advantages such as being easy to calculate and
interpret given its standardized categorization as well as being highly correlated with body fat
(assessed with reference methods).(26,37,43,44,49-51) In SIDIAP, 70% of the population has
at least one BMI assessment available since 2006 (as seen in Study I). This anthropometric
indicator is measured by trained health professionals (GPs and nurses) in routine visits to
primary care centers.(207) The characteristics of the population with a BMI assessment are
similar to those of the general population of the SIDIAP and the BMI distribution in SIDIAP
is similar to population-based survey data and representative studies of the Spanish population,
likely reducing the possibility of selection bias or exposure misclassification of the studies
using this exposure (Studies III to V). Moreover, in sensitivity analyses of Studies IV and V,
we observed that conducting the analyses among individuals with a BMI assessment (complete
case approach) or using multiple imputations to also include those without an assessment in
their EHRs yield similar results. However, the use of BMI has its limitations such as not being
able to distinguish between body fatness and lean body mass and having a differential accuracy
to capture body fatness by sex, age, and ethnicity.(37,52) Unfortunately, we did not have
access to anthropometric indicators obtained from reference methods as this lack of granularity

is one of the trade-offs of using large EHR databases for epidemiologic research.

For Study III, WC was also an exposure of interest. Some of the main strengths of this indicator
are its simplicity, inexpensiveness, high correlation with reference methods, and
standardization of cut-offs.(37,43,44) Like BMI, WC is routinely measured by trained health
professionals who follow a strict measurement protocol.(158) Having information on this
indicator for ~300k participants (even if this represents 10% of the study population of Study
Il) is an advantage of this Thesis. To our knowledge, Study IIl was the first study to
systematically compare the adiposity-cancer association for WC and BMI. Unfortunately, the
high possibility of selection bias among individuals with this anthropometric information

precluded us from extrapolating the WC effect estimates to the general population and limited
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our interpretation of the comparison of adiposity measures associated with cancer risk among
individuals with information on both indicators. In addition, WC also has its disadvantages; it
is an imperfect indicator of intra-abdominal adipose tissue, the exact point of measurement can
vary between centers or measurers, cut-offs vary according to age and ethnicity, and measuring
WC in individuals with very high BMIs is difficult.(37,43,44,56-59) Nevertheless, as
explained above, not having access to more accurate indicators of fat distribution is an inherent

limitation of using EHR data for epidemiological research.

Finally, for Study IV we considered longitudinal exposures derived from BMI measurements)
which is a great strength of this Thesis. Capturing long-term exposures might better reflect
(than a single point in time measure of BMI) the potential underlying biological mechanisms
between long-term exposure to adiposity which can lead to chronic inflammation and altered
hormone metabolism, and the increase in the risk of cancer development. Moreover, in Study
IV we split the window of exposure (from 18 to 40 years of age) from that of the time-to-event
analysis. This allowed us to reduce the likelihood of bias related to the overlap between the
two windows (eg, that individuals with very high BMIs who theoretically are at a higher risk
of cancer have a shorter exposure period due to having the event earlier than other participants).
However, a limitation of the calculation of these exposures was that they were solely based on
multiple imputations (given that the longest possible follow-up of an individual in SIDIAP is

of 16 years).
6.2.3. Outcome assessment

Study II of this Thesis was conducted to assess the quality of the cancer diagnoses registered
in SIDIAP. The results of Study II supported the use of SIDIAP cancer diagnoses for
epidemiological research when cancer is the outcome of interest, which is the case of the studies
of this Thesis. As cancer outcomes were obtained from primary care and hospital discharge
records (and were not individually validated), we cannot discard the possibility of outcome
misclassification. However, we do not expect that this misclassification would have been
differential according to the exposure, therefore, this likely did not affect our results. On the
other hand, while the current literature shows an important role of the subtype, subsite, or stage
at diagnosis of specific cancers (eg, esophagus, stomach, or prostate) in the association between
adiposity and cancer risk, this information was not available in SIDIAP.(90,215) As mentioned
above, the large size of SIDIAP comes, in certain cases, at the expense of data granularity.

Another limitation, was the multiple comparison of each paper. While the magnitude of this
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study’s sample size has its advantages, some of the significant findings of this study could have
been related to the large sample size. Finally, in Study V, the outcome of interest was a binary
indicator of obesity-related cancers due to the fact that we did not have enough statistical power
to look at specific cancers as separate outcomes. The number of at-risk individuals (especially
for those with more than one cardiometabolic condition) was modest. However, in a secondary
analysis, we explored associations for certain specific cancer types and the associations were

consistent (although with wider CIs) with those of obesity related-cancers combined.
6.2.4. Covariate assessment

A limitation of using EHR data for epidemiologic research is the lack of information on
confounding factors. For instance, while in SIDIAP there is high-quality data on smoking
status, other indicators on smoking amount (such as number/packages of cigarettes smoked per
day) are not widely used or collected for most of the SIDIAP population. Given the strong
interrelation between body fatness/weight and smoking, in Study III we observed residual
confounding by smoking amount in the association between adiposity and the risk of
respiratory tract cancers.(106) Nevertheless, thanks to the size of SIDIAP we managed to
overcome this limitation by restricting the analyses to never smokers. Another important
variable in the possible causal path between adiposity and cancer risk is individual SES.(37)
While we did not have that information available in SIDIAP, we tried to partially block this
confounding path by adjusting our analyses for the Mortalidad en dreas pequenias Espariolas
v Desigualdades Socioeconomicas y Ambientales (MEDEA) deprivation index, an ecological
indicator of deprivation. Finally, in SIDIAP there is limited data collected on the physical
activity levels and diet. While we cannot discard that some of the observed associations in
Studies III to V could be somewhat confounded by these factors, we were reassured that this
probably was not the case as other traditional cohort studies (eg, European Prospective
Investigation into Cancer and Nutrition or National Health and Nutrition Examination Survey
studies) investigating the association between BMI and risk of specific cancer types with data

on these variables found similar results to ours.(118,216,217)
6.3. Contributions to the current knowledge

6.3.1. EHR databases for epidemiological research

Studies I and II contributed to the current knowledge with information about the suitability of

SIDIAP for research and, more specifically, for cancer-related research. To this date, no studies
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have tried to characterize the SIDIAP database in depth despite this being essential to
understand if the available data source is suitable to achieve the aims of subsequent specific
studies. Some general guidelines of the characteristics of the SIDIAP database have been given
in Garcia-Gil et al and Bolibar et al.(199,218) The former included some information about the
setting and the amount of data collected for the whole SIDIAP population and explored the
representativeness (by age, gender, and geographic distribution) of a subset of the population.
The latter, published only in Spanish, gave more insights into the creation of the data resource
and the type of data collected for the general population included in SIDIAP and briefly
characterized a subset of the population. Therefore, we contributed to the current literature with
an exhaustive characterization of the SIDIAP database and its included population. Study I,
which is published in English, will allow a broader range of the research community to be
aware of the existence of this data resource and will provide enough information to enable
researchers to understand the scope of the data resource as well as how to access and make the

best use of the data.

In Study II, we provided evidence about the reliability of SIDIAP cancer diagnoses for 25
cancer types which is useful for subsequent observational studies of the field. To this date,
there has only been one study conducted in SIDIAP that assessed the validity of specific cancer
types, which only included lung, colon and rectum, prostate, breast, and cervix uteri
cancers.(219) While this study provided relevant information on the quality of some of the
most frequent cancer types in Catalonia, data on more cancer types was lacking. In addition,
this study compared SIDIAP cancer cases with those from the registry of a single hospital in
Barcelona. Although the data collection for this hospital is rigorous for a specific area in
Barcelona, this area is not representative of the general population of Catalonia. Furthermore,
the hospital does not have data available for research use on hematological cancers. On the
other hand, there are available studies (mostly from the UK) that assessed the quality of other
cancer types using cancer registry data as the gold standard, which can be useful as a reference
on the registry of cancer cases in primary care databases but does not replace the richness of
information that provides a study performed in the database of interest.(220-222) Therefore,
Study II contributed to the current knowledge with quantified data about the quality of cancer
diagnoses registered in SIDIAP (assessed through sensitivities and PPVs, overall and by
sociodemographics) as well as the characteristics of the confirmed and non-confirmed cases in
SIDIAP (compared to the cancer registries). In addition, we also assessed the inclusion of data

from the hospital setting to the SIDIAP database to check if there were sensitivity changes and
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the time difference between the date of diagnosis registered in the SIDIAP and the cancer
registries. This broadness of data will allow researchers interested in conducting cancer
research with the SIDIAP database to make evidence-based decisions about how to make the

best use of the data.
6.3.2. Adiposity and cancer risk association

In Study III we aimed to address whether BMI at baseline is related to the risk of more cancer
types than currently acknowledged (in linear and non-linear models) and if the BMI-cancer
associations differ by the smoking status of the participants. In addition, whether BMI as a sole
indicator of general adiposity fully captures the complex association between adiposity and
cancer risk is unclear. Our findings revealed that BMI was positively associated with the risk
of 12 cancer types (corpus uteri, kidney, gallbladder and biliary tract, thyroid, colorectum,
breast post-menopausal, multiple myeloma, leukemia, and non-Hodgkin lymphoma as well as
Hodgkin lymphoma and cancers of the head and neck, and brain and CNS [the latter three
cancers only among never smokers]). Some of these associations (for corpus uteri, kidney,
gallbladder and biliary tract, thyroid, colorectum, breast post-menopausal, and brain and CNS)
have been widely reported in the literature; however, we contributed to the current knowledge
with consistent evidence about the relationship between BMI and the risk of four hematological
cancers. The association observed between baseline BMI and higher risk of leukemia and
multiple myeloma has been reported in the literature;(93,138,223,224) however, the
association between BMI and lymphomas is less well established. Our results for non-Hodgkin
lymphoma are supported by two meta-analyses,(93,137) but other studies have only reported a
link with the subtype of diffuse large B cell lymphoma.(225) For Hodgkin lymphoma, we
observed a J-shaped association with BMI, which was also observed in a large study from the
UK.(226) While in the overall cohort we observed inverse associations between BMI and risk
of respiratory tract cancers; these associations became null when we restricted the analyses to
never smokers (except for head and neck that became positive). This analysis in combination
with the exploration of non-linearity suggested that low BMIs are an approximation of heavy
smoking, and not that adiposity confers a protective effect for these cancers. Finally, for
prostate cancer, we provided evidence about the attenuated inverse U-shaped association
between BMI and cancer risk which coincided with a large UK study.(105) The shape of this
association could be explained by the dual effect of BMI on prostate cancer (inversely and

positively associated with localized and advanced prostate cancer risk, respectively).(215)
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Unfortunately, we did not have data on prostate cancer subtypes to test this hypothesis. Finally,
our results for the comparison between BMI and WC indicated that these exposures have a
comparable relationship with cancer risk. The effect estimates of BMI and WC were similar
although we observed moderate differences for cancers of the bladder, larynx, and trachea,
bronchus, and lung. Contrary to BMI, WC was not negatively associated with the risk of
cancers of the larynx and trachea, bronchus, and lung. We hypothesized that this could be
explained by smoking since smokers tend to have a higher WC, more visceral adipose tissue,

and leaner body mass.(106)

In Study IV, we investigated the association between baseline and longitudinal BMI-derived
exposures during early adulthood in relation to the risk of 26 cancers. Given that capturing
longitudinal BMI-derived exposures might better reflect the potential underlying biological
mechanisms between long-term exposure to adiposity and the increase in the risk of cancer
development, we aimed to assess if there were stronger associations between adiposity
(assessed longitudinally) and obesity-related cancer risk and if adiposity was linked to a larger
number of cancer types than currently recognized. A single measurement of BMI at study
baseline has been convincingly associated with the risk of 13 cancer types in previous studies
of which 10 (colorectum, liver, gallbladder and biliary tract, post-menopausal breast, corpus
uteri, ovary, kidney, brain and CNS, thyroid, and multiple myeloma) cancers were also
positively associated with the longitudinal BMI-derived exposures that we investigated.(90)
Thus at a population level, not only attained higher levels of BMI at one point in time are
positively related to the risk of these cancers, but also longer exposures to overweight and
obesity (with or without accounting for the degree of overweight and obesity) as well as
developing overweight and obesity at younger ages through early adulthood might be
associated with cancer risk. We also provide novel evidence that longitudinal BMI-derived
exposures are associated with the risk of leukemia, non-Hodgkin lymphoma, malignant
melanoma of skin, prostate, head and neck, and bladder cancers (the latter two were only and
more pronouncedly, respectively, associated among never smokers). The IARC viewpoint on
the association between excess body fatness and cancer risk considered the evidence as
inadequate for leukemia and non-Hodgkin lymphoma.(90) However, as commented before,
several studies have reported an association between BMI and higher risk of leukemia and non-
Hodgkin lymphoma (or only of diffuse large B cell lymphoma).(93,137,224,225) Our findings
support and extend these results by providing evidence that higher levels of adiposity through

a life course perspective are consistently associated with the risk of hematological cancers,
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including multiple myeloma, leukemia, and non-Hodgkin lymphoma. Furthermore, we showed
that among individuals who never smoked, longer exposures to overweight and obesity (with
or without accounting for the degree of overweight/obesity) were positively associated with
the risk of head and neck and bladder cancers. These are relevant findings not only because
they expand on the extent to which adiposity can affect cancer risk but also because, at an
epidemiological level, they highlight the importance of accounting for residual confounding by
smoking.(106,114) Moreover, only duration of BMI >25 kg/m? was positively associated with
the risk of malignant melanoma of skin and prostate cancers. This is in line with what was
observed in the non-linear analysis of the association between baseline BMI and risk of these
cancers where an inverted U-shaped association was found, indicating a higher risk of these
cancers only for BMIs in the overweight range.(105) Future research should focus on
confirming these associations and on understanding the pathways by which only being
overweight (and a longer duration of'it) could have a harmful effect on the risk of these cancers.
As for Study III, residual confounding by smoking was also likely an issue for stomach and
respiratory tract cancers in the main analyses (the negative associations observed between
certain exposures and cancers disappeared when we restricted the analyses to never smokers).
An interesting finding in this regard was that the longitudinal BMI-derived exposures (except
for duration of BMI >25) seemed less prone to residual confounding by smoking than a single

BMI assessment.

