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Abstract

Diet, metabolic mediators, and cancer risk
Cody Watling, St Edmund Hall, University of Oxford, DPhil, Trinity term 2022.

Colorectal, breast, and prostate cancer account for nearly a third of all diagnosed
cancers, and some dietary factors may influence risk. Moreover, circulating insulin-like growth
factor-I1 (IGF-I) concentrations have been positively associated with risks of colorectal, breast,
and prostate cancer, and IGF-I might mediate some diet-cancer associations. This thesis
investigates the associations of dietary factors, IGF-I concentrations, and IGF-I related cancers
among participants in the UK Biobank cohort.

Associations between intakes of food groups (438,453 participants) and macronutrients
(11,815 participants) with IGF-I concentrations were explored. Intake of fish was positively
associated with IGF-I concentrations, as was protein from dairy products; however, associations
differed by dairy protein source in that milk and yogurt were positively associated with IGF-I
concentrations whereas protein from cheese was not. Intakes of fibre and wholegrains were also
positively associated with IGF-I concentrations.

The association between protein from all dairy products, milk, and cheese and colorectal,
breast, and prostate cancer was explored among ~114,000 participants. Protein from all dairy
products and milk were inversely associated with colorectal cancer risk, whereas a borderline
positive association was observed for prostate cancer risk for men in the highest quartile of
intake compared to those in the lowest quartile. IGF-I concentrations did not appear to explain
these associations.

Prospective associations between carbohydrate types and sources and colorectal cancer
were explored among ~114,000 participants. Non-free sugars and fibre from wholegrains were
inversely associated with colorectal cancer risk. Evidence of heterogeneity by genetically
predicted butyrate synthesis was observed; participants with high predicted butyrate and
consuming higher wholegrains had a lower risk of colorectal cancer whereas no association was
observed for those with low genetically predicted butyrate synthesis.

Finally, diet groups in relation to all cancer and common cancer types were investigated
in prospective analyses of ~472,000 participants. In comparison to regular meat-eaters, low
meat-eaters had lower risk of all cancer and colorectal cancer, fish-eaters had a lower risk of all
cancer and prostate cancer, and vegetarians had a lower risk of all cancer, postmenopausal
breast cancer, which may be due to their lower body mass index, and prostate cancer.
Differences in IGF-I concentrations or free testosterone did not appear to mediate these

associations.



In conclusion, research from this thesis supports dietary factors, such as dairy protein,
being associated with IGF-I concentrations. However, whether these same dietary factors are
positively associated with IGF-I related cancers remains unclear, suggesting other factors or
mechanisms external to the IGF-I pathway. Potential novel findings suggest that wholegrain
intake and colorectal cancer risk may vary by genetic factors for butyrate production and
further research is needed to replicate and explore this further. Different diet groups may also be
related to IGF-I related cancers; however, IGF-I concentrations did not mediate this association.

Further research exploring mechanisms through and external to the IGF-I pathway is needed.
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Chapter 1

Introduction



1.1 Rationale

Globally, cancers of the colorectum, breast, and prostate contribute to approximately 28% of all
newly diagnosed cancers and nearly 20% of all cancer deaths [1]. In the United Kingdom (UK),
and other countries with a high development index, cancer is the leading cause of death before
the age of 70 years [1, 2|, with colorectal, breast, and prostate cancer often being listed in the
top 10 causes of death from any illness [2]. Each cancer site varies in risk factors; both genetic
and modifiable lifestyle and environmental factors are associated with the risk of developing
certain cancer types, however for prostate cancer, there have been no well-established modifiable
risk factors.

One potential modifiable risk factor for colorectal, breast, and prostate cancer, which
may be related to dietary intake [3-5|, is circulating insulin-like growth factor-I (IGF-I), a
polypeptide hormone which stimulates cell growth, proliferation, and inhibits apoptosis [6-8|.
IGF-I concentrations have been positively associated with the risks of colorectal, breast, and
prostate cancer in nested case-control studies [9-11], prospective cohort studies [12-14], and
Mendelian randomisation (MR) studies [12-14|. Evidence has suggested that dietary intake may
be related to circulating IGF-I concentrations [3-5], however, findings have generally been
inconsistent and limited by small sample sizes. Moreover, the evidence linking dietary intake
with risks of colorectal, breast, and prostate cancer remains uncertain, with only few dietary

factors established as potential modifiable risk factors.

1.2 Research aims

The main aim of this thesis is to investigate the associations of dietary intake with colorectal,
breast, and prostate cancer risk, assessing the role of potential mediators using data from the

UK Biobank.



1.3 Outline of the thesis

Chapter 1: Introduces and outlines the thesis, provides the rationale, as well as the general
aims of the thesis.

Chapter 2: Describes the epidemiology of colorectal, breast, and prostate cancer, including
global differences in incidence and mortality, and describes known risk factors for these common
cancers. This chapter also describes the associations between dietary intake and risk of
colorectal, breast, and prostate cancer, and the relationship between IGF-I concentrations and
risk of these cancers.

Chapter 3: This chapter describes the data source for this thesis, namely the UK Biobank
prospective cohort. This chapter outlines the initial recruitment and follow-up of participants as
well as describes the dietary assessments undertaken in this cohort.

Chapter 4: Investigates the cross-sectional associations of specific food group intakes with
circulating IGF-I concentrations.

Chapter 5: Investigates the associations between macronutrient intakes and circulating IGF-I
concentrations in a subsample of the UK Biobank that completed multiple detailed 24-hour
dietary assessments.

Chapter 6: Investigates the prospective associations of protein from all dairy products, milk,
and cheese with risks of colorectal, breast, and prostate cancer.

Chapter T7: Investigates the prospective associations between carbohydrate types and sources
and colorectal cancer as well assesses if host genetic factors for short-chain fatty acids (SCFA)
modify these associations.

Chapter 8: Investigates the prospective associations between diet groups, namely regular meat-
eaters, low meat-eaters, fish-eaters (pescatarians) and vegetarians, and risks of developing all
cancer, colorectal cancer, postmenopausal breast cancer, and prostate cancer.

Chapter 9: Summarises and interprets the main findings of the thesis, considers the strengths

and limitations of the methodology, and discusses recommendations for future research.



1.4 Development of thesis and author’s contributions

This work was conducted under the supervision of Associate Professor Aurora Pérez-Cornago
(primary supervisor) and Professor Timothy Key. Prof. Key and Assoc. Prof. Pérez-Cornago
conceived the ideas for Chapters 4 and 5. For the remaining chapters, I, along with Assoc. Prof.
Pérez-Cornago conceived the aims.

I conducted all literature searches and have written all chapters included in this thesis
with input from my supervisors. However, co-authors have read and provided suggestions on the
manuscripts for publication in which the results chapters are based on.

All data were collected by the UK Biobank, and blood samples were assayed at their
central laboratory, which included assays for IGF-I concentrations. Follow-up data were
provided to the UK Biobank by central registrars and Hospital Episode Statistics (HES) from
England, Scotland, and Wales.

I conducted all statistical analyses for the results chapters of this thesis; I adapted code
developed by Ms. Georgina Fensom (statistical programmer, Cancer Epidemiology Unit (CEU))
to code outcome variables from the UK Biobank cancer, HES, and death data. I worked
alongside Dr Rebecca Kelly (current DPhil student, CEU) to define exposures utilised for

Chapters 5-7. I created all tables and figures included in this thesis.

1.5 Publications relating to this thesis

At the time of initial submission, three manuscripts have been published from this thesis and
two other manuscripts have been submitted for publication, of which I am the first author.
These are summarised below:

Chapter 4: Associations between food group intakes and circulating insulin-like growth factor-I

in the UK Biobank: a cross-sectional analysis — published in the European Journal of Nutrition

(Watling et al., 2022. Eur. J. Nutr. July 31. DOI: https://doi.org/10.1007 /s00394-022-02954-4)
Chapter 5: Macronutrient intakes and circulating IGF-I concentrations in a subsample of the
UK Biobank — published in Clinical Nutrition (Watling et al., 2021. Clin Nutr. 40(7):4685-4693.

Apr 19. DOI: https://doi.org/10.1016/j.clnu.2021.04.021)




Chapter 6: Associations of dairy protein intake and risks of colorectal, breast, and prostate
cancer: a prospective analysis — under review at the British Journal of Cancer (Watling et al.,
unpublished)

Chapter 7: Carbohydrate intakes, short-chain fatty acid genetic modifiers, and colorectal
cancer risk: a prospective analysis in the UK Biobank — under review at Cancer Research
(Watling et al., unpublished)

Chapter 8: Risk of cancer in regular and low meat-eaters, fish-eaters, and vegetarians: a
prospective analysis in the UK Biobank — published in BMC Medicine (Watling et al., 2022.

BMC Med. 20, 73. Feb 24. DOI: https://doi.org/10.1186/s12916-022-02256-w)




Chapter 2

Epidemiology of colorectal, breast, and

prostate cancer



Cancer is the leading, or second leading, cause of death before 70 years of age in more than 60%
of countries across the world [1, 2|. Cancer is characterised by uncontrolled cell growth and
division, with the potential to invade and spread to surrounding healthy tissue and other parts
of the body [15]. The development of cancer begins with an error in cell regulation as a result of
multiple gene mutations in a single cell over time [16]. This increases the capacity for
uncontrolled proliferation and survival, leading to tumour formation with the potential to
invade and spread to the surrounding healthy tissue and other parts of the body (i.e.,
metastasis). Cancer cells can result from various possible mutations; however, all cancer cells
share common phenotypic characteristics. These phenotypic characteristics, commonly referred
to as the ‘Hallmarks of Cancer’ include evading growth suppressors, sustained proliferative
signalling, resisting cell death, enabling replicative immortality, inducing angiogenesis,
deregulating cellular energetics, activating invasion and metastasis, and avoiding immune
destruction [16]. Cancers are characterised by the types of cells, tissue, and location in the body
from which the cancer originates.

Although cancers have common phenotypic characteristics, cancer types are
heterogeneous and can have different aetiological factors. Moreover, some sites of cancer are
more common, which may be due to the number of stem cell divisions within the specific tissue
[17]. Collectively, cancers originating in the colorectum, breast, or prostate contribute to 28% of
newly diagnosed cancers worldwide [1]|, and are among the most commonly diagnosed cancer
types, making these sites of cancer a major public health and economic concern. Moreover,
circulating IGF-I concentrations have been shown to be positively associated with all three of
these cancer types. This chapter will outline the incidence, mortality, geographical trends, and
risk factors for colorectal, breast, and prostate cancer, with a focus on dietary intake and

circulating IGF-I concentrations.

2.1 Colorectal cancer epidemiology

The colon is the lower part of the digestive tract extending from the cecum to the rectum and

functions to absorb water and salts from undigested foods as well as move waste products to the



rectum to be later excreted. The rectum connects the colon to the anus and stores faeces until
defaecation. These two components of the digestive tract form the colorectum. Cancers
originating in the colorectum are 95% adenocarcinomas; a type of cancer which originates in
glandular epithelial cells, although other types can include mucinous carcinomas and
adenosquamous carcinomas [18|. Although the colon and rectum differ in physiology, prognosis,
and treatment of cancer [19], they are often grouped together as they are thought to share some
common aetiological factors |20, 21| and early data may not have been available to reliably
separate the colon from the rectum. However, recent evidence has suggested that some risk
factors may differ depending on the anatomical location in the colorectum as well as the

molecular features of the tumour [21, 22].

2.1.1 Incidence, mortality, & geographical trends

In 2020, more than 1.9 million individuals were diagnosed with colorectal cancer and over
900,000 individuals died of the disease, making it the second leading cause of cancer death in the
world [1, 23]. The incidence of colorectal cancer across the globe varies dramatically, with the
highest incidence found in Europe, North America, Australia, and Japan and the lowest
incidence rates found in south Asia and Africa [1|. Figure 2.1 presents the age-standardised
incidence rates of colorectal cancer per 100,000 individuals. In European countries, such as
Norway and Hungary, the age-standardised incidence rate is around 43 cases per 100,000
individuals, whereas in some African countries, namely Guinea and Ghana, the age-standardised
incidence rate is around 3.5 cases per 100,000 individuals, reflecting over a 10-fold difference
[24]. This difference in rates between countries has been attributable to environmental factors,
lower socioeconomic status, as well as less colorectal cancer screening, which is readily available
and implemented in countries located in Europe and North America [1]. Although the incidence
of colorectal cancer is relatively low in African and some Asian countries, it is expected to
increase with socioeconomic development, as colorectal cancer incidence tends to be higher

among countries with greater development [25]. This change in risk with greater development of



a country is thought to reflect changes in lifestyle factors including shifts in diet, decreased
physical activity, and increased prevalence of higher body weight [1].

Generally, the age-standardised incidence rates of colorectal cancer have decreased over
the past 50 years in countries with high development and long standing screening programmes
[26-28]; however, in countries with no large-scale screening programs and of low development,
incidence rates have increased [27, 28] and colorectal cancer remains the third most commonly

diagnosed cancer worldwide [1].

ASR

World) per 100 000
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Figure 2.1 Estimated age-standardised incidence rates of colorectal cancer in 2020.

Data source [24]. Abbreviation: ASR, age-standardised rate.

The mortality of colorectal cancer generally reflects the incidence rate observed across regions of
the world. For example, the age-standardised mortality rate for colorectal cancer is around 5
deaths per 100,0000 individuals in most sub-Saharan African countries whereas in European
countries the mortality rate is around 10-15 deaths per 100,000 [24]. However, due to
improvements in treatments, risk factor modification among populations, and most importantly
implementation of screening programmes, colorectal mortality has generally decreased over time

[26, 27, 29]. However, for individuals under the age of 50 years, the mortality rate has slightly



increased in the United States along with higher incidence rates [29], but the same increase in

mortality has not been observed in European countries [30].

2.1.2 Risk factors

Numerous observational studies and few randomised controlled trials (RCTs) have suggested
that colorectal cancer is influenced by both modifiable and non-modifiable risk factors.
Colorectal cancer is more commonly diagnosed in males than females [26], which has been
attributable to differences in risk factors such as higher alcohol intake, higher smoking
prevalence, and higher prevalence of abdominal fat among men [23]. This section will outline
established risk factors for developing colorectal cancer, emphasising risk factors with the most

convincing evidence.

Age

As with almost all cancers, the incidence of colorectal cancer increases with age [23|. A diagnosis
of colorectal cancer before the age of 40 is uncommon, however recent evidence has suggested
that colorectal cancer incidence is increasing among individuals under the age of 50 years in
some populations [23, 29-32|. This has been postulated to be a result of changing modifiable risk
factors such as obesity, alcohol intake, and lower physical activity amongst younger age cohorts
[23, 33|, however further research is needed to better understand risk factors underlying the
increased incidence among this age group [29, 32, 34, 35]. As a result of this change in incidence
among younger adults, countries such as the United States have lowered age recommendations
for colorectal cancer screening to start at 45 years of age instead of 50 years of age, as

recommended by the American Cancer Society [36].

Genetics
Early evidence based on twins suggested that 35% of colorectal cancer cases are attributable to
genetic components [37], however more recent estimates based on genetic analyses have

suggested this is around 13-17% [38, 39]. There are some rare genetic variants that have a high

10



penetrance for developing colorectal cancer, namely familial adenomatous polyposis (FAP),
MUTYH-associated polyposis (MAP), and Lynch syndrome. FAP is estimated to account for
less than one percent of colorectal cancers and results in numerous colonic adenomas (a type of
colonic polyp that is a major risk factor developing colorectal cancer) formed in childhood. This
germline mutation on chromosome 5 on the APC gene is relatively uncommon among the
general population, but is much more common in those from Ashkenazi Jewish ancestry [40].
Carriers of the FAP gene mutation have nearly a 100% chance of developing colorectal cancer
over their lifetime [41]. MAP is an autosomal-recessive syndrome that results in the formation of
colonic adenomatous polyps and overall greater risk of developing colorectal cancer. It is
estimated that 43-63% of biallelic individuals will be diagnosed with colorectal cancer by the age
of 60 years and 80-90% will be diagnosed at the end of their lifetime [42]. Lynch syndrome, also
known as hereditary nonpolyposis colorectal cancer, is an autosomal dominant genetic condition
that accounts for approximately 3% of colorectal cancer cases. Lynch syndrome is due to germ-
line mutations of any four DNA mismatch-repair genes, namely MSH2, MLHI1, MSH6, and
PMS2, or deletion in the EPCAM, which then silences the MSH2 gene. For individuals with
Lynch syndrome, colorectal cancer onset is typically diagnosed at an average age of 45 years
[40]. The lifetime risk of colorectal cancer for individuals with Lynch syndrome depends on
which gene is affected; this can be as high as 50% in individuals with a MLH1 gene mutation or
as low as 10% for individuals with a PMS2 gene mutation [43, 44]. Lynch syndrome is generally
rare in the greater population, affecting approximately 1 in 370 individuals [45, 46]. For
individuals that carry these highly penetrant genes (FAP, MAP, and Lynch syndrome),
colorectal cancer screening should be conducted more frequently and earlier compared to the
general population in order to detect cancers and precancerous lesions to treat or prevent
colorectal cancer [41], therefore improving prognosis [47].

Genome wide association studies (GWAS) have identified more than 100 low penetrant
single nucleotide polymorphisms (SNPs) [48-50], which collectively can predict greater risk of
colorectal cancer through the creation of polygenic scores, however to date, known SNPs explain

a small proportion of heritability [51].
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Family history

Individuals with a first-degree relative (parent, sibling, or child) diagnosed with colorectal
cancer have an estimated two-fold increase in colorectal cancer risk (relative risk (RR): 2.3; 95%
confidence interval (CI): 2.0-2.5), whereas those with multiple first-degree relatives who have
had colorectal cancer have a four-fold increased risk (RR: 4.3; 95% CI: 3.0-6.1) compared to
individuals with no family history [52|. This higher risk among family members may be due to
shared genetic components such as low penetrant SNPs, which collectively may increase the risk

of colorectal cancer and possibly also partly due to shared environmental factors |53, 54].

Inflammatory bowel disease

Individuals with a diagnosis of ulcerative colitis or Crohn’s disease, two conditions characterised
by inflammation along the gastrointestinal tract or specifically the colon, have been shown to
have a higher risk of colorectal cancer [55]. In a meta-analysis of population-based cohorts,
having ulcerative colitis or Crohn’s disease was shown to increase the risk of colorectal 2-2.5 fold

[56, 57).

Tonising radiation

Individuals who have been exposed to ionising radiation, at a large single dose or low repeated
doses overtime, have an increased risk of colorectal cancer. This has been shown in observational
studies for individuals exposed to high doses of radiation from atomic bombings [58], among
individuals who received radiation therapy [59, 60|, as well as in those with low-dose

occupational exposure to ionising radiation [61].

Smoking

Like for many cancer sites, smoking is a risk factor for developing colorectal cancer. The
International Agency for Research on Cancer (IARC) classifies smoking as a group 1 carcinogen
for colorectal cancer [62]. Recent estimates from meta-analyses of observational studies suggest

that smokers have a 15%-18% higher risk of colorectal cancer compared to non-smokers, with a

12



greater risk with longer duration and intensity of smoking [63, 64]. Smoking has also been shown
in MR studies, with greater than 52,000 colorectal cancer cases, to be causally associated with
higher colorectal cancer risk [65]. Smoking is known to have many carcinogenic compounds, such
as polycyclic aromatic hydrocarbons, nitrosamines, aromatic amines, and benzene, thus greater

exposure to these compounds may increasing the risk of developing colorectal cancer [66].

Non-steroidal anti-inflammatory drugs (NSAIDs)

The regular use of NSAIDs, such as aspirin and cyclo-oxygenase-2 enzyme inhibitors, has been
shown to lower the risk of colorectal cancer in both observational [67] and RCTs [68-70]. RCT's
assessing the risk of colorectal cancer have shown that participants who were randomised to
take high dose aspirin (>500 mg) or low dose (at least 75 mg) have a lower risk of developing
colorectal cancer (24% lower risk), with an even lower risk for those who have taken aspirin for
a longer duration (32% lower risk) |68, 69]. For cyclo-oxygenase-2 enzyme inhibitors, similar
evidence has been observed in reducing colorectal adenomas [71]|, however, due to the potential
adverse effect of increased risk of cardiovascular events [72|, they are not recommended for long-

term use for colorectal cancer prevention.

Diabetes mellitus

In a meta-analysis of 30 observational studies, individuals living with diabetes have a 27%
higher risk (95% CI: 21-34%) of developing colorectal cancer compared to individuals without
diabetes [73]. Evidence from MR studies suggest a higher risk of colorectal cancer among
individuals with a higher genetic predisposition to type II diabetes, although this may be a
result of pleiotropy |74] and smaller MR studies have not observed this association [75, 76].
However, a MR analysis did show that genetic variants predicting higher fasting insulin levels
were associated with a higher risk of colorectal cancer [74]. Elevated insulin levels due to insulin
resistance and hyperinsulinemia, which are observed in individuals with untreated or early stage
type II diabetes, have been hypothesised to partially explain the higher risk of colorectal cancer

in individuals with diabetes [77]. At high levels, insulin acts as an important growth factor of
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colonic cells and has been shown in in vitro studies to be a mitogen of colon tumour cell growth
[77], and has common downstream activation for cellular proliferation and survival as IGF-I [6,
78]. Observational evidence has also suggested that the elevated risk of colorectal cancer among
individuals with diabetes diminishes over time as circulating insulin levels lower [79].
Considering this and evidence from MR studies, hyperinsulinemia is likely to be an important
factor in colorectal cancer carcinogenesis and may be responsible for the higher risk observed

among individuals with type II diabetes |74, 79|.