Finally, in Study V we aimed to address the extent to which cardiometabolic conditions such
as HTN, T2DM, and CVD modify the BMI-cancer association (given that prior studies of the
field have mostly focused on healthy or general populations) as well as the joint effect of living
with overweight/adiposity and cardiometabolic conditions on cancer risk. To our knowledge,
there are no other studies that have investigated this research question, therefore the findings
of this study represent novel scientific contributions. We found a positive association between
BMI and obesity-related cancers among “healthy” individuals, which is in line with well-
established evidence in the field.(90,104,105) This association can be explained by previously
reported biological mechanisms.(114,133—136) It has also been suggested that other factors,
such as cardiometabolic conditions, could be mediators in the association between body fatness
and cancer risk.(114,133,184) However, since the ‘“healthy” population did not include
individuals with HTN, T2DM, and CVD by definition, our results support the existence of
pathways between body fatness and cancer risk that are independent of these conditions.

Further, our results revealed that the BMI-obesity-related cancer association remains present
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among individuals with an incident diagnosis of HTN and/or CVD. This observation could be
explained by an independent (from HTN and CVD) pathway between BMI and cancer risk, but
also by a weaker (compared to, for example, T2DM) association between HTN or CVD and
risk of obesity-related cancers (pathway being blocked by conditioning on HTN or CVD). The
latter hypothesis was sustained by the more “modest” effect of HTN and CVD on cancer risk
among individuals with a BMI<25 kg/m? (findings of the secondary objective), compared to
that of T2DM. Moreover, the evidence linking HTN and CVD to cancer risk is yet to be well
established. Studies investigating HTN as a risk factor for cancer have mostly focussed on
kidney cancer, and although a link has also been suggested for stomach, colorectal, pancreas,
postmenopausal breast, brain, and malignant melanoma cancer risk (which are also cancer
types associated with higher adiposity levels) as well as lung cancer, the evidence supporting
these associations is not yet well-established.(90,93,155,156) Similarly, the evidence
suggesting that CVD might be an independent risk factor for cancer is still at very early
stages.(185) While we did not observe an interaction between BMI and CVD (nor in
combination with T2DM or HTN and T2DM together) on the multiplicative scale, we did find
ones on the additive scale (ie, in terms of absolute risks). This suggests that a higher incidence
of obesity-related cancers can be expected among population sub-groups affected by both
overweight/obesity and these (combination of) cardiometabolic conditions. The association
between BMI and risk of obesity-related cancers among people with T2DM was null. This
could be explained by shared biological pathways underlying the carcinogenesis of obesity-
related cancers between adiposity and T2DM as well as by a strong association between T2DM
and cancer risk (direct association being blocked by conditioning on T2DM). In meta-analyses,
T2DM has been positively associated with the risk of cancers of the stomach, colorectal, liver,
gallbladder and biliary tract, pancreas, breast, corpus uteri, kidney, bladder, thyroid, non-
Hodgkin lymphoma, multiple myeloma, and leukemia.(167-177) Except for bladder cancer,
all other associations are concordant with those described for adiposity.(90,93) Our findings
(both for the interactions on the multiplicative and the additive scale) in combination with what
has been reported in the literature reinforce the existence of shared mechanisms between
adiposity and T2DM in relation to cancer risk. In fact, the pathways that have been proposed
to explain the T2DM-cancer associations (hyperinsulinemia, hyperglycemia, IGF signaling,
and inflammation) have also been proposed as possible mediators for the BMI-cancer

one.(184,189-193)

107



6.4. Implications of the findings for public health

The results of this Thesis (Studies III to V) reinforce the need to focus on reducing overweight
and obesity from a public health perspective. Not only can reducing the prevalence of
overweight and obesity help prevent cancer, but also other obesity-related conditions and
diseases such as HTN, T2DM, CVD, and hyperlipidemia.(25,26) Furthemore our findings
(Studies III and IV) indicate that adiposity is related to more cancer types than currently
recognized. Therefore, the current estimations of the population attributable fraction and
number of cases attributable to overweight/obesity (eg, 6.3% and 22,761, respectively, in the

UK) might be underestimating the true impact of overweight and obesity.(24)

As pictured in the framework of the determinants of obesity described in Section 1.2.3., we can
distinguish three types of approaches to address the high prevalence of overweight and obesity:
policy interventions focussed on reversing the environmental drivers of obesity, interventions
aiming at behavioral changes, and pharmaceutical and surgical interventions targeting

physiological changes.(60)

Policy interventions focussed on reversing the environmental drivers of obesity could be the
most beneficial to reverse the obesity epidemic given their sustainability, the fact that they
encompass the whole population (not only highly motivated groups), and their possibility to
become systemic.(60) These interventions include food policies to facilitate healthy choices
(eg, subsidizing healthy foods, increasing the taxes of unhealthy foods, or implementation of
food and nutrition labeling) and physical activity policies that can promote higher levels of
physical activity and reduction of sedentary lifestyle (eg, urban planning policies, transport
policies, or provision of spaces to engage in physical activity such as parks or sports
centers).(68,227-231) However these types of policies are harder (than interventions targeting
behavioral changes) to implement due to factors such as the powerful force of the food lobby

or the public reluctance to change behaviors.(60,232,233)

The interventions aimed at motivating behavioral changes can help counteract some of the
drivers of obesogenic environments and include social marketing (eg, disseminating evidence-
based information about healthy lifestyle or the health consequences of overweight and obesity
through newspapers, billboards, or social media) as well as health promotion and educational
programs.(60) These programs can take place in schools (eg, teaching evidence-based

information about nutrition and physical activity or motivating students to be more active
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through physical education), families (which can provide tools to children to make healthier
choices), workspaces (eg, facilitating or giving access to healthy foods, sports facilities, or
nutritionists), or health care centers. Especially primary care could have an important role in
reducing overweight and obesity by increasing the number of nutritionists in primary care
centers, giving incentives to GPs and nurses to provide evidence-based information to adult
patients about healthy lifestyles and pediatricians to parents, guardians, and/or children, and by

carrying out behavioral weight loss programs.

If behavioral weight-loss interventions are not effective, pharmacological and surgical
interventions are also a possibility. While focusing on these tertiary prevention interventions
should not be the main public health priority, there can be subsidies or shorter waiting lists for
patients in need of them (eg, the findings of Study V highlighted that individuals newly
diagnosed with CVD who have overweight or obesity might be a subgroup of individuals who
would benefit the most regarding weight-loss interventions). Most of the medications currently
used work by suppressing the appetite while Orlistat works on preventing the digestion and
absorption of some dietary fats and surgical procedures (normally conducted among
individuals with BMIs >40kg/m? or >35kg/m? if they have other conditions) result in weight
loss by restricting the size of the stomach or by bypassing a portion of the intestines.(234)

Finally, the findings of this Thesis (especially Studies I and II), reinforce the usefulness of
EHRs for providing evidence for public health action. EHRs have several strengths such as
their relatively low cost, large size, amount of data availability, representativeness, long-term
follow-up, and providing sufficient statistical power to conduct research compared to setting
up traditional cohort studies, but most importantly their data are already collected and available
for use.(197,198) The latter along with their low cost provide important incentives for

promoting the use of EHRs for research in the public sector.
6.5. Recommendations for future research

In this Thesis, we have tried to fill in gaps that we identified in the adiposity-cancer literature;

however, other questions still need to be addressed or for which more evidence is needed.
6.5.1. Data sources

Throughout this Thesis we have emphasized the advantages of using EHR databases for

research; however, there are some limitations to focussing only on one database. While SIDIAP
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provides sufficient statistical power to study numerous cancer types as outcomes and evidence
from the South of Europe, future studies could try to have several EHRs or other “real world”
databases as data sources from different countries (especially from low- and middle-income
countries to promote globally representative research), and to be conducted using a federated
analysis approach. For example, the Observational Health Data Sciences and Informatics
(OHDSI) is an established open-science international network of researchers and observational
health databases with a central coordinating center housed at Columbia University that could
help address those limitations.(235) There are currently 115 de-identified healthcare databases
already mapped or in progress of mapping to the Observational Medical Outcomes Partnership-
Common Data Model (which is maintained by the OHDSI network along with a wide range of
tools developed by its members to facilitate analyses of mapped data) from 20 countries across
6 continents and including records from over 1.5 billion individuals.(235,236) The included
databases provide health records from different settings, including hospitals, primary care,
biobanks or claims. The studies conducted within OHDSI use a federated approach (data does
not need to leave local servers) for data analysis which facilitates conducting large-scale studies

while respecting the confidentiality of patients’ records.
6.5.2. Exposure assessment

As we have mentioned above, BMI is an indirect measure of adiposity, and individuals with
the same BMI can have different body compositions.(237) On the contrary, objective
measurements of body composition obtained with reference methods such as dual-energy X-
ray absorptiometry, computed tomography, and magnetic resonance imaging can provide more
accurate measures of body composition and adiposity.(127) While currently, these
technologies remain expensive and hard to implement for large-sized studies, their cost and
difficulties to be implemented will probably be reduced in the future.(37,43,44) Therefore,
future studies could use these indicators as the main exposures. Moreover, if information on
these exposures is only available for at least a subset of the population, future studies could be
used to assess the robustness of the results of analyses with BMI or other field methods as main

exposures in sensitivity analyses.

In this Thesis, we aimed to reduce some of the uncertainties associated with longitudinal BMI-
derived exposures in relation to cancer risk (Study IV). However, our analyses were only based
on time-raster multiple imputations during early adulthood. Therefore, future studies using data

with longer follow-up times and with more observed and spaced BMI assessments as well as

110



analyzing other vulnerability windows (eg, early life development, childhood, and adolescence
or later stages of adulthood) could add valuable information in the understanding of adiposity
from a life course perspective in relation to cancer risk. Considering longitudinal exposures is
also important to assess changes in body composition. More research is needed to determine if
weight loss (differentiating behavioral, pharmacological, and surgical interventions) can also

help reduce cancer risk associated with obesity (as tobacco cessation reduces cancer risk).(238)

Furthermore, mendelian randomization studies could also be helpful to increase our
understanding in the adiposity-cancer association. Mendelian randomization is an analytic
approach which utilizes genetic variation as a randomized instrument of the exposure of interest
to provide insights into causality.(239) A recently published systematic review revealed that
there is only robust associations between adiposity (measured by anthropometric indices) and
the risk of breast, kidney, and endometrial cancers.(239) Therefore further research is needed
to confirm associations for other cancer types reported in observational studies, especially those

for which evidence is less well established .
6.5.3. Outcome assessment

One of the limitations of our outcome assessment was the lack of data granularity on cancer
outcomes. Thus, future studies could aim at a better characterization of cancer outcomes by
providing further information on subtype, subsite, or stage at diagnosis of specific cancers, but
also on molecular differences as new evidence is showing their importance in the association

between lifestyle exposures and cancer risk.(127)

On the other hand, most of the research conducted in the adiposity-cancer field focuses on
incident cancer diagnoses as the outcome of interest. More research is needed to understand
the impact of adiposity (especially assessed with longitudinal exposures) on outcomes after

cancer incidence including recurrence, prognosis, and comorbidities.(127)
6.5.4. Covariate assessment

Because EHR databases contain data that is routinely collected in clinical practice for clinical
purposes they lack certain data that would have been collected (or collected differently) in a
traditional cohort study. As we pointed out, some examples of these data include smoking
amount, individual SES, diet, and physical activity variables. However, the nature of EHR

databases does not preclude relevant stakeholders of databases from implementing programs
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to improve the recording of information of variables considered important for a wide range of
studies. For example, the quality of the recording of certain conditions and key information
could be enhanced by a program that would incentivize primary care professionals to register

them in the EHRs through performance indicator fees.
6.5.5. Biological mechanisms

Finally, more evidence is needed to understand the biological mechanisms behind the
adiposity-cancer association. As our results have shown, BMI is associated with more cancer
types than currently recognized in the literature (four hematological and, only among never
smokers, head and neck and bladder cancers); thus studies are needed to understand if these
associations can be explained by the mechanisms currently postulated in the adiposity-cancer
literature, or if other pathways could be behind this link. Moreover, the findings of Study V
showed that the association between BMI and obesity-related cancers disappears once
individuals are diagnosed with T2DM. Therefore research on the mechanisms between
adiposity, T2DM, and cancer risk is also needed, especially considering the alarming

worldwide prevalence of diabetes.(146,159,163,182)
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7. Conclusions

SIDIAP is a suitable database to conduct health- and cancer-related research. It contains
population-based primary care electronic health records for >8 million individuals since 2006.
The SIDIAP population is representative of the general population living in Catalonia in terms
of age, sex, and geographic distribution. The database includes high-quality data on
sociodemographics, all-cause mortality, disease diagnoses, lifestyle and clinical information,

among others, and can be linked to external data sources on a project-by-project basis.

SIDIAP includes 76% of the cancer diagnoses in the population-based cancer registries of
Catalonia but includes a considerable number of cases that are not in the registries. SIDIAP
reports most of the cancer diagnoses three months difference from the date of diagnosis in the
cancer registries. Our results support the use of the SIDIAP cancer diagnoses for
epidemiological research when cancer is the outcome of interest. We recommend adding
hospital discharge data to the SIDIAP to increase data quality, particularly for less frequent

cancer types.

Adiposity is associated with an increased risk of several cancer types. We confirmed
associations previously reported in studies focusing on baseline BMI and we provide novel
evidence that higher and longer exposure to adiposity increases the risk of four hematological
as well as head and neck and bladder (among never smokers) cancers. The BMI-cancer
association is similar among individuals free of cardiometabolic conditions and those with
incident hypertension and/or cardiovascular disease but it is attenuated among individuals with
type 2 diabetes mellitus. BMI and waist circumference result in comparable estimates of cancer

risk associated with adiposity at a population level.
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9. Appendices

In this section, we included the manuscripts corresponding to Studies IV and V which have
been submitted to scientific journals. These studies are the continuation of Studies I-III which

are manuscripts published in scientific journals.
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9.1. Appendix 1: Study IV
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Submitted to a scientific journal

141



Longitudinal body mass index-derived exposures during
early adulthood and risk of 26 types of cancer: a cohort
study of 2.6 million adults in Catalonia, Spain

Martina Recalde!>", Andrea Pistillo?!, Veronica Davila-Batista'*, Michael Leitzmann’,
Isabelle Romieu®, Vivian Viallon!, Heinz Freisling!'", Talita Duarte-Salles?'"

tJoint first authors
t1Joint senior authorship

1. International Agency for Research on Cancer (IARC-WHO), 150 Cours Albert
Thomas, 69008 Lyon, France

2. Fundacio Institut Universitari per a la recerca a 1’ Atencié Primaria de Salut Jordi Gol 1
Gurina (IDIAPJGol), Barcelona, Spain

3. Universitat Autonoma de Barcelona, Spain

4. Spanish Consortium for Research on Epidemiology and Public Health (CIBERESP),
Instituto de Salud Carlos III, 28029, Madrid, Spain

5. Department of Epidemiology and Preventive Medicine, University of Regensburg,
Regensburg, Germany

6. Center for Research on Population Health, National Institute of Public Health, Mexico
City, Mexico

Corresponding authors:

Talita Duarte-Salles

tduarte@idiapjgol.org

Fundaci6 Institut Universitari per a la recerca a 1'Atencié Primaria de Salut Jordi Gol i Gurina
(IDIAPJGol)

Gran Via Corts Catalanes, 587 atic

08007 Barcelona, Spain

Heinz Freisling

FreislingH@jarc.fr

International Agency for Research on Cancer (IARC-WHO)
150 Cours Albert Thomas

69008 Lyon, France

Veronica Davila-Batista

vdavbat(@gobiernodecanarias.org

Endocrinology Department, Complejo Hospitalario Universitario Insular Materno Infantil, Las Palmas
de GC, Canary Health Service

Av. Maritima s/n

35016 - Las Palmas de Gran Canaria, Spain

Keywords: cumulative exposure, duration, age of onset, overweight, obesity, electronic health
records, body mass index, trajectories, cancer, cancer incidence


mailto:FreislingH@iarc.fr
mailto:vdavbat@gobiernodecanarias.org

ABSTRACT

Background: Single body mass index (BMI) measurements have been associated with an
increased risk of 13 cancers. Whether life course adiposity-related exposures are more relevant
cancer risk factors than baseline BMI remains unclear. We aimed to investigate the association
of baseline and longitudinal BMI-derived exposures during early adulthood with risk of 26

cancers.

Methods: We conducted a cohort study from 2009 until 2018 with population-based electronic
health records in Catalonia, Spain. We included 2,645,885 individuals aged >40 years and free
of cancer in 2009. The exposures were baseline BMI (as of 2009) and six longitudinal BMI-
derived exposures for overweight and obesity (duration of, cumulative exposure to, and age of
onset of BMI>25 and >30kg/m?, respectively) calculated between 18 and 40 years. The main
outcome measures were cause-specific hazard ratios (HRs) for incident cancer at 26 anatomical

sites.

Results: After 9 years of follow-up, 225,396 participants were diagnosed with cancer. Baseline
BMI and longitudinal adiposity exposures were positively related to the risk of cancers of the
corpus uteri (HR, 95%CI per 10-year increment of duration of BMI>25: 1.46, 1.42-1.51),
kidney, gallbladder, thyroid, breast (postmenopausal), brain, leukemia, multiple myeloma,
colorectal, liver (1.04, 1.01-1.07) (in decreasing order of HRs) and, among never smokers, of
head and neck and bladder cancers. Longitudinal exposures, but not baseline BMI, were
positively associated with the risk of non-Hodgkin lymphoma, malignant melanoma of the skin,

and ovary, prostate, pancreas, and stomach cancers.

Conclusions: Longer duration, greater degree, and younger age of onset of overweight and
obesity during early adulthood are positively associated with the risk of 18 cancers, including
leukemia, non-Hodgkin lymphoma, and head and neck, and bladder cancers which are not yet
considered as obesity-related cancers in the literature. Our findings support public health
strategies for cancer prevention focussing on preventing and reducing early overweight and

obesity.
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INTRODUCTION

In 2016, 1.9 billion and 650 million adults were living with overweight and obesity,
respectively.! Body mass index (BMI), the most common indicator to capture overweight
(BMI>25kg/m?) and obesity (BMI>30kg/m?), has been convincingly associated with the risk
of at least 13 cancer types.? However, previous studies have mostly focussed on single BMI
measurements assessed at study baseline, which are measures of current BMI status. Whether
overweight and obesity over the life course are more relevant risk factors for cancer remains
unclear.> Capturing longitudinal BMI-derived exposures might better reflect the underlying
biological mechanisms between long-term exposure to adiposity and cancer development. At
an epidemiological level, this could translate into stronger associations between adiposity and
obesity-related cancer risk and into adiposity being linked to a larger number of cancer types

than currently recognized.

Few studies have investigated the association between longitudinal BMI-derived exposures and
cancer risk. These exposures included duration of years lived with a BMI>25 or >30kg/m? and
cumulative exposure (an indicator considering degree and duration of overweight/obesity) to a
BMI>25 or >30kg/m?, which have been positively associated with risk of cancers of the
colorectum, postmenopausal breast, endometrium, kidney, pancreas, and multiple myeloma.>¢-
10°Studies investigating age of onset of a BMI>25 or >30kg/m? in relation to cancer risk are
currently lacking. Yet, such knowledge could identify periods of age, when overweight/obesity

are most relevant to cancer risk.

Prior studies have provided insights into the longitudinal BMI-derived exposures-cancer
association but did not formally compare cancer risk estimates of longitudinal exposures to
those of baseline BMI. Other limitations involve excluding individuals without BMI
information (increasing the risk of selection bias), having limited sample sizes that preclude
the analysis of a wider range of cancers, or relying on self-reported and recalled weight and
height, which could increase the likelihood of exposure misclassification. A study with BMI
data measured by health professionals, capturing incident cancer cases from a large and
representative population, and using advanced multiple imputation techniques to BMI for all
eligible participants could help gain understanding of the adiposity—cancer association through

a life-course perspective.
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We investigated the association between duration of years lived with a BMI>25 and >30kg/m?,
cumulative exposure to a BMI>25 and >30kg/m?, age of onset of a BMI>25 and >30kg/m?
during early adulthood (18 to 40 years) and BMI at baseline in relation to the risk of 26 cancer

types.

METHODS

Study design, setting, and data sources

We conducted a population-based cohort study from January 1st, 2009 (index date or baseline
date) to December 31st, 2018, using prospectively collected primary care records from the

Information System for Research in Primary Care (SIDIAP; www.sidiap.org) in Catalonia,

Spain. SIDIAP contains pseudo-anonymized records for >8 million people since 2006.!! It
covers >75% of the population of Catalonia and is representative of the general population of
Catalonia by age, sex, and geographic distribution.!! SIDIAP contains longitudinal data on
anthropometric measurements, disease diagnoses (International Classification for Diseases,
10th revision [ICD-10]), sociodemographic and lifestyle information, among others. SIDIAP
can be linked to the Minimum Basic Dataset (CMBD), a national population-based registry

that includes hospital discharge information of mandatory registration. '
Participants

We included individuals aged >40 years on January 1st, 2009. We excluded individuals without
one year of history in SIDIAP (to capture their baseline characteristics), and/or with a cancer
diagnosis prior to index date (Figure S1). We followed up participants from one year after
index date (to minimize the possibility of reverse causality [ie, BMI affected by undiagnosed
cancer]) until the earliest of cancer diagnosis (any cancer, except other cancer and unspecified
malignant neoplasm of the skin), death, transferral out of the SIDIAP catchment area, or end

of the study period (31st December 2018), whichever occurred first.
Assessment of variables

To calculate BMI trajectories we extracted data on BMI measurements (before applying
multiple imputations). These were calculated using the weight and height of individuals

assessed in a standardized manner by general practitioners or nurses in clinical practice.'?
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The outcomes were incident diagnoses of 26 cancer types (head and neck; esophagus; stomach;
colorectal; liver; gallbladder and biliary tract, pancreas; larynx; trachea, bronchus, and lung;
bone and articular cartilage; malignant melanoma of skin; breast [categorized into pre and
postmenopausal due to well-established evidence indicating different relations with BMI];!*
cervix uteri; corpus uteri; ovary, prostate; testis; kidney; bladder; brain and central nervous
system [CNS]; thyroid; Hodgkin lymphoma; non-Hodgkin lymphoma; multiple myeloma; and
leukemia) that have been previously validated in SIDIAP (including the CMBD)."> We
identified cancer diagnoses using ICD-10 and ICD-9 codes recorded in the SIDIAP and CMBD
databases, respectively (Table S1).

Potential confounding variables that we were able to consider were age (in 5-year categories)
at index date, sex (female, male), geographic region of nationality (Spanish, Global North, or
Global South),!® the Mortalidad en dreas pequeiias Espaiiolas y Desigualdades
Socioeconomicas y Ambientales (MEDEA) deprivation index (an ecological index calculated
in urban census tracts, categorized into quintiles by SIDIAP to which we added a rural category
since the index was unavailable for participants living in those areas),!” smoking status (never,
former, or current smoker), and alcohol intake (no, low or high risk) which is constructed based

on type of alcoholic drink, amount, situation, and frequency of consumption. '8
Statistical analyses

We used a two-step approach for the statistical analyses. Firstly, we estimated life-course BMI
trajectories among individuals aged >18 years (we excluded those without one year of history
or follow-up before and after, respectively, their entry into SIDIAP, n=5,279,567). Secondly,
we used these trajectories to construct longitudinal BMI-derived exposures among the study

participants and we investigated their association with cancer risk using survival models.

Calculation of BMI trajectories

We applied multilevel time raster multiple imputation to BMI at six age points to obtain BMI
trajectories.!” We used a linear mixed-effects model and 5 imputations to obtain imputed BMI
measurements for all eligible participants (a detailed methodological explanation is available
in Appendix 1). To construct the life-course trajectories, we joined two contiguous BMI
measurements (ie, between two consecutive age points) with a straight line. This method has

previously been used to assess longitudinal changes of BMI in SIDIAP.*
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Calculation of exposures

We used the BMI trajectories to calculate the exposures and we subsequently analyzed their
associations with cancer risk (time-to-event analysis). The window to capture longitudinal
exposures was between the ages of 18 and 40 years and was separated from the time-to-event
window, which extended from the age of an individual (>40 years for everyone) one year after
index date until the age at end of follow-up (Figure S2). We generated six longitudinal
exposures. The duration of BMI>25 kg/m? (and of >30, respectively) was the sum of years
lived with a BMI>25 (>30) kg/m?. Cumulative exposure to a BMI>25 kg/m? (and >30) was
calculated by summing the differences between the BMI measurements that were >25 (>30)
kg/m? and 24.9 (29.9) kg/m? for every year lived with a BMI>25 (>30) kg/m?. For all other
years, the value of the cumulative exposure was set to 0.2? Age of onset of a BMI>25 (and
>30) kg/m? was the age at which a person had a BMI measurement >25 (>30) kg/m? for the
first time in the trajectory and was only available for individuals who ever had a BMI>25 (>30)
kg/m?. Figure S3 shows graphical representations of the exposures. For comparability, we also

considered BMI at index date (or at baseline, on January 1st, 2009) as an exposure.