Adiposity

Adiposity is a major risk factor for developing colorectal cancer and an estimated 11% of
colorectal cancer cases in Europe have been attributed to being overweight or obese [80].
Estimates from the World Cancer Research Fund (WCRF) meta-analysis of prospective studies
have suggested that for every increase of 5 kg/ m” in body mass index (BMI), individuals have a
5% higher risk of developing colorectal cancer, with similar relationships being observed for
higher waist-to-hip ratio and waist circumference [20, 81]. This relationship between adiposity
and colorectal cancer has been corroborated in MR studies [82, 83]. Adiposity is hypothesised to
influence colorectal carcinogenesis through multiple mechanisms, including higher levels of
insulin |74, 77, 84], greater low-grade inflammation [85], and potentially through sex hormones
[85-87]; however, understanding of the mechanisms linking body size and colorectal cancer risk

remains incomplete.

Physical activity

In observational and MR studies, individuals who partake in greater physical activity have a
lower risk of colon cancer compared to those with lower physical activity |20, 88, 89]. Similarly,
observational studies have shown that individuals with greater occupational sedentary behaviour
have a greater risk of developing colon cancer [90]. However, for rectal cancer, no evidence has
shown that greater physical activity modifies risk [20]. The association between physical activity

and colon cancer risk is hypothesised to be in part due to maintaining lower body fat, which
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may result in less insulin resistance and lower insulin levels. However, in MR studies assessing
SNPs for physical activity (that were not associated with body size) in relation to the risk of
colon cancer, associations remained significant [89]. Other mechanisms such as reduced
inflammation [91] and changes in gut microbiota [92] may also be involved but further research
is needed to understand if physical activity may influence colon cancer risk outside weight loss

or decreased body size.

2.1.3 Diet and colorectal cancer risk

Dietary intake has been hypothesized to be an important modifiable risk factor for colorectal
cancer for decades [93], and this remains the cancer site with the most evidence suggesting
convincing and probable associations between dietary intake and risk [20]. This hypothesis of
diet influencing cancer risk arose from the observed differences in cancer incidence rates between
countries, as well as observations from migration studies showing that individuals moving from
low incidence regions to high incidence regions would have the same incidence of cancer within
one or two generations, suggesting that environmental factors, such as diet, may be important in
modulating colorectal cancer risk [93-96]. Table 2.1 presents the latest WCRF meta-analysis
(updated in 2017) findings for dietary factors and risk of colorectal cancer separated by the
strength of existing evidence. The next section will outline the convincing and probable
associations between dietary factors and colorectal cancer risk listed in the WCRF' [20] as well

as the current evidence for selected dietary patterns.
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Table 2.1 Dietary factors in relation to colorectal cancer risk.

Decreases risk Increases risk
" .. Alcoholic drinks
3} Convincing
g Processed meat
<
3
o0 Wholegrains
g Probable Foods containing fibre Red meat
(4;3) Dairy products
o
3
g
'FE Limited Foods containing vitamin C Low intakes of non-starchy vegetables
_g i Fish Low intakes of fruit
suggestive
:,g 88 Foods containing haem iron
2
=

Table 2.1 is adapted from the World Cancer Research Fund summary of evidence from the diet, nutrition,

physical activity and colorectal cancer report [20].

Alcohol

Alcohol is a major risk factor for colorectal cancer incidence accounting for approximately 8-9%
of colorectal cancer cases globally [97]. In the WCRF meta-analysis, which included 19
prospective studies, a 10 grams per day (g/day) increment in alcohol intake (equivalent to about
one standard drink i.e., one 5 oz glass of wine, one 12 oz beer, or 1.5 oz of spirit) was associated
with a 7% higher risk of colorectal cancer. Moreover, MR studies have supported the role of
alcohol in colorectal cancer carcinogenesis [98]. Intake of alcohol can lead to cancer development
through multiple pathways and mechanisms, including DNA damage by acetaldehyde (a
carcinogenic metabolite of ethanol) [99], oxidative stress [100], and potentially through hormone

changes [101].

Processed and red meat
Early ecological studies showing that countries with higher meat intake also had higher rates of

colorectal cancer suggested that colorectal cancer may be influenced by meat consumption [93].
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This association was further observed in prospective cohort studies, and in the WCRF meta-
analysis, which included 13 prospective studies, an increment of 50 grams of intake from
processed meat (i.e., bacon, ham, or sausages) a day was associated with a 16% higher risk of
colorectal cancer risk [20], which they judged to be convincing evidence. For red meat intake,
such as beef, pork, and lamb, a probable positive association between red meat and colorectal
cancer risk was also observed in the WCRF meta-analysis including 14 prospective studies (a
12% higher risk of colorectal cancer per 100 g/day of red meat) [20]. In 2015, the IARC listed
processed meat as carcinogenic and red meat probably carcinogenic to humans [102]. Many
compounds in processed and red meat have been hypothesised to underlie this association.
Chemicals used to preserve processed meat, such as nitrates and nitrites, are converted in the
stomach and large intestine to N-nitroso compounds, which are mutagenic [102, 103]. Moreover,
cooking meat at high temperatures can create heterocyclic amines and polycyclic aromatic
hydrocarbons, which are mutagenic and several of which have been shown to be carcinogenic in

animal studies [103].

Foods containing dietary fibre

Dietary fibre was first hypothesized to be associated with colorectal cancer due to the noted
lower incidence of colorectal cancer and high fibre intake in parts of Africa [104]. In the WCRF
meta-analysis from 2017, which included 15 prospective cohort studies and 14,786 cases of
colorectal cancer, a 10 g/day increment in dietary fibre was associated with a 7% reduction in
risk (95% CI: 0%-13%) |20]. Higher intake of fibre as well as increasing fibre intake after a
colorectal cancer diagnosis has been shown to decrease the risk of dying of the disease [105].
Fibre is hypothesized to reduce the risk of colorectal cancer through multiple mechanisms,
including the reduction of faecal transit time and increase in faecal bulk, which may lessen the
potential of carcinogens to interact with colonocytes [106], reduction of secondary bile acid
production [107] insulin resistance [108], as well as the production of butyrate, a short-chain

fatty acid (SCFA) produced from fermentation of fibre, which has been suggested to have an
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anticarcinogenic effect [109]. However, mechanisms of fibre intake and colorectal cancer are not

well characterised and further research is needed to better understand this.

Wholegrains

Intakes of wholegrains (e.g., wholegrain bread, oatmeal, brown rice, wholemeal pasta) have
shown a probable inverse association with colorectal cancer risk [20, 110, 111]. In the most
recent WCRF meta-analysis from 2017, evidence for the intake of wholegrains and colorectal
cancer risk was classified as a probable inverse association. This was based on 6 prospective
studies (8,320 colorectal cancer cases), all of which showed an inverse association between
wholegrain intake and colorectal cancer risk, and together suggested a 17% reduction in risk
(95% CI: 11%-22%) of colorectal cancer per 90 g/day of wholegrain intake [20]. Wholegrains are
a good source of fibre, which may partially reduce the risk of colorectal cancer through the
mechanisms outlined above. Moreover, wholegrains are a rich source of other compounds and
minerals, such as lignans and polyphenolic compounds, which may act as anti-oxidants and
inhibit tumour formation [112]. Despite these hypotheses, it is unclear how the intake of
wholegrains modulates colorectal cancer risk and further research is needed to understand these

mechanisms.

Dairy products

Probable evidence has suggested that dairy, or diets high in calcium, may be associated with a
modest reduction in colorectal cancer risk [20]. In the WCRF meta-analysis from 2017 assessing
the association between the intake of dairy products and the risk of colorectal cancer, 14
prospective studies suggested that a 400 g/day increase in dairy product intake was associated
with a 13% lower risk of developing colorectal cancer [20]. Similar associations were observed for
milk intake and diets high in calcium where a 200 g/day increase in consumption of milk and a
200 mg/day increase in calcium intake were both associated with a 6% lower risk of colorectal
cancer in the WCRF meta-analysis of 13 prospective studies [20]. The association between milk

intake and colorectal cancer risk has also been observed in MR analyses using the lactase gene
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as a proxy for milk intake, where those with lactase persistence having a lower risk of colorectal
cancer in two different cohorts [113]. Calcium may modulate colorectal carcinogenesis by binding
unconjugated bile acids, thereby diminishing their potential carcinogenic effect [114, 115]. Other
components of dairy products may also reduce colorectal cancer risk, such as lactoferrins and
SCF As; however, further research is needed to clarify the role of these components and

mechanisms [114].

Dietary patterns

Dietary patterns, which reflect combinations of food intakes, may better capture the complexity
of dietary intake as foods and nutrients are not consumed in isolation. As such, assessing
whether a dietary pattern is associated with cancer risk may offer greater insight into disease
prevention. To date, no dietary patterns have been established for reducing the risk of colorectal
cancer [20]. Following a Mediterranean diet, that is a diet high in wholegrains, vegetables, fruits,
legumes, nuts, and fish, and low in red and processed meat, has been suggested to lower the risk
of colorectal cancer in some studies [116], but evidence remains inconclusive [20]. Following a
vegetarian diet, that is one excluding all meat and fish, may be associated with a lower risk of
developing cancer overall [117, 118], however, for colorectal cancer, the evidence remains unclear
[117, 119]. In the Adventist Health Study-2 (AHS-2), a prospective cohort study with many
vegetarians, individuals who did not consume meat, but consumed fish (pescatarians) had a 43%
lower risk of colorectal cancer compared to meat-eaters whereas being a vegetarian was
associated with a non-significant lower risk [119]. In the European Prospective Investigation into
Cancer and Nutrition (EPIC) — Oxford site, another large prospective study with a large
proportion of vegetarians, pescatarians had a 35% lower risk of colorectal cancer, but no
association was observed for vegetarians [117]. Further research assessing dietary patterns with

colorectal cancer is needed.
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2.2 Female breast cancer epidemiology

Breast cancer is a malignancy originating in the breast tissue that varies in location, molecular
subtypes, and grade of differentiation. Most breast cancers are carcinomas (cancers that arise in
epithelial cells) and are commonly located in the ducts or lobules of the breast [120]. Breast
cancers can be classified as in situ: pre-cancerous lesions confined to the epithelial layer; or
invasive: lesions that have infiltrated the basement members of the underlying connective tissue
[120]. Moreover, breast carcinomas are further characterised by molecular markers such as the
presence or absence of hormone receptors, namely, oestrogen and progesterone. These hormone
receptors are present in approximately 65% of all breast carcinomas and indicate that the
tumour is stimulated by oestrogen and/or progesterone, thus promoting proliferation [120].
Moreover, breast carcinomas can be classified based on the presence of amplification of the
ERBB2 gene, commonly referred to as the human epidermal growth factor receptor 2 or HER2
gene. This gene codes for HER2 proteins and when over expressed can cause increased cell
proliferation and is a general prognostic indicator of a more aggressive disease [120]. Considering
these molecular markers, breast cancer is a heterogeneous disease with various molecular
subtypes, differential grades, and metastatic potential, resulting in potential differences in

aetiological factors.

2.2.1 Incidence, mortality, & geographical trends

In 2020, female breast cancer was the leading cause of cancer incidence worldwide, accounting
for nearly 12% of all cancer cases [1|. An estimated 2.3 million women were diagnosed with
breast cancer in 2020 and over 680,000 women died from this illness [1]. Breast cancer is much
more common in North America, Europe, and Australia, where 6% of women will develop the
disease before the age of 75 years [1|. This contrasts with women from sub-Saharan Africa and
southern and eastern parts of Asia, where the risk is one-third lower than of women from North
America, Europe, or Australia. Figure 2.2 presents the age-standardised incidence rates of
female breast cancer per 100,000 women. In some countries in Europe, such as Belgium and the

Netherlands the age-standardised rate of breast cancer is 105 cases per 100,000 women, whereas
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in Uganda and Myanmar the age-standardised rate is around 22 cases per 100,000 women,
representing a nearly 5-fold difference in risk [24]. This difference in breast cancer rates by
regions of the world is thought to reflect the differences in hormonal risk factors (i.e., earlier age
of menarche, older age at first birth, fewer children, lower duration of breast feeding, and higher
use of oral contraceptives and menopausal hormones), lifestyle factors such as higher alcohol
intake, difference in body weight, and less physical activity, as well as the presence of breast
cancer screening programmes |1, 121, 122]. However, rates of breast cancer are increasing in
regions of Africa [123| and Asia [121] reflecting changes in lifestyle and environments as a result
of growing economies, including women having fewer children.

Female breast cancer incidence rates have generally stayed constant in countries in
North America and Europe over the past three decades, however, recent estimates have shown
that breast cancer incidence is slowly increasing in the United States at a rate of <0.5%
annually, as well as in some countries in Europe [122, 124]. The higher incidence in breast
cancer cases has been shown to be a result of higher oestrogen receptor (ER) positive tumours,

which may be due to the higher prevalence of excess body weight among these populations [124].
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Figure 2.2 Estimated age-standardised incidence rates of breast cancer in women in 2020.

Data source [24]. Abbreviation: ASR, age-standardised rate.
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Despite having substantially lower cancer incidence, the mortality rate of breast cancer is
substantially higher in countries located in sub-Saharan Africa [24]. For example, in Nigeria, the
age-standardised rate of breast cancer is 49 cases per 100,000 women, where the mortality age-
standardised rate is 26 deaths per 100,000 women, this is in contrast to the United States, where
the incidence is almost two times greater (90 cases per 100,000 women) but the death rate is
half that of Nigeria (12 deaths per 100,000 women) [24]. This contrast in incidence and
mortality is attributed to individuals in sub-Saharan Africa presenting with advanced disease
(later stage of diagnosis) than countries with higher incidence rates [125]. Population-wide
breast cancer screening programmes through mammography have been proven to prevent breast
cancer deaths through early detection [126], as has the development of effective treatments for
breast cancer [127]. However, as most countries in sub-Saharan Africa are resource limited,
introducing a mammography screening programme is difficult and potentially not cost-effective

[128, 129].

2.2.2 Risk factors

Observational evidence from prospective cohort studies has established differing risk factors for
developing breast cancer, which modifies a woman’s risk of being diagnosed at differing points in
her life. Breast cancers diagnosed before menopause (premenopausal) or after menopause
(postmenopausal) have been shown to have some different risk factors and aetiologies [130] as
have breast cancers diagnosed with differing hormone receptors present on the tumour cells
[131]. This section will outline established risk factors for developing breast cancer, highlighting

differences by menopause status.

Age

The risk of breast cancer increases rapidly with age during reproductive years until the age of 50
years, after which the incidence rate gradually slows [132]. Most breast cancers are diagnosed
after the age of 50 years [133| with the median age of breast cancer diagnosis in women being 62

years [124].
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Genetics

Breast cancer risk can be influenced by genetic factors, most notably by the BRCA1 and
BRAC2 gene mutations, which are two highly penetrant, inheritable genes that convey a
substantial increased risk of breast cancer if a woman is a carrier. These two genes, which
normally produce tumour suppressor proteins, are attributable for 5% of all breast cancer cases
[134]. BRCA mutations are fairly rare in most populations with about 0.2% of the population
being carriers of either of these genes, however, individuals of Ashkenazi Jewish ancestry are
more likely to be carriers of these genes [134]. GWAS have also identified more than 180 low
penetrant SNPs related to breast cancer risk [135]. Taken together, multiple low-penetrant

mutations in combination can result in a substantially higher risk of breast cancer [38|.

Hormones

Endogenous hormones, specifically oestrogens and androgens, play an important role in breast
cancer development [136-138]. In a meta-analysis of individual participant data from seven
prospective studies, a doubling of oestradiol, free oestradiol, oestrone, testosterone and free
testosterone were all positively associated with premenopausal breast cancer risk [136]. Similar
results were observed for postmenopausal women in an analysis of nine prospective studies,
where higher oestrogen and lower sex-hormone binding globulin (SHBG) were associated with a
higher risk of breast cancer [137]. In MR studies, oestradiol and testosterone have been
positively associated with breast cancer risk and SHBG has been inversely associated with
breast cancer risk, however, these associations may be only for ER-positive tumours [139-141].
Oestradiol stimulates cell division and growth of breast epithelial cells and bioavailability of
oestradiol is partially regulated by SHBG, thus higher levels of SHBG may reflect less available
oestrogens. Sex hormones may be important mediators for risk factors associated with breast
cancer risk, such as alcohol intake and obesity [142-144|; however, further research is needed to
further examine this and characterise the proportion of associations due to differences in sex

hormones.
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Reproductive factors

As the breast tissue consists of cells that are modulated and stimulated by sex hormones, such
as oestrogen and progesterone, a woman’s reproductive history, which influences the exposure of
endogenous hormones, is strongly associated with the risk of breast cancer. Women who have
experienced early menarche, have no children (nulliparous), have few children later in their life
(after the age of 30 years), and experience menopause at a later age, all have increased risk of
breast cancer [145, 146]. In a meta-analysis that included individual participant data from 117
studies, each year earlier of the start of menarche was associated with a 5% higher risk of breast
cancer [145]. This same meta-analysis also observed that later onset of menopause was
associated with higher breast cancer risk (2.9% higher risk of breast cancer per every year later)
[145]. The association between early age of menarche and breast cancer risk is supported by MR
studies, suggesting a potential causal association [147]. Later age of menopause has also been
shown in MR analyses to be strongly positively associated with breast cancer incidence [148].
Premenopausal women have also been shown to have a 43% higher risk of breast cancer than
postmenopausal women of the same age [145]. Ovarian production of sex hormones begins at
menarche and decreases at menopause and previous evidence has shown that higher sex
hormones, such as oestradiol, are associated with higher breast cancer risk [136, 137]. In a
prospective cohort of 1.2 million women with more than 27,000 breast cancer cases, women who
had their first child after the age of 30 years had a 27% higher risk of ductal carcinoma and 79%
higher risk of lobular carcinoma in comparison to women who had a child under the age of 20
years [149]. Although long-term breast cancer risk is lower in women who have given birth
earlier in their life, there is a short-term increased risk of breast cancer postnatally [150].
Breastfeeding has also been shown to decrease the risk of breast cancer although the magnitude
may be small; the WCRF meta-analysis from 2017, which included 13 studies, observed that
each 5 month increase in breastfeeding duration was associated with a 2% lower risk of breast

cancer [130].
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Menopausal hormone therapy and oral contraceptives

Similar to how endogenous hormones influence breast cancer risk, the use of exogenous
hormones such as oral contraceptives and menopausal hormone therapy (MHT) has been
associated with increased breast cancer risk [151, 152]. Specifically, women who are current or
recent users of oral contraceptives that contain oestrogen and progesterone have shown to have
a 24% and 16% increased risk of breast cancer compared to non-users, respectively [151]. In a
meta-analysis of individual participant data, the use of MHT had a robust positive association
with breast cancer risk with even stronger associations for longer duration and for combined
oestrogen-progestogen therapies [152|. For example, women who took an oestrogen-progestogen
MHT for over 15 years had a 2.5-fold greater risk of being diagnosed with breast cancer
compared to never users and this risk continues for multiple years after stopping [152]. From
this evidence, the IARC classifies both oral contraceptives and menopausal hormone therapy as

group I carcinogens for breast cancer [153]

Breast density

Breast density is classified from the amount of fibro-glandular tissue present in the breast in
comparison to fat tissue. The density of breast tissue has been shown to be positively associated
with breast cancer risk, with estimates suggesting a 4 to 6-fold increase in risk among women
with extremely dense breasts (>75% mammographic density) compared to women who have

fatty non-dense breasts [154].

Radiation

Exposure to ionising radiation through occupational exposures or through X-rays, particularly
during childhood and pubertal years, has been shown to increase the risk breast cancer [155,
156]. In female flight attendants, the risk of breast cancer has been observed to be higher, which
has been hypothesised due to their increased exposure to cosmic radiation while flying [157].
From the observed association between radiation and breast cancer, and on other cancer sites,

the IARC classifies radiation as a group I carcinogen [158].
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Diabetes mellitus

Evidence from a meta-analysis of prospective cohort studies has suggested that women with
diabetes have a 23% higher risk (95% CI: 12-35%) of breast cancer than women without
diabetes [159], however, this association is not observed amongst women with type I diabetes.
Higher circulating insulin has been shown in a MR study to be positively associated with breast
cancer risk [160]. As such, women with early stage and untreated type II diabetes may have an
elevated risk of breast cancer due to hyperinsulinemia, similar to the mechanisms that influence

colorectal cancer carcinogenesis described previously.

Adiposity

Adiposity, commonly measured using BMI, is a complex risk factor for breast cancer dependent
on a woman’s menopausal status [130]. In postmenopausal women, it is well established that
having overweight or obesity puts a woman at greater risk of breast cancer; the latest WCRF
meta-analysis (2017) utilising 56 prospective studies estimates a 12% greater risk of
postmenopausal breast cancer per 5 kg/ m” increase in BMI [130]. In contrast, having overweight
or obesity may be protective against premenopausal breast cancer, with a 5 kg/ m” increase in
BMI reflecting a 7% lower risk of premenopausal breast cancer in a meta-analysis of 37
prospective studies [130]. Some evidence has suggested that the inverse association between BMI
and premenopausal breast cancer may be stronger for hormone receptor positive cancers [161].
Mechanistically, this inverse association between higher BMI and premenopausal breast cancer
has been hypothesized to be a result of overweight women having less exposure to sex hormones,
dysregulation or fewer ovulatory cycles, less susceptibility to carcinogens throughout puberty
and young adulthood, and greater differentiation of breast tissue [162, 163]. For postmenopausal
breast cancer, higher BMI has been suggested to increase the risk of breast cancer through
higher circulating hormones, including oestrogens, and potentially greater low-grade
inflammation [164, 165]. For postmenopausal women, adipose tissue becomes the main source of
oestrogen through aromatisation of androgens, and women who have higher BMIs may have

lower levels of SHBG [166], which may lead to greater free oestradiol. In turn, this may lead to
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higher circulating serum oestrogen and greater locally produced oestrogens among individuals
with greater body fat [144].