Association between BMI-derived exposures and cancer risk

We investigated the association between each of the exposures with the risk of the 26 cancer
types by running Cox proportional hazard models with age as the underlying time metric.?* The
minimally-adjusted models included one exposure at a time and were adjusted for sex and
stratified by age (5-year categories). The fully-adjusted models were further adjusted for the
geographic region of nationality, MEDEA deprivation index, smoking status, and alcohol
intake. We guided our decisions on the control for confounding by using a directed acyclic
graph (Figure S4).>* We multiply imputed covariates with missing data at baseline (using
predictive mean matching, with 5 imputations drawn) (Appendix 1) and we checked the
proportional hazard assumptions for the variables included in the models by visual inspection
of survival curves. We calculated the hazard ratios (HRs) and their respective 95% confidence
intervals (Cls) for each cancer type per 1 standard deviation (SD) increment of each exposure
to allow comparability between the different HRs.>> We checked whether the 95% ClIs of the
HR of each longitudinal exposure overlapped with that of BMI at index date to assess
differences in the strength of the associations between the longitudinal exposures and BMI at
index date. For better interpretability, we inverted the HRs of the models including age of onset

as the main exposure (ie, HRs >1 indicate greater risk at younger ages). We also fitted models
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using restricted cubic splines for the exposures with 3 knots (placed at the 10th, 50th, and 90th
percentiles).??” We evaluated linearity by comparing the difference in log-likelihood of the

models with each exposure as a linear and non-linear term.

We conducted four secondary analyses to contextualize our findings. We stratified the analyses
by age at index date at two arbitrarily selected age points (<65 or >65) and sex. We mutually
adjusted the models for the association of age of onset of a BMI>25 (and >30) and duration of
BMI>25 (and >30) kg/m? and cancer risk. We restricted the analyses to never smokers to
account for possible residual confounding by smoking.?® We compared the Harrell’s C-indices
of the models with BMI at index date as the main exposure to the same models further adjusted
for each longitudinal exposure separately to assess if the longitudinal exposures improve cancer

risk discrimination compared to the standard baseline BMI criterion.?

We conducted three sensitivity analyses to assess the robustness of our findings. We 1)further
adjusted our models by the difference between the BMI at index date and at 40 years to account
for changes in BMI between the start of follow-up and the end of the longitudinal exposure
window (see graphical representation in Figure S2), ii)restricted the analyses to individuals
with >1 BMI assessment in their health records, and iii)extended the start of the follow-up

period from one to three years after index date to account for potential reverse causality.

RESULTS

Of the 3,247,244 individuals who were eligible to enter the study, we excluded 172,800,
190,171, and 238,388 persons who had <1 year of history in SIDIAP, prior history of cancer,
and <1 year of follow-up, respectively (Figure S1).

Among 2,645,885 participants followed up for a median time of 9 (interquartile range [IQR]:
8-9) years, 225,396 (9%) individuals were diagnosed with any of the 26 cancers of interest
(Table 1). The median age of the participants was 56 (IQR: 47-68) years, the median BMI at
index date (baseline) was 28 (24-31)kg/m? and 47% were males. The median duration of
BMI>25 and >30kg/m?, respectively, were 12 (0-23) and 0 (0-4) years. The median cumulative
exposure to BMI>25 and to BMI >30m/kg? were 16 (0-74) cumulative overweight-years and
0 (0-2) cumulative obese-years, respectively. Of all participants, 1,833,516 (69%) ever had a
BMI>25kg/m? (median age of onset of BMI>25 was 20 [IQR: 18-29] years), of which 801,612
(30% of all participants) ever had a BMI>30kg/m? (median age of onset of BMI>30 was 29
[21-35] years). Those who never had a BMI>25kg/m? were more likely to live in the least
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deprived areas of Catalonia, to be current smokers, and to have fewer comorbidities than those

who ever had a BMI>25kg/m? (Table 1).
Association between BMI-derived exposures and cancer risk

In fully adjusted models, longer duration of a BMI>25 (>30) kg/m? was positively associated
with the risk of 14 (12) cancers, higher cumulative exposure to a BMI>25 (>30) kg/m? with 13
(11), age of onset of a BMI>25 (>30) kg/m? with 11 (10), and BMI at index date with 10 cancers
(Figure 1, Table S2 & S3). All exposures were positively associated with the risk of the
following eight cancer types: corpus uteri (eg, HR, 95%CI per 10-year [1-SD] increment of
duration of a BMI>25: 1.46, 1.42-1.51), kidney, gallbladder and biliary tract, breast
postmenopausal, leukemia, multiple myeloma, colorectal, and liver (HR of duration of a
BMI>25:1.04, 1.01-1.07) cancers. All exposures except age of onset of a BMI>25 and/or >30,
were also positively associated with the risk of two cancers: thyroid (eg, HR, 95% CI per 70-
cumulative overweight-year [1-SD] increment of cumulative exposure of a BMI>25: 1.08,
1.04-1.12), and brain and CNS (same eg,: 1.06, 1.02-1.10). There were nuances in the shape of
the relationship of some of the exposures with the risk of six of these cancers (p-value for non-
linearity <0.05) (Figures 2, 3, and 4, Figure S5). For instance, there was a stronger association
between cumulative exposure to a BMI>25 and/or >30 and the risk of colorectal, gallbladder
and biliary tract, breast postmenopausal, thyroid, and kidney cancers at lower values of these
exposures, after which the increase in risk diminished. For corpus uteri cancer, the risk
increased faster than linear at higher values of most exposures. The longitudinal exposures had
a similar strength of association with the above mentioned 10 cancer types compared to BMI
at index date (in linear models), except for corpus uteri cancer which was stronger for the latter
(eg, BMI at index date 1.55 [1.51-1.58] vs cumulative exposure to a BMI>30: 1.29 [1.27-1.31])
(Figure 1, Table S2). The results of the minimally- and fully-adjusted models were similar

(Figure S6).

Contrary to BMI at index date, one or more of these longitudinal exposures were also positively
associated with the risk of seven cancer types including cancers of the ovary, non-Hodgkin
lymphoma, bladder, malignant melanoma of skin, prostate, pancreas, and stomach (Figure 1,
Table S2). Duration of BMI>25 and >30, cumulative exposure to a BMI>25, and age of onset
of a BMI>25 were all positively associated with the risk of non-Hodgkin lymphoma. Duration
of BMI>30 and cumulative exposure to a BMI>25 and >30 were positively related to the risk

of ovarian cancer. Longer duration of BMI>25 and higher cumulative exposure to a BMI>25
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were positively related to the risk of bladder cancer. Although in non-linear analyses only
lower levels of cumulative exposure to a BMI>25 were positively linked to bladder cancer
(Figure 3). Duration of BMI>25 was further associated with risk of malignant melanoma of the
skin, and prostate (for which the association had an attenuated, inverted U-shape in non-linear
analyses) cancers (Figure 3). Age of onset of a BMI>25 and >30 were both related to a higher
risk of pancreatic cancer, whereas only BMI>30 was associated with a greater risk of stomach

cancer.

A higher BMI at index date was inversely associated with the risk of six cancer types, of which
five were also inversely linked to duration of a BMI>25 kg/m?, including cancers of the
stomach and respiratory tract (esophagus [HR, 95% CI: 0.88, 0.82-0.93], larynx, trachea,
bronchus, and lung, and head and neck [0.95, 0.92-0.98]) cancers (Figure 1). These
associations were found to be non-linear (Figures 2 and Figure S5), but while the relationships
were L-shaped for BMI at index date, they had an attenuated inverted U-shape for duration of
a BMI>25 (which were similarly shaped for BMI>30, albeit closer to 1). In addition, although
cumulative exposure to a BMI>25 and/or >30 was only inversely related to the risk of cancers
of the larynx and trachea, bronchus, and lung cancers in linear analyses, in non-linear models
these exposures were related to the risk of stomach and the four respiratory tract cancers in a
J-shaped fashion (Figures 1 and 3). Age of onset of a BMI>25 was inversely associated with

the risk of /arynx cancer).

The results of the supplementary and sensitivity analyses are described in Appendix 2 and
reported in Figures S7, S8, S9, S10, S11, and S12. The inverse associations (for stomach and
respiratory tract cancers) became null when we restricted the analyses to never smokers.
Moreover, BMI at index date, duration of, and cumulative exposure to a BMI >25 (>30) became
positively and more pronouncedly, respectively, associated with head and neck and bladder
cancers (Figure S10). Our results were similar to those from three sensitivity analyses (Figure

S12).
DISCUSSION
Main findings

In this population-based cohort study that included 2,645,885 individuals living in Catalonia,
Spain, we found that longitudinal BMI-derived exposures and BMI at index date were

positively associated with the risk of 12 cancers (corpus uteri, kidney, gallbladder and biliary
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tract, multiple myeloma, leukemia, breast postmenopausal, colorectal, liver, thyroid, brain and
CNS, as well as head and neck and bladder [among never smokers]). Some longitudinal
exposures, but not BMI at index date, were additionally positively associated with the risk of
six cancer types (ovary, non-Hodgkin lymphoma, malignant melanoma of skin, prostate,
pancreas, and stomach cancers). BMI at index date and overweight duration were inversely
associated with the risk of stomach and respiratory tract cancers, which likely indicates residual
confounding by smoking since these associations were attenuated towards unity when we

restricted these analyses to individuals who never smoked.
Interpretation

A single measurement of BMI at study baseline has been convincingly associated with the risk
of 13 cancer types in previous studies, of which 10 (colorectum, liver, gallbladder and biliary
tract, post-menopausal breast, corpus uteri, ovary, kidney, brain and CNS, thyroid, and
multiple myeloma) cancers were also positively associated with the longitudinal BMI-derived
exposures we investigated.? Thus, our findings seem to indicate that longer exposures to
overweight and obesity (with or without accounting for the degree of overweight and obesity),
as well as developing overweight and obesity at younger ages in early adulthood might increase
cancer risk. This suggests that overweight and obesity prevention should start in early
adulthood and that weight management and weight loss interventions leading to shorter

durations of overweight and obesity might reduce cancer incidence.

We also provide novel evidence that longitudinal BMI-derived exposures and/or BMI at index
date are positively associated with the risk of leukemia, non-Hodgkin lymphoma, malignant
melanoma of the skin, prostate, and among never smokers only and more pronouncedly,
respectively, with head and neck, and bladder cancers, all of which are not yet considered as
obesity-related cancers in the literature.? Furthermore, for some of these cancers (non-Hodgkin
lymphoma, malignant melanoma of the skin, prostate, and -in the main analysis- bladder
cancers) we only found positive associations for the longitudinal exposures (not for BMI at
index date), which highlights that these longitudinal adiposity-related exposures provide
additional information compared to a single measure of BMI in time. These additional
associations might also indicate that the longitudinal exposures we considered better reflect,
than baseline BMI, the underlying biological mechanisms between long-term exposure to

adiposity and cancer development.
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The TARC viewpoint on excess body fatness and cancer risk considered the evidence as
inadequate for leukemia and non-Hodgkin lymphoma.* However, four meta-analyses have
reported the association between BMI and higher risk of leukemia and non-Hodgkin lymphoma
(or only of diffuse large B cell lymphoma).>%32 Our findings support and extend these results
by providing evidence that higher levels of adiposity through a life course perspective are
consistently associated with the risk of hematological cancers, including multiple myeloma,
leukemia, and non-Hodgkin lymphoma. Furthermore, we showed that among individuals who
never smoked, higher levels of baseline BMI, and longer exposures to overweight and obesity
(with or without accounting for the degree of overweight/obesity) are positively associated with
the risk of head and neck and bladder cancers which expands on the extent to which adiposity
can affect cancer risk. The three mechanisms by which greater overall adiposity may increase
cancer risk have been extensively reported in the literature (sex hormone metabolism, insulin
and insulin-like growth factors (IGF) signaling, and adipokine pathways) and could also
explain some of the associations between longitudinal BMI-derived exposures and cancer risk
(eg, corpus uteri, breast postmenopausal, colorectal cancers).'**33° However, other pathways
may be involved in the risk of cancer types not yet considered obesity-related and require

further research.

Moreover, duration of BMI>25 kg/m? was the only exposure positively associated with the risk
of malignant melanoma of the skin and prostate cancers. This is in line with what was observed
in the non-linear analysis of the association between BMI at index date and risk of these cancers
(in this and other studies), where an inverted U-shaped association was found, indicating a
higher risk of these cancers only for BMI in the overweight range.***! Future research should
focus on confirming these associations and on understanding the pathways by which only being
overweight (and a longer duration of it) could have a harmful effect on the risk of these cancers.
On the other hand, while higher levels of BMI have been convincingly associated with risk of
pancreatic and gastric cardia cancers,” in our study we only found a positive association with
respect to age of onset of a BMI>25 (>30) kg/m?. The lack of association with stomach cancer
for other exposures could be due to our inability to distinguish gastric cardia (obesity-related)
from non-cardia cancers (in Spain, the incidence of the non-obesity-related subsite of this
cancer is higher than the obesity-related one).** Finally, greater levels of baseline BMI and
longer duration of overweight and obesity were inversely associated with risk of respiratory
tract cancers in the main analyses, but were attenuated towards unity in the analysis restricted

to never smokers. Previous studies have also reported these inverse associations for baseline
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BMI,***! which have hypothesized that this might be due to residual confounding by smoking
(lower BMI levels as an approximation of heavy smoking). We hypothesize that the findings
for duration of overweight and obesity might also be due to residual confounding by smoking
(no or short periods with a BMI>25 as an approximation of heavy smoking), but further

research specifically focussing on this is needed.
Strengths and limitations

This study has several strengths. To our knowledge, this is the first study to analyze the
associations between several BMI-derived longitudinal exposures and the risk of numerous
(26) cancer types in a single and sufficiently powered data set, including systematic
investigation of non-linearity. SIDIAP is representative of the general population of Catalonia
in terms of age, sex, and geographic distribution, which lends external validity to our results.!!
Thanks to the advanced multiple imputation approach for the BMI trajectories, we were able
to include all individuals eligible to enter the study, likely minimizing the possibility of
selection bias. The diagnoses of the cancer types considered as outcomes have been previously
validated and used for BMI and cancer-related research.'>2?%4° While we cannot discard the
possibility of outcome misclassification, this was likely not differential according to the

exposures, thus, this probably did not greatly affect our results.

Our findings should be interpreted in light of some limitations. The major limitation is that due
to the length of follow-up available (12 years), we exclusively relied on multiple imputed BMI
measurements for the exposure window. This could have introduced exposure misclassification
bias. We aimed to reduce this bias by using high-quality BMI measurements (measured by
health professionals and with a distribution shown to be similar to representative studies of the
Spanish population)'*** and by including data on all adults in SIDIAP (n=5,279,567) for the
multiple imputations. We were also empirically reassured about the quality of our exposures
given that we found similar associations between BMI-derived longitudinal exposures and risk
of specific cancer types that have been previously studied (colorectal, breast postmenopausal,
endometrium, kidney, and multiple myeloma cancers).>” ' Another limitation is that the
observed BMI measurements of the participants were very close in time between each other
difficulting the capture of granularity (eg, weight cycling) in the trajectories. Also, the
dispersion of duration of BMI>30 and cumulative exposure to a BMI>30 was modest in the
overall population; which could explain why for certain cancers (eg, non-Hodgkin lymphoma

or bladder cancers) we only observed statistically-significant associations for the respective
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exposures of BMI>25. Finally, for certain potential confounding factors we had limited
information (ie, smoking amount or individual-level SES). While we had access to related
indicators such as smoking status or the MEDEA deprivation index, we cannot exclude the

possibility of some residual confounding.
CONCLUSION

In this large Southern European study, we found that longer duration and greater degree of
overweight and obesity during early adulthood as well as younger age of onset of a high BMI
are associated with a higher risk of 18 cancer types. We provide novel evidence that adiposity
over the life course is positively associated with the risk of leukemia, non-Hodgkin lymphoma,
as well as head and neck and bladder cancers (among never smokers) and we confirm
associations that have been reported in studies focusing on single BMI measurements at study
baseline. Our findings reinforce the need for public health strategies for overweight and obesity

prevention and reduction in early adulthood for cancer prevention.
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Tables and Figures

Table 1. Baseline characteristics of the study population, overall and by having ever had a body
mass index >25 or >30 kg/m2, after multiple imputations

Figure 1. Forest plot of hazard ratios of 26 cancer types related to one standard deviation
increment of BMI at index date and other longitudinal BMI-derived exposures, with 95% CIs

Figure 2. Hazard ratios of 26 cancer types related to duration of BMI >25 and >30 kg/m2 in
years, with 95% ClIs, allowing for non-linearity

Figure 3. Hazard ratios of 26 cancer types related to cumulative exposure to BMI >25 and >30
kg/m2 in cumulative overweight and obese-years, respectively, with 95% ClIs, allowing for non-
linearity

Figure 4. Hazard ratios of 26 cancer types related to age of onset of BMI >25 and >30 kg/m2
(among people who ever had a BMI >25 and >30 kg/m2, respectively) in years
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Table 1. Baseline characteristics of the study population, overall and by having ever had a body
mass index >25 or >30 kg/m?, after multiple imputations

Never Ever Ever
Overall overweight overweight obese
N (%) (BMI<25 kg/m?) (BMI>25 kg/m?) (BMI>30 kg/m?)
N (%)! N (%)! N (%)!
2,645,885 812,369 (30.7) 1 1,833,516 (69.3) 801,612 (30.3)
Follow-up time in years, median (IQR) 9.0(7.7,9.0)  9.0(79,9.0)  9.0(7.7,9.0)  9.0(7.5,9.0)
Duration of BMI >25 kg/m? in years,
median (IQR) 12.0 (0.0, 23.0) 0.0 (0.0,0.0) 20.0(10.0,23.0) 23.0(23.0,23.0)
Duration of BMI >30 kg/m? in years,
median (IQR) 0.0 (0.0, 4.0) 0.0 (0.0, 0.0) 0.0 (0.0, 9.0) 11.0 (5.0, 20.0)
Cumulative exposure to BMI >25 kg/m? in
cumulative overweight-years, median 16.4 0.0 45.9 113.5
(IQR)*? (0.0, 73.7) (0.0, 0.0) (13.7,103.3) (78.3,163.3)
Cumulative exposure to BMI >30 kg/m? in
cumulative obese-years, median (IQR)** 0.0 (0.0,2.2) 0.0 (0.0, 0.0) 0.0 (0.0,12.4)  17.4(4.2,51.9)

Age of onset of BMI >25 kg/m? in years,
median (IQR)**

Age of onset of BMI >30 kg/m? in years,
median (IQR)**

BMI at index date in kg/m?, median
(IQR)*?
Age in years, median (IQR)

Male sex, n (%)

Nationality

Spanish

Global North

Global South

MEDEA deprivation index, n (%)?
Quintile 1 (least deprived)

Quintile 2
Quintile 3

Quintile 4
Quintile 5 (most deprived)
Rural

Smoking status, n (%)?

20.0 (18.0, 29.0) - 20.0(18.0,29.0) 18.0(18.0, 18.0)

29.0 (21.0, 35.0) - 29.0 (21.0,35.0) 29.0(21.0, 35.0)

27.6 (24.2,31.1) 23.0 (20.7,24.9) 29.4 (26.8,32.5) 32.5(30.5,35.2)

56.0 (47.0, 68.0) 55.0 (46.0, 66.0) 57.0 (47.0,70.0) 58.0 (48.0, 71.0)

1,241,523 (46.9)

2,495,536 (94.3)
51,320 (1.9)

99,029 (3.7)

472,049 (17.8)
429,823 (16.2)

416,465 (15.7)

401,681 (15.2)

361,665 (13.7)

564,201 (21.3)

362,147 (44.6)

766,176 (94.3)
17,049 (2.1)

29,145 (3.6)

170,403 (21.0)
136,784 (16.8)

123,903 (15.3)

112,463 (13.8)

96,963 (11.9)

171,853 (21.2)

879,376 (48.0)

1,729,360 (94.3)
34,271 (1.9)

69,884 (3.8)

301,646 (16.5)
293,039 (16.0)

292,562 (16.0)

289,218 (15.8)

264,702 (14.4)

392,348 (21.4)

358,172 (44.7)

756,163 (94.3)
14,834 (1.9)

30,616 (3.8)

120,028 (15.0)
124,672 (15.6)

128,865 (16.1)

131,747 (16.4)

125,063 (15.6)

171,237 (21.4)
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Never smoker

Former smoker

Current smoker

Alcohol intake, n (%)?

No risk

Low risk

High risk

Charlson comorbidity index, n (%)
0

1

2

>3

Cause of exit from the study, n (%)
End of study

Transferred out of the SIDIAP

Death

Any cancer®

Cancer outcomes, n (%)

1,663,154 (62.9)
390,711 (14.8)

592,020 (22.4)

1,663,281 (62.9)
894,238 (33.8)

88,366 (3.3)

1,250,781 (47.3)
892,103 (33.7)
357,217 (13.5)

145,784 (5.5)

1,865,496 (70.5)
291,641 (11.0)
250,914 (9.5)
237,834 (9.0)

225,396 (8.5)

486,100 (59.8)
110,853 (13.6)

215,416 (26.5)

501,729 (61.8)
283,422 (34.9)

27,218 (3.4)

439,775 (54.1)
243,404 (30.0)
94,760 (11.7)

34,430 (4.2)

577,856 (71.1)
94,850 (11.7)
71,727 (8.8)
67,935 (8.4)

64,466 (7.9)

1,177,054 (64.2)
279,858 (15.3)

376,604 (20.5)

1,161,553 (63.4)
610,816 (33.3)

61,147 (3.3)

811,006 (44.2)
648,699 (35.4)
262,457 (14.3)

111,354 (6.1)

1,287,640 (70.2)
196,791 (10.7)
179,187 (9.8)
169,899 (9.3)

160,930 (8.8)

529,478 (66.1)
122,089 (15.2)

150,046 (18.7)

526,049 (65.6)
249,140 (31.1)

26,423 (3.3)

323,454 (40.4)
302,468 (37.7)
121,705 (15.2)

53,986 (6.7)

557,511 (69.5)
85,001 (10.6)
83,541 (10.4)
75,559 (9.4)

71,456 (8.9)

Notes: 1) This categorization was done in the 5 datasets obtained after performing the multiple
imputations. For visualization purposes and in order for the categorical variables to add up to 2,645,885
we divided the n for the categorical variables by 5. 2) The exposures of interest, the MEDEA deprivation
index, smoking status, and alcohol intake were calculated using the multiple imputation approach, with
5 data sets created. For visualization purposes, we divided the n for the categorical variables by 5. 3)
This indicator was calculated by adding the difference between the BMI measurements that were >25
(=30, for obesity) kg/m? and 24.9 (29.9) kg/m? for every year lived with a BMI >25 and >30,
respectively. 4) Age of onset of a BMI >25 (and >30) kg/m? is only available for individuals who ever
had a BMI >25 (>30) kg/m?. 5) BMI assessment at the start of the time-to-event analysis (baseline
BMI). 6) Any cancer does not include non-melanoma skin cancer.

Abbreviations: BMI: Body Mass Index; IQR: Interquartile range; MEDEA: “Mortalidad en éreas
pequeiias Espafiolas y Desigualdades Socioeconomicas y Ambientales”; SIDIAP: Information System
for Research in Primary Care.
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Figure 1. Forest plot of hazard ratios of 26 cancer types related to one standard deviation
increment of BMI at index date and other longitudinal BMI-derived exposures, with 95% CIs
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Notes: Models are adjusted for geographic region of nationality, the MEDEA deprivation index,
smoking status, and alcohol intake and stratified by age (5-year categories). Cumulative exposure is an
exposure considering both degree and duration of overweight/obesity which is obtained by adding the
difference between the BMI measurements that were >25 (>30) kg/m? and 24.9 (29.9) kg/m? for every
year lived with a BMI >25 and >30, respectively. Age of onset of a BMI >25 (and >30) kg/m? is only
available for individuals who ever had a BMI >25 (>30) kg/m? (N of cases are in Table S4) and the HRs
of these exposures were inverted for visualization purposes (ie, an HR>1 means a greater risk at younger
ages). Cancer types are ordered by descending ranking of the HRs for BMI at index date. The SD for
each exposure were: 10 years for duration of BMI>25 and 7 years of BMI>30 kg/m?, 69 cumulative
overweight-years for cumulative exposure to a BMI>25 and 36 cumulative obese-years to a
BMI>30kg/m?, 7 years for age of onset of a BMI >25 and 8§ years >30kg/m?. Models for ovary, cervix,
and corpus uteri cancers were only computed in females, for breast pre-menopausal only in pre-
menopausal females, for breast post-menopausal only in post-menopausal females, and for prostate and
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testis only computed in males (their respective SDs can be consulted in Table S3). Brain and CNS
includes pituitary gland and pineal gland tumors.

Abbreviations: BMI: Body Mass Index; CI: Confidence Interval; CNS: central nervous system; Cum:
Cumulative; HR: Hazard Ratio; Lymph: lymphoma.
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Figure 2. Hazard ratios of 26 cancer types related to duration of BMI >25 and >30 kg/m? in
years, with 95% ClIs, allowing for non-linearity
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using restricted cubic splines with 3 knots for the exposures of interest with 0 years as the reference
point. P-values for nonlinearity were obtained by comparing the model where the exposures were fitted
with a nonlinear term against a linear model using a likelihood ratio test. Cancer types are ordered by
descending ranking of the HRs for BMI at index date of Figure 1. Models for ovary, cervix, and corpus
uteri cancers were only computed in females, for breast pre-menopausal only in pre-menopausal
females, for breast post-menopausal only in post-menopausal females, and for prostate and testis only
computed in males. Brain and CNS includes pituitary gland and pineal gland tumors.