The observations between BMI and premenopausal breast cancer are supported by MR
studies using genetic variants for adiposity [167], however, MR studies have suggested an inverse
association with postmenopausal breast cancer, which contrasts with the observations from
prospective studies [167, 168|. This discrepancy may be due to genetic variants predicting early-
life body size; in a longitudinal analysis assessing BMI genetic variants, the 97 genetic variants
were more strongly associated with earlier life BMI than later life [169] and MR analyses have
shown that genetic variants predicting larger body size in earlier life are inversely associated
with breast cancer risk, whereas genetic variants for adult body size have been non-significantly
positively associated after adjusting for early life BMI [170]. As such, the discrepancy between
MR and prospective studies for postmenopausal breast cancer may be driven by adult weight
gain [171]. In the latest WCRF meta-analysis from 2017, which included 15 prospective studies,
5 kg weight gain in adulthood was associated with a 6% higher risk of postmenopausal breast
cancer [130] and genetic variants utilized in MR analyses might be less capable of adequately

capturing this phenotype [171].

Height

Attained adult height has been positively associated in prospective studies with breast cancer
incidence for both premenopausal (6% higher risk per 5 cm) and postmenopausal (9% higher risk
per 5 cm) breast cancer [130], as well as in MR studies using genetic variants for height [172].
Height may be a good marker of the number of cells in a body and therefore risk [173|, with a
combination of environmental and genetic factors leading to a woman’s attained height. More
precisely, the combination of genetics, hormones, and early-life nutrition all influence body
composition and therefore nutritional factors that influence height may also influence cancer
risk, and height may be a surrogate marker of this exposure. Furthermore, hormonal influences
are probably important for breast cancer risk in association with height, as particular tissues in

taller people are exposed to higher levels of insulin, pituitary-derived growth hormone (GH), and
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IGF hormones. IGF-I is a major regulator of growth in utero and during childhood and
adolescence [6] and multiple genetic variants on the IGF signally pathway have been associated
with height [174]. Further understanding of the factors associated with determinants of height

and how these influences breast cancer carcinogenesis is needed.

Physical activity

Being physically active or undertaking vigorous physical activity has been shown to be inversely
associated with both premenopausal and postmenopausal breast cancer risk [130]. In the latest
WCREF meta-analysis of prospective studies, comparing women who did the highest amount of
vigorous activity versus the lowest, those in the highest category had a 17% and 10% lower risk
of premenopausal and postmenopausal breast cancer, respectively [130]. In a MR analysis
assessing the association of physical activity and breast cancer risk, genetic variants that
predicted physical activity were inversely associated with breast cancer risk even after excluding
SNPs associated with body size or after controlling for BMI [89], suggesting an independent
association of physical activity with breast cancer risk. Multiple hypothesised mechanisms exist
for why greater physical activity may confer a lower risk of breast cancer outside of having a
lower body weight [175], this includes lower circulating concentrations of hormones including
insulin, and oestradiol [176, 177], improved immune response to cancerous cells [178|, and
reduction of systemic inflammatory markers [91, 179|; however, these mechanisms have not been

fully explored.

Smoking

Although previously thought to be not associated with breast cancer risk [133|, smoking has
been shown to be modestly associated with a higher risk of breast cancer. In a recent meta-
analysis, which included 14 prospective cohort studies, current smokers had a 12% higher risk of
developing breast cancer in comparison to never smokers [180] and this positive association has
also been observed in MR analyses including more than 120,000 breast cancer cases [65].

Tobacco smoke contains many carcinogenic compounds, such as ethylene oxide and benzene,
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that have induced breast cancer in rodent models [181], and smoking metabolites have been
found in the breast tissue of smokers [182]. Some evidence has suggested that smoking may be
positively associated with sex hormones [166]. However, earlier studies have shown that smoking
tobacco may have an anti-oestrogenic effect, which might mask the influence of carcinogenic
compounds present in smoke on breast tissue [183, 184|. This may explain why earlier studies
have not observed an association between smoking and breast cancer risk [142], however, this

proposed anti-oestrogenic effect remains inconclusive.

2.2.3 Diet and breast cancer risk

Besides alcohol consumption, the associations of specific diets or dietary components with breast
cancer risk remains unclear. One of the first hypotheses that gained considerable research
attention was the association between fat consumption and breast cancer risk [185]. When
looking from an ecological perspective, there appeared to be an association between fat
consumption and breast cancer incidence, specifically the more fat a country consumed on
average the greater breast cancer rates were observed [185]. However, this association was not
observed in individual-level prospective cohort studies [186], nor in trials with women
randomised to follow a low-fat diet [187, 188|, suggesting that this initial observation was likely
due to confounding or other factors resulting in an ecological fallacy. Although other dietary
factors have been studied extensively in association with breast cancer, little evidence remains
consistent, potentially due to the natural heterogeneity of breast cancer.

Dietary intake has been hypothesised to potentially influence sex hormones through
multiple mechanisms; animal-derived foods may contain endogenous hormones and nutrient
components, such as cholesterol, are important substrates in sex hormone production [189)].
RCTs have also observed differences in sex hormone levels by dietary intake, with early evidence
suggesting that sex hormones may be influenced by fat intake [190], however, low-fat intake
interventions have found little or no changes in oestrogens without weight loss [191-193]. In one
RCT with an intervention aimed at reducing energy intake and promoting weight-loss,

oestradiol concentrations decreased by 16.2% [176]. As such, teasing out the independent
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association of specific dietary components from the influence of BMI is difficult. Dietary factors
have also been shown to be associated with the timing of puberty and age of menopause; some
evidence has suggested that intake of protein from animal sources is associated with earlier
menarche [194-196] whereas following a vegetarian diet has been associated with earlier onset of
menopause [197-199]. However, how dietary factors specifically influence timing of reproductive
events, and how this translates into differences in breast cancer risk remains unclear. Table 2.2
presents a summary of the 2017 WCRF meta-analysis for dietary factors and breast cancer risk

by strength of evidence as well as by menopausal status.

Table 2.2 Dietary factors in relation to breast cancer risk

Decreases risk Increases risk

Convincing Alcoholic drinks®

Probable Alcoholic drinks'

Strong evidence

Dairy plroducts1

Non-starchy vegetables
(oestrogen receptor-

Suggestive negative cancers only)

Foods containing
carotenoids

Limited evidence

Diets high in calcium

Table 2.2 is adapted from the World Cancer Research Fund summary of evidence from the diet, nutrition, physical
activity and breast cancer report [130]
1 L 2 .

represents associations for premenopausal breast cancer where “ represents associations for postmenopausal breast

cancer.

Alcohol
Alcohol remains the most convincing dietary related risk factor for breast cancer; in a meta-
analysis of 22 prospective studies, alcohol intake (per 10 g/day) was associated with a 9%
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greater risk of postmenopausal breast cancer, and in meta-analysis of 10 prospective cohorts, a
10 g/day increase in alcohol intake was associated with a 5% greater risk of premenopausal
breast cancer [130]. From these results, the WCRF listed the evidence for the association of
alcohol intake and breast cancer risk as strong and convincing for postmenopausal breast cancer
and strong and probable for premenopausal breast cancer [130], and the TARC classify alcohol
intake as a group I carcinogen for female breast cancer [200, 201|. Conversely, the assessment of
genetic variants related to alcohol intake and breast cancer have found no association with
breast cancer risk [202]|. Reasons for this null association may be that the genetic instruments
for alcohol intake are only weakly associated with intake, there is no causal effect, or the causal
effect is small [202]|. Multiple proposed mechanisms exist for why alcohol may induce breast
carcinogenesis including elevating sex hormones, metabolization of alcohol to acetaldehyde,
which may induce DNA damage, or lowering folate status which may change DNA methylation
patterns [166, 203, 204]. Moreover, alcohol intake has been observed to have a stronger
association with ER-positive tumours compared to ER-negative tumours [130], which may
suggest that hormonal changes induced by alcohol consumption are important. However, specific
mechanisms are not well established, and it is likely that multiple factors interplay to induce a

higher risk of breast cancer.

Drets high in calcium

Limited — suggestive evidence exists that higher intake of calcium may be associated with lower
breast cancer risk for both premenopausal and postmenopausal breast cancer [130]. In the latest
WCRF meta-analysis from 2017, which included five prospective studies, a 300 mg/day increase
in calcium intake was associated with a 13% lower risk of premenopausal breast cancer and in 6
prospective studies, a 300 mg/day increase in calcium was associated with a 4% lower risk of
postmenopausal breast cancer [130]. In a recent MR study assessing the association between
micronutrients and risk of breast cancer, a suggestive inverse association was observed between
calcium concentrations and overall breast cancer risk [205]. In vitro studies have suggested that

calcium modulates breast carcinogenesis by regulating cell proliferation, differentiation, and
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apoptosis [206]. Calcium is tightly regulated by the body, with approximately only 1% of total
calcium being found in the blood and intracellular tissue [207|. Inadequate intake of calcium or
poor absorption can decrease circulating ionised calcium, which will trigger homeostatic
mechanisms to maintain a sufficient level. This variation in dietary calcium intake may impact
carcinogenesis although this remains unclear and specific mechanisms are yet to be elucidated

[130].

Dairy — premenopausal breast cancer

Some evidence suggests that consuming dairy products is associated with a slight lower risk of
premenopausal breast cancer. Specifically, in the WCRF meta-analysis of seven prospective
studies, a 200 g/day increase of dairy product consumption was associated with a 5% reduced
risk of premenopausal breast cancer, whereas no significant association was observed for
postmenopausal breast cancer [130]. The inverse observation for dairy intake and premenopausal
breast cancer may be potentially due to the high calcium content in the dairy products.
However, in a MR analysis using the lactase gene as a proxy for milk intake, the most
commonly consumed dairy product, there was no association between lactase persistence and
breast cancer risk utilising three different studies [113]. However, the null finding in this MR
study may be a result of assessing risk with total breast cancer cases rather than by menopausal
status. Regardless, it remains unclear whether these associations are causal and if they differ by

menopause status [130].

Non-starchy vegetables and foods containing carotenoids

The 2017 WCRF meta-analysis of prospective studies found that a 200 g/day increase in non-
starchy vegetables (approximately 2 servings) was associated with a 21% lower risk of ER-
negative breast cancer in three prospective studies [130]. However, the observation between non-
starchy vegetables was not observed for overall breast cancer risk by menopausal status, or for
any other hormone receptor subtype (i.e., ER+), and the number of studies with information on

hormone status is limited.
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Limited evidence suggests that the intake of foods that contain carotenoids (a
phytonutrient found in certain vegetables), such as alpha- and beta-carotene, have an inverse
association with overall breast cancer risk [130]. These associations have been observed from
dietary questionnaires but are stronger when measured in blood samples of circulating
carotenoids [208|. In a meta-analysis of nested case-control studies, circulating carotenoids were
inversely associated with breast cancer risk, whereas carotenoid intake measured by dietary
questionnaires has been less consistent [130, 208| potentially due to poor measurement of intake,
and the association being stronger for ER-negative tumours [130]. Serum measurements of
carotenoids may reflect a diet rich in many bioactive phytochemicals derived from fruits and
vegetables which in combination act to reduce breast cancer risk [208]. Carotenoids may reduce
proliferation of cells and have antioxidant properties in in vitro studies, which may prevent
reactive oxygen and free radicals from damaging DNA [209]; however, further research is needed

to understand these relationships.

Dietary patterns

Following specific dietary patterns such as the Mediterranean diet, a low-fat diet, or adherence
to dietary guidelines have not shown a consistent association with breast cancer risk, regardless
of menopausal status [130]. In cross-sectional studies, consuming a Western dietary pattern
(high in meat and processed foods) has been modestly positively associated with total oestrogen
and free oestradiol levels [189, 210] and meat intake may be related to lower SHBG
concentrations [211]; however, how much this is due to differences in BMI and whether following
this type of diet is associated with breast cancer risk remains unclear [130].

Following a vegetarian or pescatarian diet has not been shown to be associated with the
risk of breast cancer in EPIC-Oxford [117] nor in the AHS-2 [212]. Although vegetarians and
pescatarians may consume a more plant-rich diet, with greater variation, whether this influences
breast cancer risk remains inconclusive. Some studies have suggested that red or processed meat
may be carcinogenic to breast tissue [213], but in general, epidemiological studies have found no

association [130]. Vegetarians also consume greater amounts of soy products, which contain
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phytoestrogens that may potentially reduce the risk of breast cancer [214]. Vegetarians and
pescatarians also consume more fibre, on average, than meat-eaters [215, 216|, which has been
suggested to potentially reduce the risk of breast cancer in a recent meta-analysis of prospective
studies [217]. Despite this, evidence to date has suggested that following any dietary pattern
does not modify breast cancer risk and further studies with a large number of breast cancer

cases are needed to explore this.

2.3 Prostate cancer epidemiology

Prostate cancer originates in the prostate gland, which functions to provide fluid to transport
and nourish sperm. Over 95% of diagnosed prostate cancer are adenocarcinomas, with the two
main types being acinar adenocarcinoma and to a lesser extent ductal adenocarcinoma [218|.
Prostate cancer typically develops slowly with some tumours being indolent, however other
types of prostate cancer can be aggressive, spread to other parts of the body, and result in death
[219, 220]. Prostate cancer aggressiveness is scored using a combination of size and spread of the
tumour, if it has infiltrated local lymph nodes, if there is distant metastasis to other parts of the
body, as well as how differentiated tumour cells are. The Gleason score is primarily used to
score prostate tumours based on differentiation. This score originated in the 1960s from a
prospective cohort study that summarised the histological growth patterns of the tumour and
compared the results with prognosis and staging [221, 222]. A Gleason score of <7 indicates a
low-grade tumour or well/moderately differentiated tumour and is therefore less aggressive
whereas a Gleason score =8 indicates a high-grade tumour, which is undifferentiated and is
potentially more aggressive. Risk factors for prostate cancer may differ by stage and grade of the
tumour making prostate cancer a heterogeneous disease with differences in molecular subtypes

and overall prognosis.

2.3.1 Incidence, mortality, & geographical trends
Global estimates suggest that over 1.4 million men were diagnosed with prostate cancer and

nearly 380,000 men died because of the disease in 2020, making it the second most common
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cancer and fifth leading cause of cancer death in men [1]. Prostate cancer incidence is much
higher in countries with a high development index; in countries such as Sweden and Canada the
age-standardised rates are 80 and 100 cases per 100,000 men per year, respectively, whereas in
Asian countries, where incidence rates are lower, the age-standardised rate is approximately 5-10
cases per 100,000 men [24]. Figure 2.3 presents the age-standardised incidence rates of prostate

cancer by countries across the world.
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Figure 2.3 Estimated age-standardised incidence rates of prostate cancer in men in 2020.

Data source [24]. Abbreviation: ASR, age-standardised rate.

Prostate cancer is the leading cause of cancer death among men in 48 countries [1, 24| and
mortality rates are increasing in many countries located in Central and Eastern Europe, Asia,
and Africa [223|. The mortality rate from prostate cancer by country is less variable than the
incidence rate, with the highest mortality rates being observed in Caribbean and African
countries [1]. In the Caribbean and countries located in the middle of Africa, the age-
standardised mortality rate is estimated to be 27.9 and 24.8 deaths per 100,000 men per year,
respectively [1]. Mortality rates are lowest in South-Central Asia, where the age-standardised
rate is approximately 3.1 prostate cancer deaths per 100,000 men per year. In countries with

high prostate cancer incidence such as in Europe and North America, the mortality rate is
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relatively low with an age-standardised prostate cancer death rate of approximately 8-13 deaths
per 100,000 men.

The difference in incidence rates between countries in North America and Europe and
those in Asia and eastern Africa is likely partly due to the use of prostate specific antigen (PSA)
testing. Unlike colorectal and breast cancer, for which there is organised screening in many
countries where individuals are screened at a certain age, there is no formal screening
programme for prostate cancer in any country. However, PSA testing, which became clinically
available in the late 1980s, has been utilised as a monitoring, screening, and diagnostic tool for
prostate cancer [224, 225]. PSA is produced by the prostate gland and elevated levels in
circulation indicate greater prostate cell activity, which can be a result of a prostate cancer
tumour. Upon indication of abnormal PSA levels, a biopsy will confirm if prostate cancer is
present. However, it is estimated that up to 67% of prostate cancers detected by PSA testing
may not have become clinically apparent during a man’s life and thus would not require
treatment [225, 226|. As such, with the introduction of PSA testing, large increases in prostate
cancer diagnoses were observed, particularly for non-aggressive disease and among countries
where such testing was common [227]. This difference in incidence may reflect both
overdiagnosis of non-aggressive tumours in these countries and earlier diagnosis of aggressive
disease, which may allow for enhanced treatment options [228, 229|. In recent years, the use of
PSA screening has decreased with governing bodies such as the United States Preventative
Services Task Force ruling against the use of PSA testing among men in the general population
to screen for prostate cancer [230]. This decrease in use of PSA testing may in part explain why
there is a decrease in incidence of prostate cancer among some countries where testing was
common. To date, PSA testing is still conducted in countries such as the UK and the United
States, however systematic implementation of the test has not been recommended for
asymptomatic men and current guidelines suggest shared decision-making between healthcare
providers and individuals that weighs the uncertainties, risks, as well as possible benefits [231-
233|. One study that followed more than 450,000 UK men aged 45-69 estimated that around

39% had a PSA test over a ten-year period [234].
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2.3.2 Risk factors

Despite prostate cancer being so common, few aetiological risk factors have been elucidated.
Moreover, investigating potential modifiable risk factors for prostate cancer has been challenging
due to the high proportion of prostate cancer that is ‘over-diagnosed’ from PSA testing, which is
often low-grade and non-aggressive disease that may not be, or ever become, clinically relevant
[225, 226]. For modifiable risk factors, only circulating IGF-I concentrations and free
testosterone have been suggested as established risk factors. This next section will outline the

few risk factors associated with higher prostate cancer risk.

Age

Older age is a major risk factor for prostate cancer with very few (~1%) prostate cancers being
diagnosed before the age of 50 years [235, 236]. After the age of 50, the age-standardised
incidence rate of prostate cancer increases until approximately 80 years of age in which the
incidence rate declines [235]. Evidence from autopsy studies have suggested that nearly 60% of
all men over the age of 79 that die from other causes will have histological evidence of prostate
cancer [237]. Despite the lower incidence rate, potentially due to less diagnostic activity, men
over the age of 75 years may be more likely to be diagnosed at an advanced stage and die of

prostate cancer [238, 239].

Family history and genetics
Prostate cancer may have a large heritable component [240, 241|. In a meta-analysis of 26
studies, having a first-degree relative or two or more first degree relatives with a prostate cancer
diagnosis was associated with a 2.5-fold higher risk and 4.4-fold higher risk of prostate cancer,
respectively, compared to men with no family history [242].

To date, more than 160 low-penetrant genetic variants have been identified that are
associated with prostate cancer [241, 243-245]. Together, these low-penetrant genetic variants
can contribute to a substantially higher risk of developing prostate cancer; men in the top 10%

of a genetic risk score derived from these genetic variants have a 2.9-fold higher risk of prostate
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cancer compared to the population average [241]. To date, a third of familial risk of prostate
cancer can be explained by known genetic variants [245].

The G84E mutation is a high-penetrant rare mutation located on the HOXB13 gene and
is estimated to confer a 4-fold to 8-fold increased risk of total prostate cancer [246|. Moreover,
individuals with BRCA2 mutations or Lynch syndrome have also been shown to have a 2-fold to
4-fold higher risk of developing prostate cancer [247, 248|.

Relatively little is known about genetic factors associated with advanced or aggressive
prostate cancer as most studies examining genetic variants have used overall prostate cancer as
the outcome. However, a GWAS has identified 16 SNPs related to aggressive prostate cancer, all
of which were also associated with overall prostate cancer risk [245|. Further research is needed
to compare genetic variants of nonaggressive and aggressive tumours to better identify

individuals who may be at a greater risk of developing advanced disease.

Ethnicity

In the United States, non-Hispanic black men are 76% more likely to be diagnosed with prostate
cancer and 2.3 times more likely to die of prostate cancer than white men [249|. Approximately
1 in 7 black men in the United States will be diagnosed with prostate cancer over their lifetime
and the diagnosis of prostate cancer is often in younger men with more aggressive tumours [249|.
This difference in risk has also been observed in the UK, where black men have 2- to 3-fold
higher risk of being diagnosed with prostate cancer compared to white men [250]. The
underlying reason for this difference in risk by ethnic group is not fully understood but may be
due to genetic, molecular, and lifestyle differences [245, 251, 252]. GWAS have identified a few
genetic variants that are more common among males from African ancestry than European
ancestry and are associated with a higher risk of developing prostate cancer [245, 253|. However,
the cause of the difference in ethnicity is likely multifactorial, with differences in genetics,
hormones, and lifestyle contributing to this disparity making it difficult to disentangle each

causal component.
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Sex hormones

Androgens are involved in the development and growth of the prostate gland and are integral
for normal prostate functioning [254|. Androgen deprivation therapy, which reduces the
production of androgens and blocks their action on the body, influences prostate cancer risk and
acts to slow progression among men with prostate cancer [255, 256|. Prostate cancer has been
shown to overexpress the androgen receptor, thus implicating testosterone and
dihydrotestosterone in the aetiology of the disease. In circulation, testosterone is bound to
SHBG and albumin with approximately only 2% of testosterone circulating unbound and
considered “free” and bioavailable [257]. In a recent analysis from a collaboration of 20 nested
case-control studies, which included 6933 prostate cancer cases, men in the lowest tenth of free
testosterone concentrations had a 23% lower risk of total prostate cancer compared to all the
other men, but a non-significantly 56% higher risk of high-grade tumours [258]. This finding
may reflect a saturation effect; after a certain threshold the androgen receptors on prostate cells
become saturated and additional increases in concentrations of free testosterone have no
biological effect [259]. MR analyses have implicated testosterone to be important in prostate
cancer development, with recent evidence suggesting that free testosterone is associated with
aggressive and early-onset prostate cancer as well as overall disease risk [14, 260]. However,
observational analyses using pre-diagnostic estimated free testosterone levels have shown no
association with aggressive prostate cancer risk but a positive association with early-onset
prostate cancer [260]. Possible explanations for these differences could include limitations of
observational evidence (i.e., confounding), or genetic variants representing exposure to higher

free testosterone at key developmental periods rather than adulthood [261].