Abbreviations: BMI: Body Mass Index; CI: Confidence Interval; CNS: central nervous system; Cum:
Cumulative; Lymph: lymphoma.
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Figure 3. Hazard ratios of 26 cancer types related to cumulative exposure to BMI >25 and >30
kg/m? in cumulative overweight and obese-years, respectively, with 95% ClIs, allowing for non-
linearity
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Notes: Models are adjusted for geographic region of nationality, the MEDEA deprivation index,
smoking status, and alcohol intake and stratified by age (5-year categories). These graphs were obtained
using restricted cubic splines with 3 knots for the exposures of interest with 0 years as the reference
point. P-values for nonlinearity were obtained by comparing the model where the exposures were fitted
with a nonlinear term against a linear model using a likelihood ratio test. Cumulative exposure is an
exposure considering both degree and duration of overweight/obesity which is obtained by adding the
difference between the BMI measurements that were >25 (>30) kg/m? and 24.9 (29.9) kg/m? for every
year lived with a BMI >25 and >30, respectively. Cancer types are ordered by descending ranking of
the HRs for BMI at index date of Figure 1. Models for ovary, cervix, and corpus uteri cancers were only
computed in females, for breast pre-menopausal only in pre-menopausal females, for breast post-
menopausal only in post-menopausal females, and for prostate and testis only computed in males. Brain
and CNS includes pituitary gland and pineal gland tumors.

Abbreviations: BMI: Body Mass Index; CI: Confidence Interval; CNS: central nervous system; Cum:
Cumulative; Lymph: lymphoma.

170



Figure 4. Hazard ratios of 26 cancer types related to age of onset of BMI >25 and >30 kg/m?
(among people who ever had a BMI >25 and >30 kg/m?, respectively) in years
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using restricted cubic splines with 3 knots for the exposures of interest with 40 years as the reference
point (thus an HR>1 means a greater risk at younger ages). P-values for nonlinearity were obtained by
comparing the model where the exposures were fitted with a nonlinear term against a linear model using
a likelihood ratio test. Cancer types are ordered by descending ranking of the HRs for BMI at index
date of Figure 1. Models for ovary, cervix, and corpus uteri cancers were only computed in females, for
breast pre-menopausal only in pre-menopausal females, for breast post-menopausal only in post-
menopausal females, and for prostate and testis only computed in males. Brain and CNS includes
pituitary gland and pineal gland tumors.

Abbreviations: BMI: Body mass index; CI: confidence interval; CNS: central nervous system; Lymph:
Lymphoma.
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ABSTRACT

Background: High BMI has been associated with an increased risk of 13 cancer types and
cardiometabolic conditions (e.g., hypertension [HTN], type 2 diabetes mellitus [T2DM], and
cardiovascular disease [CVD]). The extent to which these conditions modify the BMI-cancer
association and the combined effect of adiposity and cardiometabolic conditions remains unknown. We
investigated the association between BMI and obesity-related cancer risk among individuals with and
without incident HTN, T2DM, and CVD and the joint associations of overweight/obesity

(BMI>25kg/m?) and each cardiometabolic condition with obesity-related cancer risk.

Methods: We conducted a population-based cohort study between 2010 and 2018 with electronic health
records from Catalonia, Spain. We included 1,774,904 individuals aged >40 years and free of cancer
and cardiometabolic conditions at baseline. Our main outcome measures were hazard ratios (HRs) for

incident obesity-related cancers and relative excess risk due to interaction (RERI).

Results: After a median follow-up of 8 years, 38,082 individuals developed obesity-related cancers.
The positive association between BMI and obesity-related cancer risk was similar among individuals
free of cardiometabolic conditions (HR: 1.08, 95%CI: 1.06—1.10) and with incident HTN (1.05, 1.01-
1.08) or CVD (1.08, 0.97-1.21). The association among those with incident 72DM was null (0.98, 0.93-
1.03). There was a positive additive interaction between overweight/obesity and CVD (RERI: 0.19
[0.09, 0.30]), meaning that the combined association was 0.19 more than the sum of the individual
associations (the combined HR was 2.07 instead of 1.87). In contrast, a RERI of -0.24 (-0.28, -0.20)

was observed for the combined association between overweight/obesity and 72DM.

Conclusions: Public health strategies to reduce overweight can help prevent cancer cases among the
general population and individuals with incident HTN or CVD. Our findings further suggest that
weight-loss interventions would lead to a greater cancer risk reduction among population subgroups

with CVD.
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INTRODUCTION

The prevalence of overweight (body mass index, BMI >25 & <30kg/m?) and obesity (BMI >30kg/m?)
has rapidly risen over the past decades, reaching more than 1.9 billion and 650 million adults in 2016,
respectively.! A high BMI (the most common indicator of general adiposity) has been convincingly
associated with at least 13 cancer types (labeled as obesity-related cancers).? It has also been associated
with a higher risk of cardiometabolic conditions such as hypertension (HTN), type 2 diabetes mellitus
(T2DM), and cardiovascular diseases (CVD).? The prevalence of these conditions has highly increased
over the past decades.*® Moreover, HTN and T2DM have been proposed as risk factors for certain
cancers.” CVD and cancer have been shown to share common molecular pathways,”® and emerging

evidence also suggests CVD might be an independent risk factor for cancer.’

Incident HTN, T2DM, and CVD may modify cancer processes associated with obesity through shared
or additionally triggered (non-shared) biological pathways. Inflammation, oxidative stress, or hormonal
processes (sex hormones, insulin and insulin-like growth factor [IGF] signaling, and adipokines) are
shared biological pathways with obesity.”® Cardiac proteins excreted into the bloodstream after
myocardial infarction are emerging as novel factors promoting tumor growth,’ and are likely non-shared

with obesity.

However, the extent to which these cardiometabolic conditions modify the BMI-cancer association is
unclear given that prior studies have mostly focused on healthy or general populations.'®!> From a
public health and clinical perspective, it is important to address whether BMI-cancer associations differ
among population groups affected by cardiometabolic conditions, especially given the rise in their
prevalence. In addition, prior studies have not investigated the combination of component risk factors
(ie, adiposity and incident cardiometabolic conditions) in relation to cancer risk. Evaluation of such
interactions is important to guide interventions, clinical decision-making, and health planning. How co-
present, or sequential diseases and related risk factors promote negative effects of disease interaction
has been referred to as the syndemics model of health."* A study conducted with comprehensive patient-
level data containing detailed individuals’ BMI information and capturing incident HTN, T2DM, CVD,
and obesity-related cancer cases from a large and representative population could address these gaps in

knowledge.

Our primary aim was to investigate whether incident HTN, T2DM, or CVD modify the association
between BMI and the risk of developing obesity-related cancers, using electronic health record (EHR)
data from Catalonia, Spain. Our secondary aim was to study the joint associations of overweight/obesity

and incident cardiometabolic conditions with obesity-related cancer risk.
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METHODS

Study design, setting, and data sources

We conducted a population-based cohort study from January 1st, 2010 to December 31st, 2018. This
study was underpinned by prospectively collected primary care records from the Information System
for Research in Primary Care (SIDIAP; www.sidiap.org) in Catalonia, Spain. The SIDIAP is a pseudo-
anonymized database of EHRs containing data from 5.8 million people living in Catalonia since 2006.
This database covers >75% of the population of Catalonia and is representative of the overall population
in terms of age, sex, and geographic distribution.!* The SIDIAP contains data on anthropometric
measurements, disease diagnoses (International Classification for Diseases, 10th revision [[CD-10]),
and demographic and lifestyle information, among others. Further, SIDIAP can be linked to the
Minimum Basic Dataset (CMBD in Spanish), a population-based registry of hospital discharge

information including diagnoses and procedures.'’
Participants

We included all individuals aged >40 years registered in SIDIAP on January 1st, 2010 (index date). We
excluded participants who had been registered in the database for less than one year (to have sufficient
time to capture participants’ characteristics before study entry), who had been diagnosed with any
cancer type (except other and unspecified malignant neoplasm of skin), HTN, T2DM and/or CVD prior
to index date (Figure 1). The follow-up period extended between one year after index date (to minimize
the possibility of reverse causality [ie, BMI affected by undiagnosed cancer]) and exit from the database,
death, cancer diagnosis (any except other and unspecified malignant neoplasm of skin), or the end of

study period (31st December 2018), whichever occurred first.
Outcome assessment

The outcome was a binary indicator of incident diagnoses of a first primary obesity-related cancer which
we identified with ICD-10 and ICD-9 codes in the SIDIAP and CMBD hospital discharge databases,
respectively (Table S1). Obesity-related cancers comprised cancers of the colorectum; liver; gallbladder
and biliary tract; pancreas; post-menopausal breast; corpus uteri; ovary; kidney; brain and central
nervous system; thyroid; and multiple myeloma; due to well-established evidence indicating that the
presence of excess body fatness increases the risk of these cancers.? We omitted esophagus and stomach
cancers from this list given that with the available data we could not differentiate esophageal
adenocarcinoma (obesity-related) from squamous cell carcinoma or gastric cardia (obesity-related)

from non-cardia cancers. Furthermore, the incidence of the non-obesity-related subtypes/subsites of
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these cancers is higher in Spain.'® Cancer diagnoses registered in the SIDIAP including the CMBD have

been previously validated.!”
Exposures assessment

For our primary objective, the exposure was BMI (continuous variable in kg/m?). BMI values were
calculated using the weight (kg) and height (cm) assessed in a standardized manner by general
practitioners or nurses.'®* We implemented a multilevel time raster multiple imputation approach to have
complete information on BMI for all study participants and to update BMI values every time a
participant was diagnosed with a cardiometabolic condition (ie, HTN, T2DM, or CVD) or a
combination of these conditions.!” This method is described in the “Statistical Analyses” section and

Appendix 1.

For our secondary objective, the exposure was a composite variable of 16 categories combining binary
BMI (< or >25kg/*) and cardiometabolic conditions, coded as a time-varying variable with eight
categories (“healthy”; HTN; T2DM; CVD; HTN & T2DM; HTN & CVD; T2DM & CVD; HTN, T2DM,
& CVD). All study participants were in the “healthy ” category at index date, and during follow-up, they
could change states to one (HTN; T2DM; or CVD), two (HTN & T2DM; HTN & CVD; or T2DM &
CVD), or three (HTN, T2DM, & CVD) cardiometabolic conditions (the framework for the variable
definition is available in Figure Sl). HTN and T2DM were identified using diagnostic codes recorded
in the SIDIAP database (Table S1). CVD was defined as any diagnosis of coronary or cerebrovascular
disease which we identified using data from the CMBD hospital discharge and SIDIAP (Table S1).%°

Covariates of interest

The covariates were cardiometabolic conditions (only for the primary objective), sex, age, geographic
region of nationality, socioeconomic status, smoking status, and alcohol intake. We extracted
participants’ sex (female, male), age (in years and 5-year categories) at index date (and updated at the
moment of diagnosis of a cardiometabolic condition), and geographic region of nationality (Spanish,
Global North, or Global South).*' Socioeconomic status in urban areas was assessed using the
Mortalidad en areas pequerias Espariolas y Desigualdades Socioeconomicas y Ambientales (MEDEA)
deprivation index (calculated at the census tract level and categorized into quintiles by the SIDIAP for
anonymization purposes).”? We included a rural category since the index was unavailable for
participants living in rural areas. We also extracted information on smoking status (never, former, or
current smoker) and alcohol intake (no, low or high risk) (the closest record to the index date within 5

years before or at the index date was selected).
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Statistical analyses

We applied multilevel time raster multiple imputation to BMI at several time points (2006, 2010, 2013,
2016, 2018)."” We used a linear mixed-effects model with 5 imputations to obtain imputed trajectories
of BMI for the study participants (a detailed explanation is available in Appendix 1).!° BMI at baseline
was defined as the corresponding value to the “2010” time point. For participants diagnosed with one
or more cardiometabolic conditions, we updated their BMI measurement using the closest prior time

point to the date of diagnosis.

We described the number of individuals excluded in each step of the study population definition. We
reported the baseline characteristics of the study participants overall, by assessment (or lack) of BMI,
and by World Health Organization (WHO) BMI categories: underweight or normal weight
(BMI<25kg/m?), overweight (>25 and <30kg/m?), and obesity (>30kg/m?).