Height

In observational studies, taller adult-attained height has been associated with higher risk of
prostate cancer [262]. In the latest WCRF meta-analysis from 2014, which included 34
prospective studies, a 5 cm increment in height was associated with a 4% higher risk of total,

advanced, or fatal prostate cancer [262]. However, in MR analyses, genetic variants for height
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have not been shown to be associated with prostate cancer risk [263, 264]. As such, genetic
determinants of height may not be causally associated with prostate cancer, but environmental
factors that influence adults’ height, such as early life health and nutrition, may explain the
differences in risk due to height [264]. Hormones such as GH and IGF-I play an important role
in the regulation of bone growth [265, 266] and may be important mediators between the

association of height and prostate cancer risk.

Body fat

In the most recent WCRF meta-analysis, body fatness was listed as being probably associated
with risk for advanced prostate cancer [262|. In 23 studies, a 5 kg/ m” increase in BMI was
associated with an 8% higher risk of advanced prostate cancer, with similar results being
observed for waist circumference and waist-hip ratio [262]. For total prostate cancer, no
association with BMI has been observed [267], and in some prospective studies, an inverse
association has been observed with total prostate cancer [268, 269|, which may be due to
differences in detection. A recent meta-analysis of 19 prospective cohort studies, which included
19,633 prostate cancer deaths, found evidence that BMI was associated with a 10% higher risk
of dying of prostate cancer per 5 kg/ m” increment in BMI [270]. Despite the consistent
associations observed in observational evidence, MR analyses have not found an association
between adult BMI and aggressive prostate cancer [264, 271|, however one analysis did find a
positive association between a genetic score for birthweight and aggressive prostate cancer risk
[271]. The observed association between BMI and aggressive disease and mortality may be
subject to detection bias [272]|. In men who are obese, PSA concentrations are on average lower
[267], prostates are typically larger, and a digital rectal exam is difficult to conduct [273], which
may lead to missing an indication for a potential prostate tumour. Men who are overweight may
be less health conscious and less likely to seek medical care if symptoms of prostate cancer
appear. This may lead to a diagnosis of prostate cancer at a later stage and thus a worse

prognosis.
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Diabetes mellitus

As described, living with diabetes has been shown to increase the risk of numerous cancers
including breast and colorectal cancer |73], however for prostate cancer, an inverse association
has been observed between having diabetes and prostate cancer in prospective studies [250, 274,
275|. In a meta-analysis of 32 prospective cohort studies, a 14% lower risk of total prostate
cancer was observed for men with diabetes [274], and in two recent large prospective studies in
Europe estimated a 26% and 30% lower risk of prostate cancer among men with diabetes [250,
275|. However, MR studies do not support a causal association between type II diabetes and
prostate cancer risk with genetic predictors for type II diabetes, insulin, and glucose all not
being associated with prostate cancer risk [73, 75, 276]. Multiple hypothesized mechanisms exist
for why men with diabetes may have a lower risk of prostate cancer including men with diabetes
having lower circulating IGF-I and testosterone concentrations [277, 278 and potentially the
anti-carcinogenic effect of metformin, which is a commonly prescribed drug for individuals living

with diabetes [279], however further research is needed to better understand this.

Smoking

Previous meta-analyses have shown that smoking is not associated with prostate cancer
incidence [280]. However, in a meta-analysis of 51 studies from 2014, smoking cigarettes was
associated with a 24% higher risk of prostate cancer death |281], however, whether this is due to
residual confounding, smokers being diagnosed later, or not adhering to PSA testing in follow-up
remains unknown [281]. Smoking may be associated with prostate cancer risk by modifying

circulating sex hormones [261], however this needs to be further explored.

2.3.3 Diet and prostate cancer risk
Overall, the evidence between diet and prostate cancer risk remains inconclusive, with no strong
evidence suggesting an association for dietary factors in prostate cancer aetiology [262]. In the

most recent WCRF meta-analysis of prospective studies, the only dietary factors that were
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listed were dairy products and diets high in calcium as having “limited — suggestive” evidence for
increasing the risk of prostate cancer. Table 2.3 presents a summary of the 2014 WCRF meta-
analysis for dietary factors and prostate cancer risk. This next section will outline the
association of dairy products and diets high in calcium and discuss the evidence for other dietary

factors and patterns.

Table 2.3 Dietary factors with limited evidence in relation to prostate cancer risk

Decreases risk Increases risk

. Dairy products
Suggestive ) o .
Diets high in calcium

Limited evidence

Table 2.3 is adapted from the World Cancer Research Fund summary of evidence from the diet, nutrition, physical
activity and prostate cancer report[262]

Dairy products

In the latest WCRF meta-analysis from 2014, which included 15 prospective studies, a 400
g/day increase in total dairy product consumption was associated with a 7% higher overall
prostate cancer risk (95% CI: 2%-12%). Few prospective studies have looked at associations by
stage and grade of disease and thus results from the WCRF meta-analysis were insufficiently
powered to stratify by subtypes of prostate cancer risk; however, preliminary evidence indicated
a higher risk for non-advanced prostate cancer, and no association for advanced prostate cancer
[262]. Milk intake was also explored with prostate cancer risk and total milk intake was
positively associated with total prostate cancer risk, but this may only be for low-fat milk
consumption [262]. Some evidence has also suggested that higher milk intake is associated with
prostate cancer progression [282, 283|, however evidence remains unclear if these associations are
causal and what are the underlying mechanisms for this. In MR analyses using the lactase gene

as a proxy for milk intake, no associations were observed combining three large studies,
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however, a significant positive association was observed in one of the studies, namely the
FinnGen consortium, which may be explained as the Finnish population is quite homogenous
and have relatively high milk intake [113].

Intake of dairy products and milk intake have been shown to be positively associated
with circulating IGF-I concentrations in cross-sectional studies [3-5] and RCTs [284-286], which
may be due to their high protein content. Dairy products are also high in calcium, which may
explain the higher prostate cancer risk [262]. The role of circulating IGF-I concentrations in

relation to prostate cancer risk is discussed in greater detail below.

Drets high in calcium

In the WCRF meta-analysis of 15 prospective studies, a 400 mg/day increase in calcium intake
was associated with a 5% higher risk of total prostate cancer [262|. In countries located in North
America and Europe, calcium intake is an approximate marker for dairy product intake and
disentangling these two is difficult. In studies assessing non-dairy calcium intake, no association
with prostate cancer risk has been observed [287]. Calcium has been hypothesised in studies to
influence prostate cancer risk by regulating the formation of 1,25-dihydroxy vitamin D3,
resulting in lower concentrations, which may increase cell proliferation and inhibit differentiation
of cells in the prostate [288, 289]. However, in MR analysis, genetic variants for serum calcium
concentrations were not significantly associated with prostate cancer risk [290], which may
suggest that observational evidence between calcium and prostate cancer is confounded.
Similarly, in RCTs assessing calcium supplementation, no effect of taking a calcium supplement
was observed in developing prostate cancer [291, 292] although studies may be underpowered

due to the few participants (~1800) and small number of prostate cancer cases (48 cases total).

Other dietary factors
Some other dietary factors have been implicated in the risk of prostate cancer, but overall
evidence remains inconclusive. The 2014 WCRF meta-analysis determined that there was

“limited — no conclusion” for intake of dietary lycopene, an antioxidant found in tomatoes, and
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the risk of prostate cancer. However, in a 2017 meta-analysis of dietary intake of lycopene and
circulating concentrations of lycopene, an inverse association with prostate cancer was observed
[293], although no association was observed for advanced disease. Other studies have suggested
that higher levels of some micronutrients, including vitamin D, vitamin E, and selenium, may be
associated with a lower risk of prostate cancer, but the findings from RCTs and MR analyses

are overall null or inconclusive [262, 294-296].

Dietary patterns

The evidence for following a specific dietary pattern and risk of prostate cancer remains unclear
[262]. In EPIC-Oxford, a non-significant inverse association was observed between being a
vegetarian or vegan and prostate cancer risk compared to meat-eaters [117|, whereas in AHS-2,
being vegetarian was not associated with prostate cancer risk, but being vegan was associated
with a 34% lower risk of developing prostate cancer compared to meat-eaters [297]. Vegans do
not consume any animal products, including meat, dairy, or eggs, and evidence has suggested
that they have lower circulating IGF-I concentrations compared to meat-eaters [298, 299,
potentially due to excluding dairy from their diet. However, vegetarians and vegans are less
likely to have a PSA test [300], which may impose detection bias in prospective cohort studies
without adequate adjustment for testing. Besides the possible association with dairy, dietary risk
factors for prostate cancer are unclear, and the modest association with dairy intake is unlikely

to explain this difference in risk for vegans.

2.4 Circulating insulin-like growth factor-I and risks of colorectal,

breast, and prostate cancer

IGF-I belongs to the IGF axis, which consists of a group of proteins with two major ligands
(IGF-I and IGF-II) and six binding proteins. The amino acid sequence of IGF-I is similar to that
of insulin and insulin and IGF-I share common downstream cellular signalling pathways |6, 78].

Molecularly, IGF-I stimulates the growth of cells by binding to IGF-I receptors, which activates
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a protein tyrosine phosphorylation signal cascade, which is also similar to the action of insulin
when stimulating the insulin receptor at high levels [78]. Specifically, IGF-I promotes cellular
growth, proliferation, and inhibition of apoptosis via the activation of phosphoinositide 3-kinase
pathways-Akt-mammalian target of rapamycin (PI3K-Akt-mTOR) and gene transcription and
regulation via the mitogen activated protein kinase pathway (Figure 2.4) |7, 301]. By IGF-I
stimulating IGF-I receptor signalling, which promotes cellular proliferation, this increases the
number of cells and potential of damaged cells to be replicated therefore increasing the
probability of carcinogenesis [302]. Figure 2.5 presents a schematic of high and low IGF-I
environments over time, where greater cell division and thus the number of cells are produced in
a high IGF-I environment, thereby creating a greater potential for carcinogenesis and replication
of damaged cells.

IGF-I is primarily produced in the liver (~85%) under the influence of GH [6] but most
tissues in the body can also produce IGF-I locally, thus being capable of paracrine and autocrine
signalling. Binding proteins partially regulate the action of IGF-I, namely insulin-like growth
factor binding proteins (IGFBP), in which most of circulating IGF-I is bound to IGFBP-3.
Evidence has shown that higher levels of IGFBP-3 increase the binding capacity of IGF-I and
decreases circulating IGF-I bioactivity with approximately 80%-90% of IGF-I being bound to
IGFBP-3 [6, 302-304]. IGF-I action is further controlled by IGFBP proteases, which act to

cleave IGF-I from binding proteins and make it bioavailable (Figure 2.4).
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Figure 2.4 IGF-I and insulin cellular signalling leading to cell proliferation and survival.
Figure adapted from [6, 305]

Abbreviations: IGF-I, insulin-like growth factor-I, IGF-IR, insulin-like growth factor-I receptor; IGFBP, insulin-like
growth factor binding proteins; MAPK, mitogen activated protein kinase; mTOR, mammalian target of rapamycin;
PIBK, phosphoinositide 3-kinase.
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Figure 2.5 IGF-I influence on cellular signalling leading to greater potential of carcinogenesis

Time

with proliferation of damaged cells over time.

Figure adapted from Pollak et al., [7]. Cells with grey spikes represent damaged cells. Figure exaggerates the
magnitude of the difference between high and low IGF-I environments for illustrative purposes.

Abbreviation: IGF-I, insulin-like growth factor-I.

Circulating IGF-I concentrations increase at puberty and decrease as one ages due to the
decrease in GH production [306]. Males are often shown to have higher circulating IGF-I
concentrations than females, which may be attributable to sex hormone differences [307].
Individuals of taller height are also shown to have a higher circulating IGF-I concentrations,
although being taller could be a result of higher IGF-I concentrations in early-life and during
puberty [308]. BMI has been shown to have a U-shape association with IGF-I concentrations
with those with very low BMIs (<20 kg/m?) and very high (235 kg/m”) having lower
concentrations than individuals with a BMI of 22.5-27.5 kg/m” [309, 310]. Other factors that
have been shown to influence IGF-I concentrations include alcohol intake, where greater intake
of alcohol is inversely associated with IGF-I concentrations [309, 310], ethnicity, where Hispanics
have been shown to have lower IGF-I concentrations than white individuals [309] and MHT use,
with women currently taking oestrogen MHT having lower concentrations of IGF-I [310, 311]

possibly due to oestrogens influence in decreasing IGF-I synthesis in the liver [312].
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Circulating IGF-I concentrations may also be modifiable by nutritional factors. Existing
evidence suggests that energy restriction and prolonged fasting greatly decrease IGF-I
concentrations [313, 314|, with one meta-analysis of RCTs showing that reducing energy intake
to less than 50% of required daily energy can decrease IGF-I concentrations by ~5 nmol/L [315].
Moreover, the intake of protein and dairy products have been shown to be positively associated
with IGF-I concentrations. Multiple RCT's focused on increasing protein intake have found an
increase in IGF-I concentrations in the higher protein arm [316, 317]. Similar results from RCTs
have shown that greater intake of milk [284, 318] or dairy products [285, 286] elevates IGF-I
concentrations. Adequate amino acid availability is required for hepatocytes to express the IGF-
I gene, thus resulting in IGF-I synthesis [319]. Insufficient protein and energy intake may
decrease the synthesis of IGF-I and greater clearance of IGF-I, thus resulting in decreased
circulating IGF-I concentrations [313]. For other nutritional factors, and specific foods, the
evidence for modifying IGF-I concentrations remains unclear. To date, no current studies have
formally assessed circulating IGF-I concentrations as a mediator for higher cancer risk between

dietary factors and IGF-I related cancers.

2.4.1 Insulin-like growth factor-I and colorectal cancer risk

Higher pre-diagnostic circulating IGF-I concentrations have been shown to be positively
associated with colorectal cancer risk in nested-case control studies [9], prospective cohort
analysis [12]|, and MR analysis [12] with estimates suggesting a 11% higher risk per standard
deviation (SD) increase (~5 nmol/L) in IGF-I concentrations. IGF-I receptors are present in
colorectal epithelial cells and overexpression of the IGF-I receptor in colorectal neoplasms is
frequently observed [320].

In vitro studies using human colon cancer cells have shown that the blockage of IGF-I
receptors by monoclonal antibodies inhibits cell proliferation [321]. However, agents tested in
clinical trials to target the IGF system have not been successful in treating patients with
colorectal cancer [322]. Another factor that may influence colorectal cancer carcinogenesis

through the IGF pathway is insulin. Preclinical studies with individuals who had colorectal
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adenomas have shown that insulin not only promotes the growth and survival of colorectal
cancer cells directly, but also can promote IGF-I synthesis as well as increase IGF-I
bioavailability by inhibiting IGFBP production 323, 324|. Studies have also observed that
individuals with obesity-related hyperinsulinemia have higher levels of free IGF-I (unbound IGF-
I, which is more bioavailable to receptors) than individuals who are nonobese [325, 326]. Despite
the potential implications of insulin-IGF axis in carcinogenesis, how exactly insulin and IGF-I
interact to promote tumour formation and how this pathway may be modifiable by lifestyle

changes remains unclear [326].

2.4.2 Insulin-like growth factor-I and breast cancer risk

Circulating IGF-I concentrations have been positively associated in observational studies [10, 13|
as well as in an MR analysis [13| with premenopausal and postmenopausal breast cancer risk. A
recent observational study of 206,000 women showed that a 5 nmol/L increase in circulating
IGF-I concentrations was associated with a 13% and 10% higher risk of premenopausal and
postmenopausal breast cancer, respectively [13]. Early evidence from case-control studies
suggested that IGF-I concentrations may only be associated with premenopausal but not
postmenopausal breast cancer [327], but recent evidence from prospective and MR studies has
clarified that IGF-I concentrations are associated with breast cancer regardless of menopausal
status [10, 13|. However, the association between IGF-I concentrations and breast cancer risk
may be exclusively in ER-positive tumours but not ER-negative tumours [10, 13]. In cellular
studies, IGF-I and oestrogens have been shown to crosstalk [312, 328] and oestrogen might
increase the presence of IGF receptors in breast cancer cells [329]. Moreover, IGF-I may inhibit
hepatic synthesis of SHBG, which may make oestradiol more bioavailable. Despite IGFBPs
regulating the bioavailability of IGF-I, and potentially having a direct inhibitory effect on cell
growth [330], both observational and MR analyses have suggested IGFBP-3 is not associated
with breast cancer risk [10, 13]. IGF-I stimulates breast epithelial cell growth and proliferation,
resulting in greater potential of carcinogenesis [331] and cellular evidence has shown that a

greater number of IGF-I receptors are present on breast cancer cells [332]. Despite IGF
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pathways being implicated in breast carcinogenesis and tumour growth, phase II and IIT RCTs
targeting the IGF-I receptor via monoclonal antibodies have not shown any clinical benefit in

treating breast cancer [333-335].

2.4.3 Insulin-like growth factor-I and prostate cancer risk

In observational [11, 14] and MR studies [14, 336], circulating IGF-I concentrations have been
associated with higher risk of total and aggressive prostate cancer and prostate cancer mortality;
a 5 nmol/L increase in IGF-I concentrations was associated with a 9% higher risk of total and
aggressive prostate cancer, and 15% higher risk of prostate cancer death. Estimates from MR
studies have suggested that one SD increase in circulating IGF-I concentrations (5.4 nmol/L) is
associated with a 45% higher risk of prostate cancer and a 2.1-fold higher risk of early onset
prostate cancer (<55 years of age) [336]. In vitro studies show an increase in IGF-I receptor
expression in prostate tumour tissue [337| with evidence suggesting that expression of the IGF-I
receptor elevates the risk of the tumour progressing to metastasize [338]. However, similar to
colorectal and breast cancer, phase II clinical trials targeting the IGF-I receptor via monoclonal
antibodies have generally shown to not be effective in treating prostate cancer greater than
already established treatments such as androgen deprivation therapy [339, 340].

The positive association between dairy intake and prostate cancer risk is hypothesised to
be mediated by higher IGF-I concentrations [287], and this may be due to the protein content in
dairy products [5]. Evidence in rodent studies has suggested that the amino acid composition of
dietary protein may be involved in prostate growth, possibly by IGF-I concentrations and
activation of the mammalian target of rapamycin (mTOR) pathway, which ultimately increases
proliferation and decreases autophagy [341|. However, these mechanisms are not well
characterised and further research understanding the potential mechanisms of how dairy

products may influence prostate cancer risk is needed.
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2.5 Conclusion

Rates of cancers of the colorectum, breast, and prostate vary across the world suggesting
potential environmental factors may be associated with developing these cancers. Circulating
IGF-I concentrations have been implicated in the carcinogenesis of the colorectum, breast, and
prostate, and IGF-I concentrations may be modifiable through lifestyle factors, such as diet.

Determining causal modifiable risk factors for cancer holds immense public health
importance. Research is needed to better understand modifiable determinants of circulating
IGF-I, with dietary intake being a plausible candidate for modifying IGF-I concentrations.
Further understanding of dietary determinants of common cancers using repeated measures of
diet is also needed to reduce measurement error and refine estimates to assess potential diet —
cancer associations. Furthermore, nutrients and foods are consumed in combination and
intercorrelations between foods may complicate identifying a true association; thus, identifying
dietary patterns associated with cancer risk may offer insight into dietary components associated
with carcinogenesis.

This thesis will explore dietary determinants of circulating IGF-I concentrations for both
food groups and macronutrients, with a particular focus on protein intake (Chapter 4 & 5).
Moreover, this thesis will explore how protein sources associated with IGF-I concentrations,
namely dairy protein sources, are related to the risks of colorectal, breast, and prostate cancer
and explore if IGF-I concentrations mediate these associations (Chapter 6). This thesis will also
explore how intakes of carbohydrate sources and types, which influences insulin response, are
related to the risk of colorectal cancer, and see if associations are modified by host SCFA genetic
variants (Chapter 7). Finally, this thesis will also explore potential mediators for possible
relationships between diet and cancer risk and look at dietary patterns, such as being a
vegetarian or pescatarian, to further understand if these diets are associated with different risks
of common cancer sites and further understand what may mediate these relationships (Chapter

8). Figure 2.6 presents a schematic overview of the research questions and aims of this thesis.
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Figure 2.6 Schematic overview of the research questions explored in this thesis and potential hypotheses linking dietary intake with

risk of cancer.

Thick arrows represent associations explored in this thesis; dashed arrows represent mediating or moderating factors explored in this thesis; light grey arrows
represent hypothetical associations not formally explored in this thesis.

Abbreviations: IGF-I, insulin-like growth factor-I; SCFA, short-chain fatty acids.
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Chapter 3

Data source: UK Biobank

53



3.1 UK Biobank

Data from the UK Biobank, a large prospective cohort of over half a million middle aged
individuals from across the UK, were used throughout this thesis. This cohort was established
with the aim of investigating various exposures in relation to different health outcomes to better
understand and improve the prevention, diagnosis, and treatment of disease in middle age. The
UK Biobank is one of the largest prospective cohorts in the world and the goal of recruiting half
a million individuals was set to accrue enough cases of diseases over time, and thus obtain
sufficient power required to quantify different risk factor-disease associations. This biomedical
database contains in-depth information on lifestyle, genetic, biomarker, and health information,
which provides the opportunity to conduct epidemiological research to better understand

common life-threatening diseases [342].

3.1.1 Design and methods

Recruitment

Participants were recruited to the UK Biobank from March 2006 to September 2010 and were
identified from individuals registered with the National Health Service (NHS) in the UK. From
March 2006 to June 2006 initial piloting of recruitment to the UK Biobank occurred, which
included 3,798 participants who completed a recruitment assessment visit in Stockport, UK.
After this, the first assessment centre of the main study opened in April 2007 in Manchester,
and other assessment centres were opened on a staggered basis over time. A total of 9,238,453
individuals who were aged 40-69 years and lived within 25 miles (40 kilometres) of an
assessment centre were sent a postal invitation to participate in the study and attend one of the
22 assessment centres across England, Wales, and Scotland. A total of 503,317 participants
(5.45% response rate) consented to take part in the UK Biobank study and attended an

assessment centre over the recruitment period [343].
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Data collection at recruitment
Information on participants’ lifestyle and other potentially health-related factors were collected
at the recruitment visit via a self-administered computer touchscreen questionnaire. The
touchscreen questionnaire was utilised to optimise the accuracy and completeness of data as well
as to allow for direct data entry, monitoring, and automated coding of responses compared to
conventional paper questionnaires. Questions included information on lifestyle such as smoking
(never, previous, and current as well as questions on frequency and duration), alcohol
consumption (specific consumption of beer, wine, and spirits), and physical activity (through a
validated survey instrument [344] as well as assessing sedentary behaviour). The touchscreen
questionnaire also included questions on socioeconomic information such as if they owned a
house, employment status, how many vehicles they owned, education obtained, total household
income, questions on ethnic background, and health history such as diagnosis of disease, or
whether they had specific operations such as an oophorectomy or hysterectomy. For women,
reproductive factors such as age at menarche, menopause status, number of children birthed
were asked in the touchscreen questionnaire. Finally, questions also asked about the use of
medications and vitamins, which included if women took MHT or oral contraceptives.
Information that was not easily collected by questions on the touchscreen questionnaire
was asked using a subsequent computer-assisted personal interview with a trained member of
staff. This included questions that required further details such as the medication(s) they took,
family history of disease, and birth information. Before these interviews, an aide was provided to
participants to prompt recollection of the types of information they previously indicated on the
touchscreen questionnaire. Questions included in this interview were based on the responses of
participants in the touchscreen questionnaire. For example, if the participant indicated they had
a medical condition in the touchscreen questionnaire, this was prompted further in the personal

interview to ask about specific follow-up questions related to the condition.
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Anthropometric measurements at recruitment

Trained professionals took anthropometric measurements at the assessment centre during the
recruitment visit. Weight and bio-impedance were measured using the Tanita BC-418MA body
composition analyser, which provided direct data entry into the assessment centre software.
Bioimpedance was not measured if participants were pregnant, using a pacemaker, or were
wheelchair-bound to name a few. When participants weight and bio-impedance were measured,
they were instructed by the study staff to remove their shoes and heavy outer clothing before
being weighed. Standing and sitting height were measured using a Seca 240 cm height measure
and hip and waist circumference measurements were taken with a Seca 200 cm tape measure.
Height measurements were not taken if participants were unable to bear weight, were wheel-
chair bound, or were suffering from neck issues, whereas hip and waist circumferences were not
measured if a participant was pregnant, wheel-chair bound, or had a colostomy bag. Height, hip,
and waist circumference measurements were manually entered by trained professionals after
measurements were taken. Further details regarding anthropometric measurements in the UK

Biobank have been described elsewhere [345].

Blood collection at recruitment
A total of 40-50 mL of blood was taken from participants during the recruitment assessment
visit using a vacutainer system. A nurse or a phlebotomist collected all blood samples for all
participants, apart from a small proportion (0.3%) who declined, were unable to provide a blood
sample, or for technical or health reasons the attempt at drawing blood was unsuccessful. Blood
was drawn into ethylenediaminetetraacetic acid vacutainers, which were used for plasma and
haematological assays, serum vacutainers to measure serum samples, and acid citrate dextrose
was used for functional assays.

Upon receiving blood samples from participants at the assessment centre, these were
shipped to the central processing laboratory in 4 °C temperature-controlled boxes.

Haematological assays were conducted typically within 24-hours of the blood draw at the central
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laboratory, whereas all other blood samples were frozen at -80 °C or in a back-up archive where
blood samples were stored in liquid nitrogen at -196 °C.

Quality control procedures during the measurement of biomarkers at the central
laboratory determined that some serum blood samples collected were inadvertently diluted
during the creation of the aliquots from serum vacutainers [346|. This dilution is thought to
have occurred due to mixing of participant sample with water due to seals that failed to hold a
system vacuum in the automated liquid handling system. Despite this, the vast majority (92%)
of assay results were found not to be materially affected by this dilution with an estimated
concentration of 1% lower than the unaffected samples [346, 347|. The dilution increased in
magnitude with increasing aliquot number, with aliquot 1 being the least affected and aliquot 3
being more affected by dilution (~2% of participants samples); thus aliquot 1 was prioritised for
serum blood measurements by the UK Biobank. The UK Biobank discarded all measurements
from aliquot 4 due to being unable to characterise the dilution in this aliquot, although the

dilution appeared most severe [346].

Genomic data

Participants were genotyped from blood samples collected at the recruitment visit by Affymetrix
Research Services Laboratory located in Santa Clara, California. A subset of 49,950 individuals
were genotyped at 807,411 genetic markers using the Applied Biosystems UK Biobank Lung
Exome Variant Evaluation (UK BiLEVE) Axiom Array produced by Affymetrix. This subset of
individuals were selected based on lung function, smoking behaviour reported by participants,
and reported European ancestry to further study the genetics of lung health and disease [348].
Otherwise, 438,427 participants were genotyped using the Applied Biosystems UK Biobank
Axiom Array, which included 825,927 markers. This array shared 95% of the markers with UK
BiLEVE array. The genetic marker content of the UK Biobank Axiom array was chosen to
capture genome-wide genetic variations such as SNPs as well as insertions and deletions. Many
markers were included in the array because of previous or possible associations with disease. The

array also included rare markers, which included minor allele frequencies of <1% as well as
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markers that provided good genome-wide coverage for imputation in European populations.
Over 90 million variants were imputed from markers using the Haplotype Reference Consortium
and UK10K + 1000 Genomes reference panels. Genotyped data were quality controlled for poor
quality markers and poor-quality samples from high missing rate and heterozygosity. In total,
genotyped data from 488,377 individuals in the UK Biobank were available. Further details

regarding genotyping have been described elsewhere [349, 350].

Data storage and anonymity

All participants included in the UK Biobank remain anonymous to researchers as UK Biobank
does not provide identifiable data such as NHS number, name, exact date of birth, or postal or
email address of individuals. Data are provided to researchers after the approval of applications

to the UK Biobank to access the data and are reverse-anonymised.

3.1.2 Ethical approval

At recruitment, all participants provided informed consent to participate in the study as well as
to be followed through their health records. Participants can withdraw from the UK Biobank at
any time, in which their data are instructed to be removed from all researchers’ datasets. UK
Biobank also has an Ethics and Governance council and Ethics Advisory Committee. The Ethics
and Governance Council acts as an independent guardian of the UK Biobank Ethics and
Governance Framework, monitors ethical conformity, and advises on the interests of research
participants. The Ethics Advisory Committee is a committee of members of the UK Biobank
board, which provides advice on ethical issues that arise during maintenance, development, and
use of UK Biobank data, including reviewing and advising on policies that have ethical
relevance. Ethical approval was obtained by North West Multi-Centre Research Ethics
Committee and is renewed every five years with the most recent renewal being obtained in June

2021 (21/NW/0157).
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3.1.3 Follow-up

Follow-up of participants from the UK Biobank is ongoing primarily through linkage to health
records. Some participants have also participated in additional phenotyping, including wearable
physical activity monitoring, magnetic resonance imaging of the brain and body, 24-hour dietary
assessments, and whole-body DEXA scan, as well as repeating the whole recruitment visit for a

second time.

Repeat assessment

Following the completion of the recruitment visit at one of the 22 assessment centres, 103,514
participants who lived within a 35 km radius of the assessment centre in Stockport, UK were
invited to complete a repeat recruitment assessment visit from August 2012 to June 2013, of
which, 20,3465 participants attended and completed the recruitment assessment visit for a
second time (21% response rate). This repeat assessment was conducted to provide another
measurement of participants lifestyle, health, and biomarkers over time as well as to correct

exposures for regression dilution bias [351].

Disease incidence and mortality
At recruitment, participants consented to have their past and future medical record data
available allowing for follow-up through record linkage. Information regarding the incidence and
mortality of disease after recruitment is obtained by the UK Biobank study via NHS numbers in
England and Wales and Community Health numbers in Scotland. From this, participants can be
identified and followed for specific health outcomes from such databases, including hospital
admission data [352], cancer registries [353], general practice records [354], and death registries
[355].

In this thesis, both cancer registry data and hospital inpatient data were utilised to
follow participants for incident cancer diagnoses. The World Health Organization’s International
Statistical Classification of Diseases and Related Health Problems 10th revision (ICD-10) codes

were used to determine whether a participant had an incident cancer diagnosis with codes C00-
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97 reflecting any cancer diagnosis (excluding participants with a non-melanoma skin cancer
diagnosis (C44)), colorectal cancer (C18-C20), breast cancer (C50), or prostate cancer (C61)

[356].

3.1.4 Dietary assessments
Dietary intake was assessed through two different modalities in the UK Biobank, a short dietary
assessment completed by all participants and a 24-hour dietary assessment completed by a

subsample of participants.

Touchscreen questionnaire

At the recruitment visit, all participants completed 29 questions about dietary intake of
commonly consumed foods and 18 questions on alcohol intake using the touchscreen
questionnaire. Dietary questions included on the touchscreen questionnaire were designed to
characterise participants based on commonly eaten food groups consumed among the British
population. These dietary questions asked about frequency of consumption of select foods mostly
over the past year (12 months), as well as avoidance of specific foods, last time participants
consumed meat, and if they have changed their diet over the past 5 years. For the consumption
of vegetables and fresh fruit, participants were asked to enter the number of heaped tablespoons
(for both cooked vegetables and salad/raw vegetables) or pieces of fruit (with examples as “one
apple, one banana, 10 grapes” constituting one piece) consumed per day. Participants also had
the option to select ‘less than one’, ‘do not know’ or ‘prefer not to answer’ for questions on
cooked vegetables, raw vegetables, or fresh or dried fruit intake. For beef, lamb, pork, processed
meat, poultry, oily fish, non-oily fish, and cheese, no portion size was provided in the question,
instead, participants were asked how often each item was consumed per week with possible
choices being ‘never’, ‘less than once a week’, ‘2-4 times a week’, ‘5-6 times a week’, ‘once or
more daily’, ‘do not know’, or ‘prefer not to answer’. For bread intake, participants were asked
to enter the number of slices of bread they consumed per week as well as the type of bread they

most consumed. Similarly, participants were asked to report their intake of cereal by entering in
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the average number of bowls they consumed per week and report the type of cereal they

consumed most.

24-hour dietary assessment — Ozford Web@)
Dietary intake was further assessed in greater detail in a subgroup of participants using a web-
based 24-hour dietary assessment tool, namely, the Oxford WebQ [357]. The Oxford WebQ 24-
hour dietary assessment questionnaire asks participants to recall the quantity of consumption of
206 types of foods and 32 types of drinks they consumed during the previous 24 hours [358].
Validation of the Oxford WebQ was conducted in a sample of 160 men and women with
biomarker measurements for protein, potassium, and sugar, and an accelerometer for energy.
The results showed that the Oxford WebQ questionnaire performs well in approximating true
dietary intake, with a greater correlation with additional dietary assessments included [359]. The
web-based 24-hour dietary assessment was also found to provide similar estimates of energy and
nutrient intake compared to an interviewer administered 24-hour dietary recall [358].

The last 70,724 participants recruited to the UK Biobank from April 2009-September
2010 completed the 24-hour dietary assessment at the assessment centre as part of their
recruitment visit. Moreover, every 3-4 months for a total of four times between February 2011
and April 2012 (first follow-up, February 2011 to April 2011; second follow-up, June 2011 to
September 2011; third follow-up, October 2011 to December 2011; and fourth follow-up April
2012 to June 2012), a link to the 24-hour dietary assessment was emailed to all participants who
had provided a valid email address at recruitment (Figure 3.1). Invitation emails were sent on
variable days of the week and participants in follow-ups 1 and 2 were given 3 days to complete
the 24-hour dietary assessment; whereas for follow-ups 3 and 4, 14 days were provided to click
the link to complete the dietary assessment before it expired to increase the participation rate.
During the follow-up period, the response rate in each follow-up 24-hour dietary assessment
varied between 26% and 33% of participants with valid emails responding.

At the start of the 24-hour dietary assessment, participants were provided with

instructions on how to complete the questionnaire. Participants were asked to select the type
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and amount of food they had consumed in the previous day and questions were grouped by food
groups (i.e., beverages, breads, cereals, meat and fish, fruits and vegetables). Participants were
also asked at the start of the questionnaire if what they consumed was their ‘typical diet’ and if
they reported it was not, they were asked to provide reason(s) for not eating typically on that
day with options being illness, fasting, travel, or other reasons not listed. At completion,
participants were provided with a list of all food and beverage items they reported consuming on
the previous day and were allowed to make amendments as needed. The Oxford WebQ took an
average of 10-15 minutes to complete.

In all analyses in this thesis that utilised the 24-hour dietary assessment to measure diet,
individual 24-hour dietary assessments with extreme energy intakes (<3,347 (800 kcal) or
>17,573 kJ (4,200 kcal) for men, and <2,092 (500 kcal) or >14,644 kJ (3,500 kcal) for women)
[360] were removed, as were 24-hour dietary assessments where participants reported they were
ill or fasting on the day of the dietary assessment. Moreover, a minimum of two (or four for the
IGF-I concentration analysis) 24-hour dietary assessments were required in order for
participants to be included in analyses to reduce random measurement error between day-to-day

variations in dietary intake [360].
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Figure 3.1 Dietary assessments (touchscreen questionnaire and web-based 24-hour dietary assessment) completed by UK Biobank

participants over time.



3.1.5 Nutrient calculations from the 24-hour dietary assessment
Macronutrients and their sources, fibre, and energy intake were estimated in each completed
web-based 24-hour dietary assessment from each participants’ reported food and beverage intake
[361, 362]. Specifically, food compositions from the UK Nutrient Databank (2013, survey year 6)
were used and 681 food codes were linked to food and drinks in the Oxford WebQ to determine
nutrient and energy intakes. The UK Nutrient Databank is commissioned by Public Health
England as part of the National Diet and Nutrition Survey and contains widespread information
on the nutrient content of foods commonly consumed by individuals in the UK [363]. Each food
and beverage items in the 24-hour dietary assessment was assigned one or multiple food codes
from the UK Nutrient Databank that reflected the food or beverage item and were classified
into food groups [362]. The matching of food codes to food and beverage items in the Oxford
WebQ 24-hour dietary assessments was undertaken by researchers in the CEU, University of
Oxford and Department of Public Health & Primary Care, University of Cambridge and has
been described in greater detail elsewhere [361].

The quantity of each food and beverage consumed was calculated by multiplying the
assigned portion size by the reported consumed amount of the food or beverage in each 24-hour
dietary assessment. Portion sizes were estimated based on UK standard portion sizes as well as

how questions were asked in the 24-hour dietary assessment [361, 364].

The following intakes of macronutrients were determined from all foods consumed in each 24-
hour dietary assessment: carbohydrates, total sugars, free sugars, starch, fat, fat from plant
sources, fat from animal sources, protein, protein from plant sources, protein from animal
sources, fibre, and total energy [361]. Other exposures, namely starch from wholegrains, starch
from refined grains, non-free sugars, protein and fat from dairy sources, milk, yogurt, and
cheese, protein and fat from animals from non-dairy sources, energy not from alcohol, and
alcohol were calculated from specific food groups/items in each 24-hour dietary assessments

[362] and are described below.
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Non-free sugars
Non-free sugars were calculated by subtracting free sugars from the total sugars calculated for

each 24-hour dietary assessment.

Starch from wholegrains
Starch from wholegrains was calculated from the grams of starch from wholegrain bread,
wholegrain pasta or brown rice, bran cereal (e.g. bran flakes), biscuit cereal (e.g. Weetabix,

Shredded Wheat), oat cereal (with or without sugar) and muesli.

Starch from refined grains
Starch from refined grain was calculated from the grams of starch from white bread, other
breads (e.g., naan garlic bread), other cereal, white pasta or rice, pizza, samosa, pakora, grain

dishes, savoury snacks, biscuits, and other desserts, cakes, and pastries, and savoury crackers.

Protein and fat from dairy sources

Protein from dairy products and fat from dairy products were calculated from the grams of
protein and fat from all types of milk (whole, semi-skimmed, and skimmed), cream, butter (low
fat and high fast), yogurt (full fat and low fat), cheese (high fat and medium fat), and dairy
drinks.

Protein and fat from animal sources (not dairy)
Protein and fat from animal sources other than dairy were calculated for each participant by
subtracting the total amount of grams or energy from animal protein and animal fat from the

calculated dairy protein and dairy fat for each 24-hour dietary assessment, respectively.
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Protein and fat from milk
Protein from milk and fat from milk were calculated from the reported intake of whole milk
>3.6 grams of fat per 100 grams), semi-skimmed milk (1.0-3.6 grams of fat per 100 grams), and

skimmed milk (<1.0 grams of fat per 100 grams) in grams in the 24-hour dietary assessment.

Protein and fat from yogurt
Protein from yogurt and fat from yogurt were calculated from the reported intake of full fat

yogurt and non-fat yogurt in grams in the 24-hour dietary assessment.

Protein and fat from cheese
Protein from cheese and fat from cheese were calculated from the reported intake of medium or
low-fat cheese (<17.5 grams per 100 grams) and high fat cheese (>17.5 grams per 100 grams) in

grams in the 24-hour dietary assessment.

Total energy and energy not from alcohol
For total energy not from alcohol, energy was calculated for each food item excluding alcohol

intake.

Alcohol
Alcohol intake was determined from the grams of alcohol in a standard drink asked in the 24-
hour dietary assessment. Total grams of alcohol were calculated from wine, spirits, and beer

reported in the 24-hour dietary assessment.

Table 3.1 provides a summary of how each type and source of macronutrients utilised in this

thesis were derived.
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Table 3.1 Summary of the calculations for each macronutrient types and sources from the 24-hour dietary assessments

Macronutrient types and sources

Calculation

Total carbohydrates
Total sugar
Total free sugar

Total non-free sugar
Total starch
Starch from wholegrains

Starch from refined grains

Fibre (non-starch polysaccharides)
Total protein
Protein from plant sources
Protein from animal sources
Protein from dairy products

Protein from milk
Protein from yogurt
Protein from cheese
Protein from animal source (not dairy)
Total fat
Fat from plant sources
Fat from animal sources
Fat from dairy products

Fat from milk
Fat from yogurt
Fat from cheese
Fat from animal source (not dairy)
Total alcohol intake
Total energy
Total energy not from alcohol

UK Nutrient Databank — food compositions

UK Nutrient Databank — food compositions

Determined from the proportion of sugars that were from free sources (all monosaccharides and disaccharides added to foods,
plus sugars naturally present in honey, syrups and unsweetened fruit juices)

Calculated as the difference between total sugars and free sugars

UK Nutrient Databank — food compositions

Starch from wholegrain was calculated from the grams of starch from wholegrain bread, wholegrain pasta or brown rice, bran
cereal (e.g., bran flakes), biscuit cereal (e.g., Weetabix, Shredded Wheat), oat cereal (with or without sugar) and muesli.
Starch from refined grains was calculated from the grams of starch from white bread, other breads (e.g., naan garlic bread),
other cereal, white pasta or rice, pizza, samosa, pakora, grain dishes, savoury snacks, biscuits, and other desserts, cakes, and
pastries, and savoury crackers.

UK Nutrient Databank — food compositions

UK Nutrient Databank — food compositions

Total protein intake from plant foods derived from UK Nutrient Databank — food compositions

Total protein intake from animal sources from UK Nutrient Databank — food compositions

Protein from dairy products was calculated from the grams of protein from all types of milk, cream, butter, yogurt, cheese and
dairy drinks.

Protein from milk from milk was calculated from the reported intake of whole milk, semi-skimmed milk, and skimmed milk
Protein from full fat yogurt and non-fat yogurt

Protein from medium or low-fat cheese and high fat cheese

Determined as the difference between protein from animal sources and protein from dairy products

UK Nutrient Databank — food compositions

Total fat intake from plant foods derived from UK Nutrient Databank — food compositions

Total fat intake from animal sources from UK Nutrient Databank — food compositions

Fat from dairy products was calculated from the grams of protein from all types of milk, cream, butter, yogurt, cheese and
dairy drinks.