To investigate if incident HTN, T2DM, or CVD modify the association between BMI and obesity-
related cancer risk (primary aim), we fitted Cox proportional hazard models with age as the time metric
including BMI, cardiometabolic conditions as a time-varying variable, and an interaction of those with
BMI. We estimated two types of models, a model adjusted by sex and stratified by age at index date (5-
year categories) (minimally-adjusted) and one further adjusted by geographic region of nationality,
MEDEA deprivation index, smoking status, and alcohol intake (fully-adjusted or main model). We used
a directed acyclic graph (DAG) to guide our decisions on the control for confounding (Figure S2).” We
did multiple imputations for the covariates with missing data at baseline (using predictive mean
matching, with 5 imputations drawn) (Appendix 1). We accounted for potential non-linearity in the
BMI-obesity-related cancer association by fitting models with BMI as a linear term, with a polynomial
of degree 2, and with restricted cubic splines (3, 4, or 5 knots).** We calculated the Bayesian Information
Criterion and we favored the model with the lowest BIC value. We estimated hazard ratios (HRs) and
their 95% confidence intervals (Cls) per 5 kg/m? increment of BMI. We evaluated the multiplicative
interaction between BMI and the variable of cardiometabolic conditions by comparing the difference in
log-likelihood of models with and without the interaction term (to facilitate interpretation, we also
reported the p-values for interaction between BMI and each cardiometabolic condition). We checked
the proportional hazard assumptions by visual inspection of survival curves. We conducted two
supplementary analyses to contextualize our findings: stratification of the results by sex and age groups
(aged <65 or >65 years) to assess potential effect modification and re-running the main model analyzing
site-specific cancers (with >100 cancer cases) as outcomes. As sensitivity analyses, we re-ran the main
model i) without updating the BMI and age of participants, ii) including only individuals with a real

BMI assessment at baseline iii) or also during follow-up. We iv) added as an adjustment variable the
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number of visits to primary care centers (year before study entry or upon diagnosis of cardiometabolic

condition[s]) to account for potentially different health attitudes of the participants.

For our secondary aim, we assessed the relative excess risk due to interaction (RERI) of obesity-related
cancers between overweight/obesity (BMI>25 kg/m?) and incident cardiometabolic conditions, as
recommended in the STROBE statement (joint effects analysis).?> We fitted a Cox proportional hazard
model with age as the time metric including the composite variable adjusted by sex, geographic region
of nationality, MEDEA deprivation index, smoking status, alcohol intake, and stratified by age.?® The
RERI was calculated as RERIgr = RRi1 — RRjg — RRoi + 1, where 11 denotes being exposed to both
factors (eg, overweight/obesity and HTN), 1o to one factor (eg, overweight/obesity), and o to the other
one (eg, HTN). A RERI of 0 was considered a lack of additive interaction and 95%Cls were calculated
as proposed by Hosmer and Lemeshow.?’” To provide a better understanding of this joint association,
we also performed a model for the association between the cardiometabolic conditions (8-category

variable) and obesity-related cancers separately (supplementary analysis).

We used R version 4.0.1 for all the analyses. We obtained approval from the Clinical Research Ethics

Committee of the IDIAPJGol (project code: 20/237-P) to perform this study.

RESULTS

There were 3,097,073 adults aged >40 years at index date eligible to enter the study. We excluded
144,772 individuals due to having less than one year of prior clinical history; 1,133,231 to prevalent
cancer, HTN, T2DM, or CVD; and 44,166 to less than one year of follow-up (Figure 1).

Of the 1,774,904 study participants, 681,386 (39%) had a BMI assessment at baseline, 589,319 (33%)
had at least one BMI assessment during follow-up and 504,199 (28%) did not have any BMI assessment
available (Table S2). Age was similarly distributed in the three groups (median age was 53, 51, and 49
years, respectively) and so was BMI among those with an assessment at baseline and only during
follow-up (median of 27 kg/m? for both). However, those without any BMI measurement had a higher
representation of males, non-Spanish, individuals living in the least deprived areas of Catalonia,
presenting with fewer comorbidities, and transferred out of SIDIAP than those with a BMI assessment

at baseline.
Across all study participants, the median BMI at baseline was 27 (interquartile range [IQR]: 24-30)

kg/m? (after multiple imputations), the median age was 51 (44-60) years and 53% were females (Table

1). In total, 34% were categorized as living with normal or underweight, 41% with overweight, and
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25% with obesity. Compared to those living with obesity, those with normal or underweight, were more

frequently females, living in the least deprived areas of Catalonia, and current smokers.

After a median follow-up of 8 years of the 1,774,904 (“healthy”) study participants, 38,082 (2.1%)
were diagnosed with obesity-related cancers (Figure S1 and Table S3). The number of individuals
diagnosed with obesity-related cancers was 6816 (2.3%) among the 296,445 participants diagnosed
with incident HTN (follow up: 5 years), 1519 (2.3%) among the 65,000 with TD2M (5 years), 1140
(2.0%) among the 56,573 with CVD (4 years), 1020 (2.6%) among the 39,143 with HTN & T2DM (4
years), 497 (1.9%) among the 26,139 with HTN & CVD (3 years), 124 (2.3%) among the 6297 with
T2DM & CVD (3 years), and 114 (1.9%) among the 6069 individuals diagnosed with HTN, T2DM, &
CVD (2 years).

Association of BMI with obesity-related cancer risk by cardiometabolic
conditions

There was multiplicative interaction between BMI and cardiometabolic conditions (p-value from log-
likelihood ratio test=0.007) in the association with obesity-related cancers (Figure 2). We did not find
evidence of non-linearity between BMI and cancer risk. A BMI increment of 5 kg/m? in the main models
was positively associated with the risk of obesity-related cancers among “healthy” (free of
cardiometabolic conditions) individuals (HR: 1.08, 95%CI: 1.06-1.10) and those diagnosed with HTN
(1.05, 1.01-1.08) (Figure 2). Even though the Cls of the HRs for CVD (1.08, 0.97-1.21), HTN, T2DM,
& CVD (1.05, 0.82-1.33), HTN & CVD (1.03, 0.92-1.15), and 72DM & CVD (1.02, 0.84-1.24) (in
descending order of estimates) overlapped with 1, we did not find evidence of interaction between these
and BMI (p-values for interaction >0.05); thus, we cannot conclude that the BMI-cancer association
among individuals with these conditions differs from the “Zealthy”. On the contrary, the associations
for those with 72DM (0.98, 0.93-1.03) and HTN & T2DM (1.00, 0.93-1.07) were attenuated with respect
to “healthy” (p-values for interaction were 0.001 and 0.034, respectively). The effect estimates in the
minimally-adjusted models were similar to those of the fully-adjusted models (Figure S3). The results
of the supplementary and sensitivity analyses are described in Appendix 2 and reported in (Figures S4A,
S4B, S5, and S6).

Joint associations of overweight/obesity and incident cardiometabolic conditions
with obesity-related cancer risk

In Table 2 we present the results of the relative excess risk of obesity-related cancers due to additive
interaction between overweight/obesity (BMI>25 kg/m?) and incident cardiometabolic conditions. The

association between overweight/obesity with obesity-related cancer risk in absence of cardiometabolic
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conditions (among the “healthy”) was 1.11 (95%CI: 1.06-1.16) and was lower than that of the
conditions in absence of overweight/obesity. The most pronounced associations between
cardiometabolic conditions and obesity-related cancer risk in absence of overweight/obesity were those
including 72DM (eg, HR: 2.25 [95%CI: 1.82-2.77] for HTN & T2DM and 2.18 [1.91-2.50] for T2DM)
while the least pronounced were those including H7TN and/or CVD (eg, 1.40 [1.29-1.53] for HTN and
1.63 [1.35-1.96] for HTN & CVD). These results were consistent (but stronger in magnitude) with those
of the supplementary analysis investigating the association between cardiometabolic conditions and
obesity-related cancers (adjusting for continuous BMI) (Figure S7). There was evidence of additive
interaction (RERI #0) for five out of seven joint associations of overweight/obesity and cardiometabolic
conditions with obesity-related cancer risk. RERIs were >0 for the joint effect of overweight/obesity
and T2DM & CVD (eg, joint effect: 2.57 [2.08-3.17], RERI: 0.36 [0.32, 0.40]), HTN, T2DM, & CVD
as well as CVD while RERIs were <0 for HTN & T2DM (eg, joint effect: 2.12 [1.97-2.27], RERI: -0.24
[-0.28, -0.20]), and 72DM (in descending order of RERISs).

DISCUSSION

Main findings

In this large cohort study of 1,774,904 individuals in Catalonia, we found that the positive association
between a higher BMI and obesity-related cancer risk was similar among “healthy” (free of
cardiometabolic conditions) individuals and those with incident diagnoses of H7TN and/or CVD. In
contrast, among individuals with incident 72DM, this association was null. We also found that single
cardiometabolic conditions, and combinations thereof, were each independently and positively
associated with obesity-related cancer risk. A striking finding was that the association of
overweight/obesity and CVD (only or in combination with more conditions) with obesity-related cancer
risk was greater than the sum of their separate associations. On the contrary, the observed joint
association of overweight/obesity and 72DM (only or in combination with other conditions) with

obesity-related cancer risk was lower than the sum of their separate associations.
Interpretation and comparison with previous studies

The positive association between BMI and obesity-related cancers among “healthy” individuals is in

line with well-established evidence.>!*-

12 Three mechanisms by which higher general adiposity can
increase cancer risk have been extensively reported in the literature: sex hormonal metabolism, insulin
and insulin-like growth factors (IGF) signaling, and adipokine pathways.2*2 It has also been suggested
that other factors, such as cardiometabolic conditions, could be mediators in the association between

body fatness and cancer risk.”*** However, since the “healthy” population did not include individuals
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with HTN, T2DM, and CVD by definition, our results support the existence of pathways between body

fatness and cancer risk independent of these conditions.

Our results revealed that the BMI-obesity-related cancer association still remains present among
individuals with an incident diagnosis of HTN and/or CVD. This observation could be explained by an
independent (from HTN and CVD) pathway between BMI and cancer risk, but also by a weaker
(compared to, for example, T2DM) association between HTN or CVD and obesity-related cancers
(pathway being blocked by conditioning on HTN or CVD). The latter hypothesis is sustained by the
more “modest” effect of HTN and CVD on cancer risk among individuals with a BMI<25 kg/m?,
compared to that of 72DM. Moreover, the evidence linking HTN and CVD to cancer risk is yet to be
well-established. Studies investigating HTN as a risk factor for cancer have mostly focussed on kidney
cancer, and although a link has also been suggested for risk of stomach, colorectal, pancreas,
postmenopausal breast, brain, and malignant melanoma cancers (cancers also associated with higher
adiposity levels) as well as lung cancer, the evidence supporting these associations is not yet well-
established.>** Similarly, the evidence suggesting that C¥D might be an independent risk factor for
cancer is still at very early stages.” While we did not observe an interaction between BMI and CVD (nor
in combination with T2DM or HTN/T2DM together) on the multiplicative scale, we did find ones on
the additive scale (ie, in terms of absolute risks). This suggests that a higher incidence of obesity-related
cancers can be expected among population sub-groups affected by both overweight/obesity and these

(combination of) cardiometabolic conditions.

The association between BMI and obesity-related cancers among people with 72DM was null. This
could be explained by shared biological pathways underlying the carcinogenesis of obesity-related
cancers between adiposity and 72DM as well as by a strong association between 72DM and cancer risk
(direct association blocked by conditioning on 72DM). In meta-analyses, 72DM has been positively
associated with the risk of cancers of the stomach, colorectal, liver, gallbladder and biliary tract,
pancreas, breast, corpus uteri, kidney, bladder, thyroid, non-Hodgkin lymphoma, multiple myeloma,
and leukemia.***¢ Except for bladder cancer, all other associations are concordant with those described
for adiposity.>* Our findings (both for the interactions on the multiplicative and additive scale) in
combination with what has been reported in the literature reinforce the existence of shared mechanisms
between adiposity and 72DM in relation to cancer risk. In fact, the pathways that have been proposed
to explain the T2DM-cancer associations (hyperinsulinemia, hyperglycemia, IGF signaling, and

inflammation) have also been proposed as possible mediators for the BMI-cancer one.”*"-!

Strengths and limitations

This study has several strengths. To our knowledge, this is the largest study to date to investigate the

association between BMI and risk of obesity-related cancers accounting for incident cardiometabolic
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conditions. Individuals included in SIDIAP are representative of the general population living in
Catalonia in terms of age, sex, and geographic distribution which favors the external validity of these
findings.'* We implemented an advanced multiple imputation methodology to include the individuals
eligible to enter the study (with or without a BMI assessment at baseline) and to update their BMI levels
during follow-up, minimizing the possibility of selection bias and exposure misclassification,
respectively. While we cannot discard the possibility of outcome misclassification (cancer outcomes
were ascertained in primary care and hospital databases), we do not think this was an important
limitation. Cancer diagnoses registered in SIDIAP have been validated using population-based cancer
registries’ data and priorly used for epidemiological research.'>!752 We also do not expect that the
potential misclassification would have been differential according to the exposure, therefore, this likely

did not affect our results. Finally, our findings were robust in sensitivity analyses.