Fat from milk from milk was calculated from the reported intake of whole milk, semi-skimmed milk, and skimmed milk

Fat from full fat yogurt and non-fat yogurt

Fat from medium or low-fat cheese and high fat cheese

Determined as the difference between fat from animal sources and fat from dairy products

UK Nutrient Databank — food compositions

UK Nutrient Databank — food compositions

Determined from the difference in total energy minus the energy from alcohol

Data source: [361, 362]
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Calculated grams of total carbohydrates and carbohydrate types and sources and total protein
and protein sources were multiplied by 16.7 to obtain the kilojoule (kJ) of energy from the
specific macronutrient [365]. Total fat and fat sources were multiplied by 37.7 to determine the
kJ of energy from fat [365]. Once this was determined from all 24-hour dietary assessments, each
macronutrient was divided by the total amount of energy intake for the specific WebQ 24-hour
dietary assessment for each participant to determine the percentage of energy from the

macronutrient for each individual 24-hour dietary assessment completed.

68



Chapter 4

Food group intakes and circulating IGF-I

concentrations
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Chapter 4 summary

Intakes of some foods have been associated with increased circulating IGF-I concentrations;
however, evidence remains inconclusive. This chapter examines the cross-sectional associations
between food group intakes and circulating IGF-I concentrations in 438,453 UK Biobank
participants. At recruitment, the UK Biobank participants reported their intake of commonly
consumed foods and blood samples were collected in which serum IGF-I concentrations were
measured. From these questions, intakes of total vegetables, fresh fruit, red meat, processed
meat, poultry, oily fish, non-oily fish, and cheese were estimated. Compared to never consumers,
participants who reported consuming oily fish or non-oily fish >2 times/week had 1.25 nmol/L
(95% confidence interval:1.19-1.31) and 1.16 nmol/L (1.08-1.24) higher IGF-I concentrations,
respectively. Participants who reported consuming poultry >2 times/week had 0.87 nmol/L
(0.80-0.94) higher IGF-I concentrations than those who reported never consuming poultry.
There were no strong associations between other food groups and IGF-I concentrations. Fish
and poultry are protein rich foods, however other protein rich foods, such as red meat, were not
associated with IGF-I concentrations. Further research is needed to understand the mechanisms

which might explain these associations.
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4.1 Introduction

IGF-I is a polypeptide hormone, primarily produced in the liver, which stimulates cell growth
and proliferation [6]. As described in Chapter 2, prospective and genetic studies have indicated
that higher circulating IGF-I concentrations are associated with several cancer outcomes

including, higher risks of colorectal, breast, and prostate cancer [10-14, 327|.

4.1.1 Previous studies

While there is substantial evidence assessing dietary factors associated with circulating IGF-I
concentrations [3-5, 366, 367|, to date the evidence seems consistent only for energy restriction,
and intakes of protein and dairy products. Restricting energy intake for prolonged periods may
decrease circulating IGF-I concentrations [313-315] whereas previous cross-sectional studies [3-5,
366] and RCTs [285, 286, 368, 369], have reported some evidence for a positive association
between intake of dairy products and IGF-I concentrations, which has been proposed to be due
to the protein content in dairy products [5]. However, for some dairy products, such as cheese,
evidence has been inconsistent and in some smaller studies, intake has not associated with IGF-I
concentrations [3, 370]. Moreover, it is not well understood whether or how intakes of other
protein-rich foods, such as red meat, poultry and fish, and other food groups, such as fruits and
vegetables, relate to circulating IGF-I concentrations, with previous studies being limited by

relatively small sample sizes [3-5, 366].

4.2 Aim

Using the UK Biobank, which collected dietary information and measured serum IGF-I
concentrations from blood collected at the recruitment visit, this chapter investigates the cross-

sectional associations of selected food groups with circulating IGF-I concentrations.
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4.3 Methods

4.3.1 Study sample & exclusions

Details of the UK Biobank study are described in Chapter 3. At the time of this analysis, 824
participants had withdrawn their informed consent from the study and were excluded.
Participants were also excluded if they had a prevalent cancer at recruitment recorded by a
cancer registry (excluding non-melanoma skin cancer; N=27,174), were taking medications,
which may alter IGF-I concentrations, such as GH (N=4,077; Ancillary Table 4.1) or did not
have a measured value for IGF-I at recruitment (N=32,789). In total, a maximum of 438,453

participants were included in this analysis.

4.3.2 Dietary assessment

In this analysis, for each of the following foods and food groups, participants were categorised
into four categories based on their reported frequency of intake of specific food groups:
vegetables (raw and cooked), fresh fruit, red meat (unprocessed beef, pork, and lamb/mutton),
processed meat (e.g. bacon, ham, sausages), poultry, oily fish (e.g. sardines, salmon, mackerel,
herring), non-oily fish (e.g. cod, tinned tuna, haddock), and cheese. Cut-offs for categories were
chosen based on the data distribution of intakes for each food group. For the consumption of
vegetables and fresh fruit, participants were asked to enter the number of heaped tablespoons
(for both cooked vegetables and salad/raw vegetables) or pieces of fruit (with examples as “one
apple, one banana, 10 grapes” constituting one piece) consumed per day. Participants also had
the option to select ‘less than one’, ‘do not know’ or ‘prefer not to answer’ for questions on
cooked vegetables, raw vegetables, or fresh fruit intake. Based on this, participants were
categorised for the intake of total vegetables (cooked and raw) as 2.0 servings per day, 2.0-2.99
servings per day, 3.0-3.99 servings per day, and =>4.0 servings per day with two heaped
tablespoons of vegetables counting as a serving. For fresh fruit intake, participants were as <1
servings per day, 1.0-1.99 servings per day, 2.0-2.99 servings per day, and >3.0 servings per day
with one piece of fresh fruit counting as a serving. For oily fish, non-oily fish, processed meats,

poultry, beef, lamb, pork and cheese, no portion size was given in the question, instead,

72



participants were asked how often each item was consumed with possible choices being: ‘never,
‘less than once a week’, ‘2-4 times a week’, ‘5-6 times a week’, ‘once or more daily’, ‘do not
know’, or ‘prefer not to answer’. These frequencies were then converted using the following
coding: ‘Never’ = 0, ‘Less than once a week’ = 0.5, ‘Once a week’ = 1, ‘2-4 times a week’ = 3,
‘5-6 times a week’ = 5.5, ‘Once or more daily’ = 7. From these responses, participants were
categorised into intakes for each food group based on their reported consumption. Specifically
for total red meat intake, participants were categorised into one of the following categories:
<once/week, 1-1.99 times per week, 2-2.99 times per week, and >3.0 times per week. For the
intake of processed meat, poultry, oily fish, and non-oily fish, participants were categorised into
one of four categories: never, <once/week, once a week, and =2 times per week. For cheese
intake participants were categorised into one of four categories: <once/week, once a week, 2-4
times a week and =5 times per week. If a participant selected ‘do not know’ or ‘prefer not to

answer’ they were excluded from the analysis for that specific food group.

4.3.3 Laboratory analysis

Non-fasted blood samples were collected from nearly all participants (99.7%) at the recruitment
visit and were transported at 4°C to the central laboratory for cryopreservation and subsequent
biochemical measurements. Further details of blood retrieval from UK Biobank participants are
described in Chapter 3. Serum concentrations of IGF-I were measured using the DiaSorin Ltd.
LIAISON®) XL chemiluminescent immunoassay. The coefficient of variation for circulating
IGF-I concentrations between batches was 1.2%. Details about assay methods and quality

control procedures for serum blood measurements are available online [371] and in Chapter 3.

4.3.4 Repeat assessment

As described in Chapter 3, approximately 20,000 participants who lived within a 35 km radius
participated in a repeat recruitment assessment at the UK Biobank centre in Stockport, an
average of 4 years after their initial visit. At this repeat baseline assessment, participants

provided a second blood sample. From this follow-up visit, a total of 16,689 participants had a

73



valid IGF-I concentration measured with 15,419 participants having both (recruitment and
follow-up) IGF-I measurements. The reproducibility between the baseline IGF-I measurement
and the follow-up IGF-I measurement was determined to be good with an intraclass correlation
coefficient of 0.76. Further information on the UK Biobank repeat visit can be found in Chapter

3 and on the UK Biobank website [372].

4.3.5 Statistical analysis

Circulating IGF-I concentrations were logarithmically transformed to minimise the impact of
outliers as well to obtain the geometric mean concentrations of IGF-I in line with previous
studies. The geometric mean concentration of IGF-I was obtained within each category of intake
of food groups from linear regression models based on predictions of the model by using the
margins, fixing covariates at their means for each category. To determine relative values,
geometric means in the other categories were divided by the geometric mean in the lowest

category.

In minimally adjusted linear regression models, adjustments were made for sex and age at
recruitment (<45, 45-49, 50-54, 55-59, 60-64, >65 years). Multivariable linear regression models
were further adjusted for region of recruitment (North-West England, North-Eastern England,
Yorkshire & the Humber, West Midlands, East Midlands, South-East England, South-West
England, London, Wales, and Scotland), BMI (<20, 20-22.49, 22.5-24.9, 25-27.49, 27.5-29.9, 30-
32.49, 32.5-34.9, 35 kg/m” , and unknown/missing), height (eight sex-specific categories
increasing by 5 cm, and unknown/missing), physical activity (low: 0-9.99, medium: 10-49.99,
high: >50 metabolic equivalent of task (MET)-hours/week, and unknown/missing), Townsend
deprivation index (quintiles from most deprived to least deprived, or unknown), education
(completion of national exam at 16 years of age, completion of national exam at 17-18 years of
age, college or university degree, or unknown/missing), smoking status (never, former, light
smoker: <15 cigarettes/day, medium smoker: 15-29 cigarettes/day, heavy smoker: >30

cigarettes/day, or missing/unknown), alcohol consumption (non-drinkers, <1, 1-9.99, 10-19.99,
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>20 grams/day or unknown/missing), ethnicity (White, mixed race,

Indian /Pakistani/Bangladeshi, Chinese/Asian, Black/Black British, other, or
missing/unknown), diabetes (yes, no, unknown), and women specific covariates: MHT use
(never, former, current, or unknown), oral contraceptive use (never, former, current, or
unknown), and menopausal status (premenopausal, postmenopausal, or unknown). Further
information on the classification of covariates can be found in the Ancillary Methods A.1.
Due to the limited number of foods asked on the recruitment questionnaire, mutual adjustment

of dietary variables was not undertaken in these analyses.

Subgroup and sensitivity analyses

Heterogeneity by sex was assessed using a likelihood ratio test (LRT) comparing the
multivariable model to a model including an interaction term between the food group and sex.
Sensitivity analyses were conducted in participants who had IGF-I concentrations measured at

the reassessment visit (mean 4.3 years after recruitment).

All analyses were conducted using Stata version 17.0 (Stata Corp LP, College Station, TX) and
figures were produced using “Jasper makes plots” package version 2-266 in R 4.1.0 [373]. P-
values were two-sided and, with Bonferroni correction so that p-values<0.00625 (0.05/8
exposures) were considered statistically significant. As a result of the large sample size, most
results were statistically significant even after correction for multiple testing. As such, only the
largest percentage differences of IGF-I concentrations between the highest and lowest categories
(~5% or greater difference) have been described in the text. All models were visually assessed to
make sure residuals were normally distributed using Q-Q plots, and not heteroscedastic using

residual-versus-fitted plots. No assumptions for linear regression were deemed invalid.
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4.4 Results

4.4.1 Participant characteristics

Table 4.1 shows participant baseline characteristics by fifths of IGF-I concentrations. Those
who had higher IGF-I concentrations were more likely to be men, to be younger and taller, to
have lower BMI, and to report that they were never smokers. Circulating IGF-I concentrations
were generally higher in Black individuals and lower in participants of South Asian ancestry

(Table 4.1).
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Table 4.1 Characteristics of participants in the UK Biobank by fifths of circulating IGF-I concentrations (N=438,453).

Circulating IGF-I

Q1 Q2 Q3 Q4 Q5

Number of participants 87,716 87,686 87,687 87,696 87,668
IGF-I concentration at recruitment, nmol/L 13.9 (2.2) 18.3 (0.9) 21.3 (0.8) 24.1 (0.9) 29.5 (4.0)
IGF-I concentration at follow-up, nmol/L 15.1 (3.6) 18.5 (3.3) 20.8 (3.4) 23.0 (3.6) 26.9 (5.0)
Sex - Male, N (%) 32,843 (37.4%) 38,085 (44.5%) 42,241 (48.2%) 44,267 (50.5%) 43,563 (49.7%)
Age, years 59.1 (7.1) 57.6 (7.6) 56.4 (7.9) 55.2 (8.2) 53.3 (8.4)
Body mass index, kg/m? 28.6 (5.7) 27.5 (4.9) 27.2 (4.5) 27.0 (4.3) 26.7 (4.1)
Height, cm 166.3 (9.0) 167.9 (9.1) 168.9 (9.2) 169.6 (9.3) 170.0 (9.3)
Physical activity, N (%)

Low 27,983 (31.9%) 25,238 (28.8%) 24,743 (28.2%) 24,279 (27.7%) 24,268 (27.7%)

Moderate 39,236 (44.7%) 41,613 (47.5%) 42,547 (48.5%) 43,413 (49.5%) 44,324 (50.6%)

High 16,609 (18.9%) 17,518 (20.0%) 17,427 (19.9%) 17,262 (19.7%) 16,355 (18.7%)

Townsend deprivation index, N (%)
Q1 - Most affluent
Qb5 - Most deprived
Education, N (%)
National examination at age 16 years
National examination at age 17-18 years
College or University degree
Smoking, N (%)
Never
Previous
Light smoker: <15 cigarettes/day
Medium smoker: 15-29 cigarettes/day
Heavy smoker: >30 cigarettes/day

15,780 (18.0%)
20,242 (23.1%)

15,029 (17.1%)
4,466 (5.1%)
46,604 (53.1%)

44,447 (50.7%)
32,797 (37.4%)
2,835 (3.2%)
3,619 (4.1%)
3,357 (3.8%)

17,546 (20.0%)
17,454 (19.9%)

14,887 (17.0%)
4,671 (5.3%)
50,778 (57.9%)

46,438 (53.0%)
31,151 (35.5%)
2,652 (3.0%)
3,353 (3.8%)
3,563 (4.1%)

17,959 (20.5%)
16,698 (19.0%)

14,650 (16.7%)
4,750 (5.4%)
53,306 (60.8%)

47,966 (54.7%)
30,139 (34.4%)
2,638 (3.0%)
3,003 (3.4%)
3,475 (4.0%)

18,385 (21.0%)
16,273 (18.6%)

14,445 (16.5%)
4,909 (5.6%)
54,863 (62.6%)

49,401 (56.3%)
28,923 (33.0%)
2,543 (2.9%)
2,910 (3.3%)
3,496 (4.0%)

18,457 (21.1%)
16,277 (18.6%)

14,337 (16.4%)
5,234 (6.0%)
56,767 (64.8%)

51,656 (58.9%)
26,912 (30.7%)
2,687 (3.1%)
2,861 (3.3%)
3,170 (3.6%)
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Table 4.1 continued

Circulating IGF-I

Q1

Q2

Q3

Q4

Q5

Alcohol intake, N (%)
<1 g/day
1-9.99 g/day
10-19.99 g/day
>20 g/day
None drinkers
Ethnicity, N (%)
White
Mixed Race
South Asian (Indian/Pakistani)
Chinese, Asian or other Asian
Black or Black British
Other
Diabetes - Yes, N (%)
Women-only covariates:
Current MHT wusers, N (%)
Current oral contraceptive pill users, N (%)
Menopause status at recruitment, N (%)
Premenopausal
Postmenopausal

11,842 (13.6%
25,849 (29.7%
15,965 (18.4%
23,845 (27.4%
9,483 (10.9%)

D D

82,375 (93.9%)
463 (0.5%)
1,952 (2.2%)
502 (0.6%)
1,202 (1.4%)
766 (0.9%)
7,068 (8.1%)

7,014 (12.8%)
370 (0.7%)

4,426 (8.1%)
46,494 (84.7%)

9,684 (11.1%)
26,400 (30.3%)
18,608 (21.4%)
25,549 (29.3%)
6,885 (7.9%)

82,788 (94.4%)
485 (0.6%)
1,424 (1.6%)
556 (0.6%)
1,196 (1.4%)
777 (0.9%)
4,227 (4.8%)

3,714 (7.6%)
522 (1.1%)

6,975 (14.3%)
37,441 (76.9%)

8,963 (10.3%)
27,061 (31.1%)
19,360 (22.2%)
25,420 (29.2%)
6,342 (7.3%)

82,794 (94.4%)
525 (0.6%)
1,336 (1.5%)
559 (0.6%)
1,284 (1.5%)
797 (0.9%)
3,691 (4.2%)

3,060 (6.7%)
685 (1.5%)

8,945 (19.7%)
32,244 (70.9%)

8,921 (10.2%)
27,666 (31.7%)
20,318 (23.3%)
24,301 (27.9%)
5,983 (6.9%)

82,664 (94.3%)
514 (0.6%)
1,249 (1.4%)
669 (0.8%)
1,451 (1.7%)
773 (0.9%)
3,431 (3.9%)

2,448 (5.6%)
947 (2.2%)

11,533 (26.6%)
27,605 (63.6%)

9,550 (11.0%)
30,219 (34.7%)
20,405 (23.4%)
20,830 (23.9%)
6,160 (7.1%)

82,060 (93.6%)
629 (0.7%)
1,124 (1.3%)
750 (0.9%)
1,818 (2.1%)
894 (1.0%)
3,499 (4.0%)

2,144 (4.9%)
1,892 (4.3%)

16,420 (37.2%)
23,251 (52.7%)

Values are mean (SD) unless otherwise indicated. Percentages include unknown category for missing data and therefore may not add up to 100%.

Abbreviations: g, grams; MHT, menopausal hormone therapy; IGF-I, insulin-like growth factor-I; N, Number of participants; nmol /L, nanomole per litre; Q,

quintile; SD, standard deviation.
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4.4.2 Food group intake and IGF-I concentrations

Figure 4.1 presents the multivariable adjusted associations between food group intakes and
circulating IGF-I concentrations and Table 4.2 presents absolute and percentage differences in
multivariable adjusted geometric mean concentrations of IGF-I between the highest and lowest
categories of food group intake. The largest magnitudes of associations with IGF-I were observed
for oily fish and non-oily fish, where participants who reported consuming these foods >2 times
per week had 1.25 nmol/L (95% CI: 1.19-1.31) and 1.16 nmol/L (1.08-1.24) higher circulating
IGF-I concentrations than never consumers, respectively (Figure 4.1 and Table 4.2).
Participants who reported consuming poultry >2 times per week had 0.87 nmol/L (0.80-0.94)
higher IGF-I concentrations compared to participants who said they never consumed poultry
(Figure 4.1 and Table 4.2). For vegetable and fresh fruit intake, small positive associations
were observed for individuals in the highest category compared to the lowest category, while no
associations were observed between intakes of red meat, processed meat, or cheese and

circulating IGF-I concentrations (Figure 4.1).

4.4.3 Subgroup and sensitivity analyses

In subgroup analyses by sex, the directions of the associations remained the same, although the
tests for heterogeneity were statistically significant probably due to differences in the
magnitudes of the associations where associations were typically stronger in females (Figure
4.2). In sensitivity analyses restricted to participants with IGF-I measured ~4 years after
recruitment, associations with food group intake measured at baseline were slightly weaker,
although differences in intakes of oily fish and non-oily fish remained positively associated with

IGF-I concentrations (Table 4.2 & Figure 4.3).
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Geometric mean
IGF-I concentration

Relative geometric

Absolute geometric
mean difference

Food groups N (nmol/L; 95% ClI) mean (95% Cl) (nmol/L; 95% CI)
Total vegetable

< 2 ser/day 148,784  20.46 (20.43 - 20.49) T (ref)

2-2.99 ser/day 144,935 20.75(20.72 - 20.77) -] 0.29 (0.26, 0.31)

3-3.99 ser/day 76,344 20.81 (20.77 - 20.85) a 0.35(0.31, 0.39)

24 ser/day 59,210 20.90 (20.86 - 20.95) -] 0.44 (0.39, 0.50)
Fresh fruit

<1 ser/day 40,892 20.18 (20.13 - 20.23) g (ref)

1-1.99 ser/day 114,420 20.54 (20.51 - 20.57) -] 0.36 (0.33, 0.39)

2-2.99 ser/day 122,944 20.74 (20.71 - 20.77) -] 0.56 (0.53, 0.59)

23 ser/day 157,723  20.84 (20.81 - 20.87) a 0.66 (0.60, 0.72)
Total red meat

< once/week 44,156  20.36 (20.31 - 20.41) g (ref)

1-1.99 times/week 170,818  20.71 (20.68 - 20.73) a 0.35(0.32, 0.37)

2-2.99 times/ week 121,176  20.75 (20.72 - 20.78) -] 0.39 (0.36, 0.42)

23 times/week 96,551 20.67 (20.63 - 20.70) a 0.31(0.25, 0.37)
Processed meat

Never 40,750 20.45 (20.40 - 20.50) g (ref)

< once/week 132,703  20.78 (20.75 - 20.81) -] 0.33 (0.31, 0.36)

once/week 127,382 20.71 (20.69 - 20.74) Lﬂ 0.27 (0.24, 0.30)

22 times/week 136,022 20.58 (20.55 - 20.61) 0.13 (0.07, 0.19)
Poultry

Never 22,526 19.97 (19.90 - 20.04) (ref)

< once/week 46,919 20.39 (20.35 - 20.44) = 0.42 (0.38, 0.47)

once/week 156,734 20.63 (20.61 - 20.66) [- | 0.66 (0.62, 0.70)

22 times/week 210,820 20.84 (20.81 - 20.86) [ - | 0.87 (0.80, 0.94)
Oily fish

Never 48,272 19.90 (19.86 - 19.95) L (ref)

< once/week 144,831 20.48 (20.45 - 20.51) a 0.57 (0.55, 0.60)

once/week 164,142  20.85 (20.82 - 20.88) a 0.95 (0.92, 0.97)

22 times/week 78,021 21.15(21.11-21.19) -] 1.25(1.19, 1.31)
Non-oily fish

Never 20,651 19.78 (19.71 - 19.85) (ref)

< once/week 126,810 20.51 (20.49 - 20.54) -] 0.73 (0.70, 0.76)

once/week 216,647 20.76 (20.74 - 20.78) [ - | 0.98 (0.93, 1.02)

22 times/week 71,469 20.94 (20.90 - 20.98) o 1.16 (1.08, 1.24)
Cheese

< once/week 85,378 20.73 (20.70 - 20.77) (ref)

once/week 91,524 20.72 (20.68 - 20.75) -0.01 (-0.05, 0.02)

2-4 times/week 193,033  20.68 (20.65 - 20.70) -0.06 (-0.10, -0.01)

25 times/week 56,566 20.61 (20.57 - 20.65) -0.12 (-0.18, -0.06)

0.9 1 11

Relative geometric
mean (95% CI)

Figure 4.1 Food groups derived from the touchscreen questionnaire in association with
geometric mean concentrations of IGF-I (N=438,453).

All models are adjusted for sex, age at recruitment, region of recruitment, body mass index, height, physical activity,
Townsend deprivation index, education, smoking, alcohol consumption, ethnicity, diabetes, and women specific

covariates: hormone replacement therapy use, oral contraceptive use, and menopausal status. See Chapter 4 methods
for covariate categories.

Abbreviations: CI, confidence intervals; g, grams; IGF-I, insulin-like growth factor-I; N, number of participants;
nmol /L, nanomole per litre; ref, reference group; ser, servings.
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Table 4.2 Geometric mean difference and percentage difference of IGF-I concentrations comparing the highest category to the lowest category of

food group intake using the baseline IGF-I measurement and in sensitivity analyses using the follow-up IGF-I measurement ~4 years after

recruitment.
Baseline IGF-I measurement (n—=438,453) Follow-up IGF-I measurement (n=16,689)
Absolute geometric Percentage geometric Absolute geometric .
. . . . Percentage geometric
Food groups (categories) mean difference mean difference (95% mean difference ) 2
1 1 , mean difference (95% CI)
(nmol/L; 95% CI) CI) (nmol/L; 95% CI)
Total tables (=4 d
otal vegetables (24 ser/day /1 39 1 0.50) 2.17% (1.92% to 2.42%) 0.17 (-0.09 to 0.43) 0.84% (-0.47% to 2.16%)
vs. <2 ser/day)
Fresh fruit (=3 d .
vesh fruit (23 ser/day vs 0.66 (0.60 to 0.72) 3.26% (2.97% to 3.55%) 0.31 (0.00 to 0.63) 1.57% (-0.01% to 3.15%)
<1 ser/day)
Total red t (=3
Fotal red meat ( 0.31 (0.25 to 0.37) 1.50% (1.21% to 1.80%) 0.26 (-0.05 to 0.56) 1.29% (-0.23% to 2.81%)
times/week vs. <once/week)
P d t (=2
rocessed meat ( 0.13 (0.07 to 0.19) 0.66% (0.36% to 0.95%) 0.08 (-0.22 to 0.38) 0.40% (-1.08% to 1.89%)
times/week vs. never)
Poultry (= 2 ti k vs.
o ;y (2 2 times/week v 0.87 (0.80 to 0.94) 4.34% (3.98% to 4.70%) 0.71 (0.38 to 1.05) 3.62% (1.91% to 5.34%)
never
ily fish (=2 ti k vs.
Otly )IS (22 times/week vs. 1 o (1.19 to 1.31)  6.26% (5.95% to 6.56%) 1.04 (0.73 to 1.36)  5.35% (3.72% to 6.99%)
never
Non-oily fish (=2 ti k
onol y>1S (22 times/week 46 (1,08 to 1.24)  5.85% (5.44% to 6.26%) 0.92 (0.49 to 1.34) 4.73% (2.54% to 6.91%)
VvS. never
Ch =5 ti k vs.
eese (25 times/week vs 10.12 (-0.18 t0 -0.06)  -0.59% (-0.86% to -0.31%) 20.38 (-0.67 to -0.09) -1.84% (-3.27% to -0.42%)

<once/week)

All models are adjusted for sex, age at recruitment, region of recruitment, body mass index, height, physical activity, Townsend deprivation index, education, smoking, alcohol
consumption, ethnicity, diabetes, and women specific covariates: hormone replacement therapy use, oral contraceptive use, and menopausal status. See Chapter 4 methods for
covariate categories.

! Baseline IGF-I measurement represents the difference in the highest category of consumption to the lowest category of consumption by food group in Figure 4.1

2 Follow-up IGF-I measurement represents the difference in the highest category of consumption to the lowest category of consumption by food group reported at the baseline
touchscreen questionnaire (see Figure 4.3).

Bolded foods indicate a =5% difference in IGF-I concentrations comparing the highest category to the lowest category.

Abbreviations: CI, confidence interval; IGF-I, insulin-like growth factor-I; ser, servings.
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Female Male

Geometric mean Geometric mean
IGF-I concentration IGF-I concentration 2 p-value
Food groups N (nmol/L; 95% CI) N (nmol/L; 95% CI) %3 for het
Total vegetable
<2 ser/day 70,512 19.98 (19.94 - 20.02) 78,269 21.04 (21.01 - 21.08) 69.5 <0.001
2-2.99 ser/day 82,028 20.28 (20.24 - 20.32) [-] 62,905 21.32(21.28 - 21.36)
3-3.99 ser/day 45,667  20.37 (20.32 - 20.42) a 30,675 21.32(21.26 - 21.38) =
4+ ser/day 34,444 20.47 (20.42 - 20.53) a 24,763 21.40 (21.34 - 21.47)
Fresh fruit
<1 ser/day 15,912 19.71(19.63 - 19.79) 24,979 20.75 (20.69 - 20.82) 57.2 <0.001
1-1.99 ser/day 53,593  20.04 (19.99 - 20.08) [-] 60,822 21.13 (21.09 - 21.17) a
2-2.99 ser/day 68,983  20.27 (20.23 - 20.31) a 53,960 21.30 (21.26 - 21.35) a
3+ ser/day 96,989  20.38 (20.35 - 20.42) a 60,730 21.39 (21.34 - 21.43) a
Total red meat
<1 ser/ week 29,585 19.85(19.78 - 19.91) 14,570 21.05 (20.96 - 21.14) 183.9 <0.001
1-1.99 ser/week 95,507  20.24 (20.21 - 20.27) -] 75,306 21.27 (21.23 - 21.31)
2-2.99 ser/ week 63,038 20.34 (20.30 - 20.38) a 58,133 21.26 (21.22 - 21.30)
3+ ser/ week 45,611 20.32(20.27 - 20.37) a 50,940 21.13 (21.08 - 21.18)
Processed meat
Never 29,833  19.95(19.89 - 20.01) 10,915 21.11(21.01-21.21) 2147 <0.001
<1 ser/week 89,730  20.29 (20.26 - 20.33) (-] 42,969 21.40 (21.35 - 21.45) (-]
1 ser/week 67,539  20.24 (20.20 - 20.28) (-] 59,843 21.28 (21.24 - 21.33)
2+ ser/week 48,629  20.25(20.20 - 20.30) = 87,388 21.07 (21.03 - 21.10) :
Poultry
Never 14,646  19.43 (19.35 - 19.52) 7,880 20.71 (20.59 - 20.82) 435 <0.001
<1 ser/week 24,179 19.99 (19.92 - 20.06) ] 22,737 20.87 (20.80 - 20.94) -]
1 ser /week 82,371 20.21(20.17 - 20.25) [ -} 74,359 21.13(21.10-21.17) [- ]
2+ ser/week 114,669 20.39 (20.36 - 20.42) [ -] 96,147 21.38 (21.35-21.42) [ -]
Oily fish
Never 25,342 19.30(19.23 - 19.36) 22,929 20.61 (20.55 - 20.68) 130.4 <0.001
<1 ser/week 75,162  20.02 (19.98 - 20.05) a 69,665 21.03 (20.99 - 21.07) -]
1 ser/week 91,476  20.44 (20.40 - 20.47) [ -} 72,662 21.35(21.31-21.39) a
2+ ser/week 43,116  20.72(20.67 - 20.77) a 34,903 21.67 (21.61-21.73) -]
Non-oily fish
Never 11,587  19.24 (19.15 - 19.34) 9,064 20.46 (20.36 - 20.57) 172.5 <0.001
<1 ser/week 66,744  20.04 (20.00 - 20.08) [-] 60,065 21.08 (21.04 - 21.12) [-]
1 ser/week 117,177 20.34 (20.31 - 20.37) [ - ] 99,461 21.26 (21.23 - 21.30) [- ]
2+ ser/week 39,712 20.49 (20.44 - 20.55) a 31,756 21.48 (21.42 - 21.54) -]
Cheese
Never 51,189  20.28 (20.23 - 20.32) -] 34,187 21.28 (21.22 - 21.34) 8.47 0.037
<1 ser/week 50,811 20.31(20.26 - 20.36) 40,710 21.20 (21.15 - 21.26) [-
1 ser/week 99,157 20.24 (20.20 - 20.27) 93,871 21.20 (21.17 - 21.24)
2-4 ser/week 28,844  20.10(20.04 - 20.16) 27,721 21.22 (21.16 - 21.28)
0.9 1 11 0.9 1 1.1
Relative geometric Relative geometric
mean (95% CI) mean (95% CI)

Figure 4.2 Multivariable-adjusted model for food groups derived from the touchscreen
questionnaire by sex in association with geometric mean concentrations of IGF-I.

All models are adjusted for age at recruitment, region of recruitment, body mass index, height, physical activity, Townsend
deprivation index, education, smoking, alcohol consumption, ethnicity, diabetes, and women specific covariates: hormone
replacement therapy use, oral contraceptive use, and menopausal status.

Food groups derived from the touchscreen questionnaire completed by all participants at recruitment.

X2 and p-values for heterogeneity represent values from likelihood ratio tests for adding an interaction term between sex and food

categories and testing for significant model fit.

Abbreviations: CI, confidence intervals; het, heterogeneity; IGF-I, insulin-like growth factor-I; N, number of participants; ser,

servings.



Geometric mean IGF-I
Touchscreen N concentration (nmol/L)

Total vegetable

< 2 ser/day 5,867 20.13 (20.00 - 20.27) +

2-2.99 ser/day 5,787 20.35 (20.22 - 20.49) -

3-3.99 ser/day 2,764 20.28 (20.08 - 20.48) -

24 ser/day 2,119 20.30 (20.08 - 20.53) -
Fresh fruit

< 1 ser/day 1,326 19.95 (19.67 - 20.24) -+

1-1.99 ser/day 4,323 20.25 (20.10 - 20.41) -

2-2.99 ser/day 4,773 20.32 (20.17 - 20.47) -

>3 ser/day 6,238 20.26 (20.13 - 20.40) -
Total red meat

< once/week 1,709 19.98 (19.73 - 20.23) “+

1-1.99 times/week 6,227 20.27 (20.14 - 20.40) -

2-2.99 times/ week 4,829 20.34 (20.19 - 20.49) -

>3 times/week 3,827 20.23 (20.07 - 20.40) -
Processed meat

Never 1,645 20.10 (19.85 - 20.37) -+

< once/week 5,017 20.30 (20.15 - 20.45) e

once/week 4,806 20.34 (20.19 - 20.49) -

22 times/week 5,203 20.19 (20.04 - 20.33) 3
Poultry

Never 1,047 19.70 (19.39 - 20.02) —+

< once/week 1,861 19.93 (19.69 - 20.17) -

once/week 6,105 20.25 (20.12 - 20.39) -

22 times/week 7,661 20.42 (20.30 - 20.54) -
Oily fish

Never 1,523 19.51 (19.25- 19.77) -+

< once/week 5,328 20.14 (20.00 - 20.28) -

once/week 6,551 20.38 (20.25 - 20.50) -

22 times/week 3,254 20.56 (20.37 - 20.74) -
Non-oily fish

Never 718 19.37 (19.00 - 19.75) —+

< once/week 4,800 20.09 (19.94 - 20.24) -

once/week 8,375 20.42 (20.30 - 20.53) -

22 times/week 2,764 20.29 (20.09 - 20.49) -
Cheese

< once/week 2,923 20.43 (20.23 - 20.62) +

once/week 3,374 20.35 (20.17 - 20.53) -«

2-4 times/week 7,754 20.24 (20.12 - 20.36) -]

=5 times/week 2,315 20.05 (19.84 - 20.27) -

0.9 1 1.1

Relative geometric
mean (95% ClI)

Figure 4.3 Multivariable-adjusted model for food groups derived from the touchscreen at
recruitment in association with geometric mean concentrations of follow-up measurement of
IGF-I ~4 years after recruitment (N=16,689).

All models are adjusted for sex, age at recruitment, region of recruitment, body mass index, height, physical activity,
Townsend deprivation index, education, smoking, alcohol consumption, ethnicity, diabetes, and women specific

covariates: hormone replacement therapy use, oral contraceptive use, and menopausal status.

Food groups derived from the touchscreen questionnaire completed by all participants at recruitment. Participants
are excluded who responded ‘prefer not to answer’ or ‘do not know’ for each respective food group therefore not all
food groups add up to 16,689.

Participants had IGF-I measured during follow-up. Mean follow-up time from recruitment was 4.3 years.

Abbreviations: CI, confidence intervals; IGF-I, insulin-like growth factor-I; N, number of participants ser, servings.
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4.5 Discussion

4.5.1 Main findings

In this cross-sectional analysis of greater than 430,000 individuals in the UK Biobank, positive
associations between the intakes of non-oily and oily fish and circulating IGF-I concentrations
were found. A modest positive association between intake of poultry and IGF-I concentrations
was also observed. No other strong associations were observed for the intakes of fruit,

vegetables, red meat, processed meat, or cheese and IGF-I concentrations.

Fish

The consumption of both oily and non-oily fish was positively associated with circulating IGF-I
concentrations, which is consistent with some previous cross-sectional studies assessing intake of
fish and IGF-I concentrations [3, 4, 374, although one study did not find an association [5].
Both oily and non-oily fish are good sources of protein, essential amino acids, and minerals, such
as zinc and potassium, which have been suggested to be positively associated with IGF-I
concentrations |3, 5, 366]. Essential amino acids may up-regulate IGF-I mRNA [319] as well as
stimulate pathways in the liver necessary for IGF-I synthesis [375]. Some previous studies have
also suggested that the intake of polyunsaturated fat, potentially exclusively long chain omega-3
fatty acids [3], may be related to higher IGF-I concentrations [366, 376-378|, although the
evidence is inconsistent [5]. A relatively strong association for the intake of non-oily fish and
IGF-I concentrations was also observed in this analysis, which contains less polyunsaturated fat
than oily fish. This may suggest that polyunsaturated fatty acids in oily fish do not explain the
association between oily fish intake and IGF-I concentrations, and that other compounds

present in fish, such as the high protein content, might explain this association.

Meat
In this analysis, intake of poultry was positively associated with IGF-I concentrations, although
this association was weaker than the association with fish intake. The association between

poultry intake and IGF-I concentrations has generally been null in previous studies [4, 366, 374].
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In contrast, the intake of red and processed meat was not materially associated with IGF-I
concentrations in this study, which is consistent with previous studies [3, 4, 367]. It is unclear
whether these different associations with IGF-I between protein-rich foods are attributable to
different amino acid compositions or if they might be driven by other component(s) in these
foods, such as their mineral content [3, 366]. The amino acid profiles of red meat, poultry, and
fish do not differ greatly (Table 4.3) [379] and therefore may not explain the differences in
associations with IGF-I concentrations. However, mineral contents in animal-based foods differ;
for example, fish and poultry may have relatively more magnesium than some red meat [379],
and some evidence has suggested that magnesium intake may be positively associated with IGF-
I concentrations [4, 366]. Despite this, further research is needed to examine how mineral intake
may relate to IGF-I concentrations, and whether minerals have independent associations beyond

the intake of protein-rich foods.
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Table 4.3 Grams and percentage of individual amino acids composition per 100 gram of animal-derived protein source.

Dairy Red meat Poultry Fish
Amino
Acid Milk Yogurt Blue Cheddar Beef Veal Pork Lamb Chicken Duck Turkey  Salmon  Halibut Cod

Cheese cheese

Alanine 0.13 (34%) 016 (4.1%)  0.73 (3.0%)  0.76 (2.6%)  1.69 (6.6%)  1.64 (6.6%)  1.53 (6.0%)  1.29 (6.4%) - 1.44 (6.3%) - 167 (7.2%) 177 (81%)  1.42 (6.9%)
Arginine 0.13 (34%) 013 (3.3%)  1.65 (6.7%)  0.90 (3.1%) 154 (6.0%)  1.54 (6.2%) 153 (6.0%)  1.39 (6.9%) 0.79 (12.0%)  1.39 (6.1%) 121 (124%) 1.33 (5.8%) 137 (6.3%)  1.21 (5.9%)
Aspartic acid 020 (7.5%)  0.28 (7.1%)  0.83 (34%) 181 (6.2%) 234 (9.1%) 240 (9.7%)  2.43 (9.6%)  1.89 (9.3%) - 2.27 (9.9%) - 222 (9.6%) 215 (9.9%)  2.01 (9.8%)
Cystine 0.03 (0.7%) 003 (0.7%)  0.12 (0.5%) 021 (0.7%)  0.28 (1.1%)  0.28 (1L1%)  0.31 (1.2%)  0.17 (0.8%)  0.12 (1.8%)  0.30 (1.3%)  0.27 (28%) 029 (1.3%)  0.24 (1.1%)  0.25 (1.2%)
Glutamic 0-79 0.70 (17.8%) L7 6.62 (22.7%) 413 (16.1%)  3.97 (16.0%)  3.91 (154%)  3.05 (15.1%) : 3.69 (16.1%) . 3.23 (14.0%)  3.01 (13.9%)  3.13 (15.3%)
acid (20.5%) (20.3%)
Glycine 0.08 (2.0%) 009 (2.2%) 051 (21%) 047 (1.6%) 156 (6.1%)  1.34 (5.4%) 142 (5.6%)  1.09 (5.4%) - 1.40 (6.1%) - 163 (71%) 115 (5.3%)  0.94 (4.6%)
Histidine 0.10 (2.5%) 010 (24%)  0.99 (4.0%)  0.80 (2.7%)  0.85 (3.3%)  0.80 (3.2%)  0.99 (3.9%)  0.60 (3.0%)  0.36 (55%)  0.61 (2.7%)  0.52 (53%)  0.66 (2.9%)  0.48 (22%)  0.52 (2.5%)
Isoleucine* 022 (5.7%) 022 (5.6%) 119 (4.8%) 181 (6.2%)  1.25 (4.9%)  1.29 (5.2%)  1.27 (5.0%)  1.02 (5.0%)  0.56 (85%)  1.29 (5.6%)  1.01 (104%)  1.16 (5.0%)  1.27 (5.8%)  0.99 (4.8%)
Leucine* 0.36 (94%) 038 (9.7%) 214 (8.7%)  2.52 (8.6%)  1.95 (7.6%)  1.89 (T.6%)  1.92 (7.6%)  1.69 (8.3%)  1.03 (15.7%)  1.78 (7.8%) 147 (15.1%) 177 (7.7%)  1.94 (8.9%)  1.69 (8.3%)
Lysine 028 (7.3%) 028 (T1%) 238 (9.7%)  2.07 (T1%) 231 (9.0%)  2.05 (8.3%)  2.20 (8.7%)  1.89 (9.3%)  1.01 (15.3%)  2.04 (8.9%) 174 (17.9%)  2.02 (8.8%) 156 (7.2%)  2.05 (10.0%)
Methionine 0.09 (2.3%) 009 (2.3%) 052 (2.1%)  0.77 (2.6%)  0.65 (25%)  0.60 (2.4%)  0.72 (28%)  0.53 (2.6%)  0.33 (5.0%)  0.64 (2.8%)  0.53 (55%)  0.70 (3.0%)  0.80 (3.7%)  0.60 (2.9%)
Phenylalanine  0.18 (47%) 019 (48%) 122 (5.0%) 145 (5.0%)  1.06 (4.1%)  1.02 (41%)  0.98 (3.9%)  0.82 (4.0%)  0.54 (82%)  0.91 (1.0%) 077 (7.9%)  0.91 (3.9%)  0.68 (31%)  0.84 (4.1%)
Proline 0.34 (8.8%) 042 (10.7%) 235 (9.6%)  3.05 (10.4%)  1.28 (5.0%) 115 (4.6%)  1.21 (4.8%)  0.97 (4.8%) - 1.05 (4.6%) - 100 (4.3%)  0.81 (3.7%)  0.82 (4.0%)
Serine 021 (5.5%) 022 (5.6%) 133 (5.4%) 158 (54%) 114 (44%) 115 (4.6%)  1.12 (44%)  0.82 (4.0%) - 0.92 (4.0%) - 101 (44%) 127 (5.8%)  0.99 (4.8%)
Threonine 0.16 (42%) 016 (4.1%) 092 (3.7%)  0.98 (3.4%) 115 (45%)  1.13 (4.6%)  1.25 (4.9%)  0.89 (4.4%)  0.55 (84%)  1.01 (4.4%)  0.81 (83%)  1.11 (4.8%)  0.99 (4.6%)  0.97 (4.7%)
Tryptophan 0.05 (1.3%)  0.04 (1.1%) 21 (0.9%) 029 (1.0%) 029 (1.1%) 030 (1.2%) 031 (1.2%) 020 (1.0%)  0.12 (1.8%) 028 (1.2%)  0.16 (1.6%)  0.26 (1L.1%)  0.26 (1.2%)  0.24 (1.2%)
Tyrosine 0.18 (47%) 018 (4.6%)  1.02 (42%)  1.30 (4.5%)  0.89 (3.5%)  0.88 (3.6%)  0.91 (3.6%)  0.82 (4.0%)  0.46 (7.0%)  0.76 (3.3%)  0.28 (29%)  0.72 (3.1%)  0.68 (3.1%)  0.71 (3.5%)
Valine* 024 (6.2%) 027 (6.9%) 146 (5.9%) 181 (6.2%)  1.32 (5.1%)  1.31 (5.3%) 142 (5.6%) 112 (5.5%)  0.71 (10.8%) 118 (5.1%)  0.95 (9.8%)  1.39 (6.0%)  1.30 (6.0%)  1.09 (5.3%)

Values obtained from Scherz H and Senser F (eds) 2000 Food Composition and Nutrition Tables, 6th edn.