Our findings should be interpreted in light of some limitations. There was a high proportion of
individuals who did not have a BMI assessment at baseline. While we used information from any
recording in the individuals’ health records (eg, also during follow-up) for the time-raster multiple
imputations, 28% of the study participants did not have any BMI assessment which likely introduced
high variability in their BMI estimations among the imputed datasets. However, when we ran sensitivity
analyses only including individuals with a BMI at baseline or with any real BMI assessment, our results
were consistent with those of the main analyses. In addition, we did not have enough statistical power
to look at specific cancer types as separate outcomes given that the number of at-risk individuals was
modest. Most obesity-related cancers were cases of breast postmenopausal (34%) and colorectal (32%)
cancers, therefore our results seem to be highly driven by these cancer types. Nevertheless, when we
explored associations for other specific cancer types in the secondary analyses (for single
cardiometabolic conditions or also for HTN & CVD or HTN & T2DM for the most frequent cancer
types), the associations were consistent (although with wider Cls) with those of the obesity-related
cancers combined. We also lacked information on the histological subtypes (esophageal
adenocarcinoma) and subsites (gastric cardia) of cancers which prevented us from including two other
obesity-related cancers in the outcome definition. This could have biased our results towards the null,
however, we do not expect this to have greatly impacted our results as the incidence of the non-obesity-
related subtype/subsite of these cancers is higher in Spain.'® We were also limited in terms of covariate
data availability: for socioeconomic status, we only had data on the MEDEA deprivation index, an
ecological indicator of deprivation, therefore there could have also been residual confounding (Figure

S2).

In this large Southern European study, we found that the positive association between BMI and obesity-
related cancers was similar among individuals free of cardiometabolic conditions and those with

incident HTN and/or CVD, but was attenuated among individuals with T2DM. Furthermore, individuals
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with both overweight/obesity and incident CVD accounted for the highest number of obesity-related
cancer cases compared to those with other individual or combined cardiometabolic conditions. Our
findings reinforce the need for public health strategies focusing on the reduction of overweight and
obesity, which cannot only help prevent cancer cases among individuals from the general population or
newly diagnosed with HTN or CVD but also prevent cardiometabolic conditions, such as T2DM, which
can also increase obesity-related cancer risk. In case of limited resources, our findings highlight the
need for weight loss interventions among individuals newly diagnosed with CVD who have overweight

or obesity.
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Figure 1. Flowchart with the inclusion and exclusion criteria of the study participants

SIDIAP Population aged 40 years or older on 01-01-2010
N = 3,097,073

| |Less than 1 year of prior history
N = 144,772

Remaining population
N = 2,952,301

| | History of cancer
N = 162,132

Remaining population
N = 2,790,169

History of HTN
N = 832,967

Remaining population
N = 1,957,202

| | History of T2DM
N = 98,332

Remaining population
N = 1,858,870

History of CVD
N = 39,800

Remaining population
N = 1,819,070

Less than 12 months of follow-up
N = 44,166

\ J
Study population
N = 1,774,904

Notes: History of cancer considers any type of cancer (C00-C97) except other and unspecified malignant neoplasm
of skin (C44). Causes of end-of-follow-up include transferral out of SIDIAP, cancer diagnosis, death, or end-of-
study period. Individuals with less than 12 months of follow-up were excluded because the follow-up of the
participants started 1 year after study entry to avoid potential reverse causality (eg, BMI affected by undiagnosed
cancer).

Abbreviations: CVD: Cardiovascular disease; HTN: Hypertension; SIDIAP: Information System for Research in
Primary Care; T2DM: Type 2 diabetes mellitus.
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Table 1. Baseline characteristics of the study participants by body mass index categories, after multiple

imputations

By WHO categories of BMI'

Overall N (%)
N (%) Normal or
. Overweight Obesity
underweight
1,774,904 (100.0) 606,249 (34.0) 722,839 (41.0) 445,816 (25.0)
Follow-up time in years, median (IQR) 8.0 (8.0, 8.0) 8.0 (8.0, 8.0) 8.0 (8.0, 8.0) 8.0 (8.0, 8.0)
N of visits to primary care centers, median
3.0 (0.0, 7.0) 2.0 (0.0, 6.0) 3.0 (0.0, 7.0) 3.0 (0.0, 8.0)

(IQR)

BMI in kg/m?, median (IQR)>
Age in years, median (IQR)
Female sex, n (%)
Nationality

Spanish

Global North

Global South

MEDEA deprivation index, n (%)>
Quintile 1 (least deprived)
Quintile 2

Quintile 3

Quintile 4

Quintile 5 (most deprived)
Rural

Smoking status, n (%)’
Never smoker

Former smoker

Current smoker

Alcohol intake, n (%)?

No risk

Low risk

High risk

Charlson comorbidity index, n (%)

27.0 (23.9, 30.0)
51.0 (44.0, 60.0)

931,239 (52.5)

1,632,639 (92.0)
48,735 (2.7)

93,530 (5.3)

334,723 (18.9)
294,506 (16.6)
278,367 (15.7)
263,856 (14.9)
236,249 (13.3)

367,203 (20.7)

1,090,923 (61.5)
205,295 (11.6)

478,686 (27.0)

1,099,308 (61.9)
602,673 (34.0)

72,923 (4.1)

23.0 (20.9, 23.9)
50.0 (44.0, 59.0)

354,019 (58.4)

561,797 (92.7)
17,109 (2.8)

27,342 (4.5)

131,872 (21.8)
102,920 (17.0)
91,423 (15.1)
82,432 (13.6)
71,723 (11.8)

125,880 (20.8)

362,602 (59.8)
67,046 (11.1)

176,601 (29.1)

383,154 (63.2)
199,364 (32.9)

23,732 (3.9)

27.0 (26.2, 28.6)
51.0 (45.0, 61.0)

351,476 (48.6)

665,784 (92.1)
18,982 (2.6)

38,072 (5.3)

133,284 (18.4)
120,508 (16.7)
114,662 (15.9)
108,559 (15.0)
95,716 (13.2)

150,109 (20.8)

448,072 (62.0)
84,940 (11.8)

189,827 (26.3)

438,409 (60.7)
254,167 (35.2)

30,262 (4.2)

32.0 31.1, 34.6)
51.0 (45.0, 61.0)

225,744 (50.6)

405,057 (90.9)
12,643 (2.8)

28,116 (6.3)

69,567 (15.6)
71,078 (15.9)
72,281 (16.2)
72,865 (16.3)
68,811 (15.4)

91,215 (20.5)

280,249 (62.9)
53,308 (12.0)

112,259 (25.2)

277,745 (62.3)
149,142 (33.5)

18,929 (4.2)
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>3

Cause of exit from the study, n (%)
End of study

Transferred out of the SIDIAP

Death

Obesity related cancers

Non-obesity related cancers

1,522,931 (85.8)
210,730 (11.9)
31,995 (1.8)

9,248 (0.5)

1,373,650 (77.4)
219,024 (12.3)
78,456 (4.4)
49312 (2.8)

54,462 (3.1)

525,679 (86.7)
67,111 (11.1)
10,449 (1.7)

3010 (0.5)

467,137 (77.1)
77,669 (12.8)
28,055 (4.6)
15,318 (2.5)

18,069 (3.0)

620,395 (85.8)
85,846 (11.9)
12,929 (1.8)

3669 (0.5)

562,394 (77.8)
868,880 (12.0)
30,574 (4.2)
20,016 (2.8)

22,974 (3.2)

376,857 (84.5)
57,773 (13.0)
8617 (1.9)

2570 (0.6)

344,119 (77.2)
54,474 (12.2)
19,827 (4.4)
13,978 (3.1)

13,419 (3.0)

Notes: 1) This categorization was done in the 5 datasets with the multiple imputations. For visualization purposes

and in order for the categorical variables to add up to 1,774,904 we divided the n for the categorical variables by

5. 2) The statistics of BMI, the MEDEA deprivation index, smoking status, and alcohol intake were calculated

using the multiple imputation approach, with 5 data sets created. For visualization purposes, we divided the n for

the categorical variables by 5. BMI categories: underweight or normal weight [BMI <25 kg/m?], overweight [BMI

>25 and <30 kg/m?], and obesity [BMI >30 kg/m?]). Non-obesity related cancers do not include non-melanoma

skin cancer.

Abbreviations: BMI: Body Mass Index; IQR: Interquartile range; MEDEA: “Mortalidad en areas pequefias

Espaifiolas y Desigualdades Socioeconéomicas y Ambientales”; SIDIAP: Information System for Research in

Primary Care; WHO: World Health Organization.
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Figure 2. Association between body mass index and the risk of obesity-related cancers by ascertainment

of incident cardiometabolic conditions, with 95% CIs

Cardiometabolic condition
status (n cases)

Healthy (n=38,082)

HTN (n=6816)

T2DM (n=1519)

CVD (n=1140)

HTN & T2DM (n=1020)

HTN & CVD (n=497)

T2DM & CVD (n=124)

HTN, T2DM, & CVD (n=114)

Effect of BMI

per 5kg/m2 increment

1.08 (1.06-1.10)

1.05 (1.01-1.08)

0.98 (0.93-1.03)

1.08 (0.97-1.21)

1.00 (0.93-1.07)

1.03 (0.92-1.15)

1.02 (0.84-1.24)

1.05 (0.82-1.33)

0.71 1.7
Hazard Ratio (95% CI)

Notes: The model included BMI as a continuous variable with an interaction term with the time-varying

“cardiometabolic conditions” variable and was adjusted by sex, the geographic region of nationality, the MEDEA

deprivation index, smoking status, alcohol intake, and stratified by age (5-year categories). We evaluated the

interaction between BMI and the variable of cardiometabolic conditions by comparing the difference in log-

likelihood of models with and without the interaction term (p=0.007). The p-values for the interaction between

BMI and each cardiometabolic condition (as extracted directly from the model output) were: 0.067 (HTN), 0.001
(T2DM), 0.980 (CVD), 0.034 (HTN & T2DM), 0.373 (HTN & CVD), 0.577 (T2DM & CVD), 0.790 (HTN,

T2DM, & CVD).

Abbreviations: BMI: body mass index; CI: confidence interval; CVD: Cardiovascular disease; HTN:

Hypertension; KG: kilograms; M: meters; T2DM: Type 2 diabetes mellitus.
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Table 2. Relative excess risk of obesity-related cancers due to interaction between overweight/obesity (BMI>25 kg/?) and incident cardiometabolic conditions

HTN T2DM CVD HTN & T2DM HTN & CVD T2DM & CVD HTN, T2DM, & CVD
n at risk n at risk
n at risk HR n at risk HR ( HR n at risk HR ( HR n at risk HR n at risk HR
n n
(n cases) 95% CI) (n cases) 95% CI) (95% CI) | (n cases) 95% CI) 95% CI) (n cases) 95% CI) (n cases) 95% CI)
cases) cases)
BMI<25 kg/m?, 606,249 606,249 606,249 606,249 606,249 606,249 606,249
1 (ref) 1 (ref) 1 (ref) 1 (ref) 1 (ref) 1 (ref) 1 (ref)
“healthy” (12,861) (12,861) (12,861) (12,861) (12,861) (12,861) (12,861)
BMI >25 kg/m?, 1,168,655  1.11 (1.06- | 1,168,655 = 1.11 (1.06- | 1,168,655 1.11(1.06- | 1,168,655 1.11(1.06- |1,168,655 1.11(1.06- ] 1,168,655 @ 1.11(1.06- | 1,168,655 1.11 (1.06-
“healthy” (25,221) 1.16) (25,221) 1.16) (25,221) 1.16) (25,221) 1.16) (25,221) 1.16) (25,221) 1.16) (25,221) 1.16)
BMI<25 kg/m?, with 67,488 1.40 (1.29- 10,345 2.18 (1.91- 17,056 1.76 (1.44- 4638 2.25(1.82- 6590 1.63 (1.35- 1206 2.09 (1.18- 1023 1.76 (0.87-
condition (1544) 1.53) (262) 2.50) (310) 2.16) (132) 2.77) (116) 1.96) (20) 3.71) 17) 3.54)
BMI >25 kg/m?, with 228,957 1.49 (1.44- 54,655 2.07 (1.93- 39,517  2.07 (1.84- 34,505 2.12(1.97- 19,549 1.78 (1.60- 5091 2.57 (2.08- 5046 2.10 (1.70-
condition (joint effect) (5272) 1.55) (1257) 2.22) (830) 2.32) (888) 2.27) (381) 1.98) (104) 3.17) 97) 2.59)
RERI -0.02 -0.22 0.19 -0.24 0.04 0.36 0.23
(-0.06, 0.02) (-0.29, -0.16) (0.09, 0.30) (-0.28, -0.20) (-0.07, 0.15) (0.32, 0.40) (0.02, 0.44)

Notes: The model was adjusted by sex, the geographic region of nationality, the MEDEA deprivation index, smoking status, alcohol intake, and stratified by age (5-year

categories). A RERI of 0 denotes lack of additive interaction.

Abbreviations: BMI: Body mass index; CI, confidence interval; CVD: Cardiovascular disease; HR: hazard ratio; HTN: Hypertension; RERI: relative excess risk due to

interaction; T2DM: Type 2 diabetes mellitus.
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