* signifies branched chain amino acid.

Some values for individual amino acids were unavailable for specific foods (chicken and turkey) and therefore were not included.
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Vegetables and fresh fruit

In this analysis, small positive associations for intakes of both vegetables and fresh fruit with
IGF-I concentrations were observed, however, no significant associations were observed in
sensitivity analyses using follow-up measurements of IGF-1. Moreover, although these
associations were statistically significant in the main analyses, the differences in IGF-I
concentrations between the lowest and highest categories were small (<3.5%); therefore, these
results should be interpreted cautiously and could also be due to associations with other foods.
Previous evidence has suggested small inverse or null associations of IGF-I with vegetable intake
[3, 366], whereas, for fruit intake, small positive [366, 380] or null [3, 381] associations have been

reported and further research is needed.

Cheese

No association was observed between cheese intake and IGF-I concentration, which is consistent
with previous cross-sectional studies |3, 370, 380]. Despite previous studies showing a positive
association between the intake of dairy products and IGF-I concentrations |3, 5, 370], the intake
of cheese has not been shown to be associated with IGF-I concentrations [370], suggesting that
there may be differences in how dairy products are related with IGF-I concentrations. One
possible explanation for the absence of an association for cheese intake is the removal of the
whey fraction during cheese production. The whey fraction contains more branched chained
amino acids [382], which may be important in stimulating IGF-I production [319], however,
further research is needed to explore this and see if the protein content of cheese is associated
with IGF-I concentrations. Frequencies of intakes of dairy products other than cheese were not
asked in the recruitment questionnaire in UK Biobank, limiting the analyses conducted for dairy

foods.

4.5.2 Strengths and limitations
This study has some strengths and limitations that should be considered. This is the largest

analysis assessing food group intakes in relation to circulating IGF-I concentrations. The
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robustness of the results was also tested using the follow-up measurement of IGF-I, which was
from blood samples collected on average 4.3 years after recruitment of participants and results
were similar to the main analyses. There are also some limitations that should be considered.
Few dietary questions were asked at recruitment, therefore not allowing adjustment for total
energy intake and other nutritional factors, as well as limiting the number of foods that could be
assessed in relation to IGF-I concentrations in the whole sample. However, adjustment for BMI,
height, and physical activity was made to try to control for energy intake. As well, differences in
IGF-I concentrations between the highest and lowest categories of the food group were
compared, which varied in distribution in the sample and intake amounts between the food
groups, thus making it difficult to compare the sizes of the estimates between different foods.
There is also measurement error in dietary intake estimates as intakes were only asked once
among all participants at the recruitment visit [383|. As well, adjustment for other foods in this
analysis was not conducted due to the limited food group questions in the UK Biobank. Due to
the observational nature of the study, associations may be subject to unmeasured and residual
confounding, and causality cannot be inferred. Moreover, other components of the IGF
signalling pathway, such as IGF-II and the IGF binding proteins, which may be important in
modulating the effect of IGF-I [6], were not measured in this cohort. The UK Biobank
participants are predominantly white and generally healthier than the overall UK population
[384], therefore the associations might be influenced by selection bias and may not be
generalisable to a wider population. Although some associations were observed between food
group intakes and circulating IGF-I concentrations, how the intake of these foods relate to IGF-I
associated health outcomes, such as cancer risk and bone health, is unclear [385, 386|. Moreover,
intakes of these foods may influence health outcomes through other mechanisms external to the
IGF-I pathway, and thus further research is needed before conclusions in relation to disease can

be made.
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4.6 Conclusions

In conclusion, positive associations between oily fish and non-oily fish and circulating IGF-I
concentrations were found. A modest positive association between poultry intake and IGF-I
concentrations was also observed, whereas there were no other strong associations with intakes
of vegetables, fruit, red meat, processed meat, or cheese. Further research assessing how
compounds in these foods, such as individual amino acids and minerals, relate to IGF-I
concentrations is warranted. Moreover, studies using methods that may be less susceptible to
residual confounding, including large RCTs using isoenergetic methods, are needed to enhance
understanding of how dietary components may modulate IGF-I concentrations and potentially

impact health outcomes.
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Chapter 5

Association of dietary protein and other

macronutrients with insulin-like growth

factor-1I
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Chapter 5 summary

Dietary protein intake, particularly dairy protein, may increase circulating IGF-I
concentrations; however, associations with different protein sources, other macronutrients,
and fibre are inconclusive. Associations between intakes of macronutrients and their sources
with IGF-I concentrations were explored among 11,815 participants from the UK Biobank
who completed >4 24-hour dietary assessments and had serum IGF-I concentrations
measured. Circulating IGF-I concentrations were positively associated with intake of total
protein (per 2.5% higher energy intake: 0.56 nmol/L, (95% confidence interval: 0.47, 0.66)),
milk protein: 1.20 nmol/L (0.90, 1.51), and yogurt protein: 1.33 nmol/L (0.79, 1.86), but not
with cheese protein: -0.07 nmol/L (-0.40, 0.25). IGF-I concentrations were also positively
associated with intake of fibre (per 5 gram/day higher intake: 0.46 nmol/L (0.35, 0.57)) and
starch from wholegrains (Q5 vs. Q1: 1.08 nmol/L (0.77, 1.39)). These results suggest
differing associations with IGF-I concentrations depending on the source of dairy protein,
with positive associations with milk and yogurt protein but no association with cheese
protein, which may be important for the risks of IGF-I related cancers and is further
explored in Chapter 6. The positive association of fibre and starch from wholegrains with
IGF-I warrants further investigation particularly in relation to colorectal cancer (where these

dietary factors have been inversely related with risk) and is further examined in Chapter 7.
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5.1 Introduction

Circulating IGF-I concentrations are determined from a combination of both non-modifiable
(e.g., age, genetics) and probably also modifiable factors. As described, one potential
modifiable factor that has been shown to be positively associated with IGF-I concentrations

is intake of protein.

5.1.1 Previous studies

Evidence from small observational studies and RCTs has suggested that a higher intake of
protein is associated with higher circulating IGF-I concentrations [3, 4, 313, 316, 387|.
However, sources of protein, such as from dairy products or plants, might be associated
differently with circulating IGF-I concentrations [5]. As observed in Chapter 4, and in other
smaller studies [370], dairy products may be associated differently with IGF-I concentrations
and intake of cheese may not be associated with circulating IGF-I concentrations, which has
not been well described previously potentially due to studies not having the statistical power
to detect associations between intake of dairy product sources and IGF-I concentrations.
This may be important as intake of dairy products has been commonly explored together
with IGF-I concentrations [5, 310, 367] and different dairy products may have differing
associations with IGF-I concentrations and thus have dissimilar associations on cancer risk.
For the intake of plant protein, studies have suggested either no association |5, 367| or
positive associations with IGF-I concentrations [4, 388]. For dairy protein, evidence suggests
a consistent positive association with IGF-I concentrations across studies [5, 310, 367, 388],
however, for other sources of animal based protein not from dairy, evidence remains less
clear [5].

For other macronutrients, such as carbohydrates and fats, evidence for an association
with IGF-I concentrations has generally been null [3-5, 374, 377, 389|. However, previous
studies have been limited by relatively small sample sizes and other nutrients have not been
well characterised, thus limiting the ability to look at sources of protein and other

macronutrients in detail [3-5, 284, 317, 387|.
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5.2 Aim

The UK Biobank measured IGF-I concentrations in nearly all participants and collected
detailed dietary information on a subsample of participants, from which nutrients can be
estimated. From this, an observational analysis was conducted to assess the associations of
intake of protein from differing sources and other macronutrients with circulating IGF-I

concentrations.

5.3 Methods

5.3.1 Study design
Details of the study design, recruitment, and data collection for the UK Biobank are

provided in Chapter 3.

5.3.2 Dietary assessment: Oxford WebQ — 24-hour dietary assessment

As previously described, for a subsample of the UK Biobank, the Oxford WebQ), a validated
web-based 24-hour dietary assessment was completed multiple times [359]. Details of the
Oxford WebQ 24-hour dietary assessments can be found in Chapter 3. Validation of the
Oxford WebQ was conducted in a sample of 160 men and women with biomarker
measurements and the correlation between protein intake estimated by four 24-hour dietary
assessments and recovery biomarker for protein intake (nitrogen excretion) was 0.52 (95%

CIL: 0.37-0.67) [359].

In this study, participants were eligible to be included if they completed a minimum of four
(maximum five) 24-hour dietary assessments, with one being completed at the recruitment
visit in order to have one dietary assessment at the same time that the blood sample was
taken. A minimum of four 24-hour dietary assessments was chosen to reduce random
measurement error due to the day-to-day variation in dietary intake. Table 5.1 presents the
estimated mean and SD of intakes for total carbohydrates, fibre, total protein, protein from
dairy products, and protein from milk separated into quartiles calculated from the mean of

one, two, three, and four 24-hour dietary assessments among 28,832 participants who
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completed a minimum of four WebQs. Using a greater number of 24-hour dietary
assessments to estimate intakes results in the mean of quartiles 1 and 4 being higher and
lower, respectively, demonstrating potential random measurement error in the estimates with
the use of only two WebQs to determine intakes. Figure 5.1 presents the intakes of total
protein, protein from dairy products, protein from milk, and total fibre by quartiles with
IGF-I concentrations estimated from two, three, and four 24-hour dietary assessments. As
shown in Figure 5.1, with a greater number of 24-hour dietary assessments used to
determine intakes, there is less random measurement error and thus less regression dilution
bias [351]; therefore, for these analyses, a minimum of four 24-hour dietary assessments were

required for participants to be included.
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Table 5.1 Mean and standard deviation of intakes separated by quartiles derived from the average of one to four 24-hour dietary assessments

in 28,832 participants who completed a minimum of four 24-hour dietary assessments (Oxford WebQs).

Grams Percentage of energy

Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4
Total carbohydrates
Mean of 1 WebQ 162.0 (30.5) 224.4 (13.6) 273.6 (15.6)  358.9 (50.0) 38.2 (5.3) 47.4 (1.8) 53.1 (1.6) 61.4 (4.4)
Mean of 2 WebQ 166.9 (29.6)  226.1 (12.6) 271.7 (14.4)  350.7 (46.7) 38.4 (5.3) 47.3 (1.6) 52.7 (1.6) 60.4 (4.1)
Mean of 3 WebQ 174.2 (27.0)  228.7 (11.6)  269.4 (12.5)  338.4 (40.4) 39.7 (4.7) 47.4 (1.4) 52.1 (1.4) 58.7 (3.5)
Mean of 4 WebQ 178.0 (25.5)  229.1 (11.0)  267.5 (12.1)  332.0 (37.5) 40.3 (4.5) 47.6 (1.3) 51.9 (1.3) 58.1 (3.3)
Total fibre
Mean of 1 WebQ 10.4 (2.47) 15.7 (1.17) 19.9 (1.37) 27.9 (5.16) - - - -
Mean of 2 WebQ 10.8 (2.37) 15.7 (1.09) 19.7 (1.27) 27.1 (4.78) - - - -
Mean of 3 WebQ 114 (2.14) 15.9 (0.99) 19.5 (1.14) 26.0 (4.23) - - - -
Mean of 4 WebQ 11.7 (2.00) 16.0 (0.94) 19.3 (1.07) 25.4 (3.96) - - - -
Total protein
Mean of 1 WebQ 51.2 (9.39) 71.2 (4.26) 86.1 (4.66) 113.6 (18.6) 11.3 (1.39) 14.3 (0.69) 16.8 (0.77) 21.3 (2.82)
Mean of 2 WebQ 53.4 (9.14) 72.1 (3.93) 85.8 (4.27) 111.1 (17.3) 11.6 (1.37) 14.5 (0.63) 16.8 (0.71) 20.8 (2.70)
Mean of 3 WebQ 56.8 (7.93) 73.0 (3.48) 85.2 (3.80) 106.6 (14.3) 12.2 (1.19) 14.7 (0.55) 16.6 (0.60) 20.1 (2.26)
Mean of 4 WebQ 58.3 (7.43) 73.5 (3.25) 84.7 (3.48) 104.2 (12.7) 12.5 (1.12) 14.8 (0.50) 16.6 (0.56) 19.7 (2.01)
Protein from dairy
Mean of 1 WebQ 4.7 (2.7) 11.2 (1.5) 16.7 (1.8) 27.2 (7.0) 0.98 (0.55) 2.25 (0.30) 3.35 (0.35) 5.41 (1.32)
Mean of 2 WebQ 5.1 (2.6) 11.3 (1.4) 16.5 (1.7) 26.0 (6.3) 1.04 (0.53) 2.27 (0.28) 3.29 (0.33) 5.18 (1.22)
Mean of 3 WebQ 6.2 (2.6) 11.8 (1.2) 16.3 (1.4) 24.3 (5.1) 1.26 (0.52) 2.38 (0.25) 3.27 (0.28) 4.83 (0.98)
Mean of 4 WebQ 6.6 (2.6) 12.0 (1.2) 16.1 (1.3) 23.5 (4.7) 1.35 (0.52) 2.43 (0.23) 3.26 (0.26) 4.68 (0.89)
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Table 5.1 continued

Grams Percentage of energy
Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4
Protein from milk
Mean of 1 WebQ .5 (1.6) 5.6 (1.0) 8.4 (0.8) 13.3 (4.1) 0.24 (0.27) 1.03 (0.18) 1.64 (0.19) 2.78 (0.86)
Mean of 2 WebQ 5 (1.5) 5.4 (0.8) 8.1 (0.8) 12.9 (3.7) 0.26 (0.28) 1.03 (0.17) 1.62 (0.18) 2.69 (0.80)
Mean of 3 WebQ 6 (1.4) 5.4 (0.8) 8.0 (0.7) 12.1 (3.0) 0.32 (0.29) 1.07 (0.16) 1.61 (0.16) 2.54 (0.65)
Mean of 4 WebQ 7 (1.5) 5.5 (0.8) 8.0 (0.7) 11.9 (2.9) 0.35 (0.29) 1.11 (0.16) 1.62 (0.15) 2.50 (0.60)

All values are mean (standard dev1at10n)

Abbreviations: Q, quantile.
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Figure 5.1 Intakes of total protein, dairy protein, milk protein, and fibre derived from two,

three, or four WebQs (24-hour dietary assessments) in relation to IGF-I concentrations.

Abbreviations: CI, confidence interval; g/day, grams per day; IGF-I, insulin-like growth factor-I; nmol/L, nanomole per litre.

97



The percentage of energy from specific macronutrients were calculated for each 24-hour
dietary assessment and intake from a minimum of four (maximum five) 24-hour dietary
assessments were averaged to estimate the usual percentage of energy intake. Fibre intake
was estimated in grams for each 24-hour dietary assessment and averaged from four
(maximum five) 24-hour dietary assessments. For alcohol intake, participants were
categorised by: <1 gram/day, 1-9.9 g/day, 10-19.9 g/day, 20-39.9 grams/day, and =40 g/day
from the averaged intake of alcohol. Participants’ percentage of energy from macronutrients,
fibre in grams, and energy intake were categorised into sex-specific quintiles. The average
grams consumed were calculated within each category or quintile of intake of
macronutrients, fibre, and alcohol from the 24-hour dietary assessments. For macronutrients,
the average percentage of energy consumed per day was calculated within each quintile for

the macronutrients.

5.3.3 Laboratory analysis

As described in Chapter 3, non-fasted blood samples were provided by 99.7% of participants
at the recruitment visit and transported at 4°C to the central laboratory for cryopreservation
and biochemistry measurements. Serum concentrations of IGF-I were measured using
DiaSorin Ltd. LIAISON ® XL chemiluminescent immunoassay [371]. A total of 16,689
participants had a valid IGF-I follow-up measurement after a subsample of participants
repeated the recruitment assessment and provided a second blood sample ~4 years after the
initial recruitment visit. Further details of the repeat assessment and repeat measurement of

IGF-I concentrations in this subsample are described in Chapters 3 and 4.

5.3.4 Study population and exclusions

The main analyses includes a total of 11,815 participants from UK Biobank who completed
four (maximum five) 24-hour dietary assessments and had serum IGF-I concentrations
measured at baseline. In secondary analyses, a different sample of participants who had IGF-
I re-measured at the reassessment visit (mean 4.3 years after recruitment, SD: 0.9 years)

were selected (n=2,724). Participants needed to complete a minimum of four valid 24-hour
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dietary assessments at any time to be included in this analysis. A study flowchart of
exclusions for each analysis can be found in Figure 5.2. At the time of this analysis, 824
participants had withdrawn their informed consent from the UK Biobank and were excluded.
Participants were also excluded if they had a prevalent invasive cancer at recruitment
recorded in the cancer registry (excluding non-melanoma skin cancer; N=27,174), were
taking medications that may alter IGF-I such as GH (N=4,077; Ancillary Table 4.1) or did
not have a value for IGF-I concentration at recruitment (N=32,789). Participants were also
excluded if they did not complete any 24-hour dietary assessments (N=251,933). As well,
individual 24-hour dietary assessments were excluded if they did not report a reliable energy
intake (men: >17,575 kJ (4200 kcal) or <3347 kJ (800 kcal); women >14,644 kJ (3500 kcal)
or <2092 kJ (500 kcal)) or reported to be ill or fasting on the relevant day. A total of 2,439
and 592 participants were excluded because they did not have a 24-hour dietary assessment
with reliable energy intake or they reported to be ill or fasting on the day of the 24-hour
dietary assessment, respectively. Participants were also excluded if they did not complete the
24-hour dietary assessment at recruitment (N=123,497), to ensure that at least one valid 24-
hour dietary assessment was completed when the participants’ blood was drawn. Finally,
participants who did not complete a minimum of four valid 24-hour dietary assessments were
excluded to reduce random measurement error (N=48,177). Of those who completed a 24-
hour dietary assessment at recruitment, 11,815 participants completed four (maximum five)
valid 24-hour dietary assessments and had IGF-I concentrations measured at recruitment

and were included in this analysis (Figure 5.2).

99



UK Biobank

503,317 participants recruited to

v

v

v

v

v

v

11,815 included in analysis

64,864 participants excluded:
e 824 participants withdrew consent
e 27,174 participants diagnosed with cancer
(excluding non-melanoma skin cancer)
e 4,077 participants taking medication
which may alter IGF-I concentrations
e 32 789 participants without measured
insulin-like growth factor-I at recruitment

251,933 participants excluded:
e 251,933 did not complete any 24-hour
dietary assessment (WebQ)

3031 participants excluded:
e 2439 were excluded after removing
WebQs with extreme energy values
e 592 were excluded after removing WebQs
where participants reported they were ill or

fasting

123,497 participants excluded:
e 123,497 did not complete WebQ at
recruitment when blood was drawn

48,177 participants excluded:
e 48,177 did not complete four valid WebQs

v

A4

2,724 included in WebQ secondary analysis
with follow-up IGF-I measurement

Secondary analysis: follow-up IGF-I measurement

486,628 participants excluded:
e 824 participants withdrew consent
e 27,174 participants diagnosed with cancer
(excluding non-melanoma skin cancer)
e 4,077 participants taking medication
which may alter IGF-I concentrations
e 454,553 did not have IGF-I measured a
second time
e 13,965 did not complete four valid WebQs

Figure 5.2 Flow chart of exclusion criteria for Web(Q 24-hour dietary assessment

subsample, and secondary analysis restricting to participants who had a follow-up insulin-like

growth factor-I (IGF-I) measurement.
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5.3.5 Statistical analysis

IGF-I was logarithmically transformed to obtain the geometric mean concentrations of IGF-I
within each category or quintile of macronutrients, fibre, alcohol, and energy intake from linear
regression models based on predictions of the model by using the margins, fixing covariates at
their means for each category. The geometric means of IGF-I concentrations were estimated
rather than the arithmetic mean in order to compare these results to previous studies. To
determine relative values, geometric means in the highest category or quintile were divided by
the geometric mean in the lowest category or lowest quintile. All macronutrients were also
modelled as a continuous variable in increments of 2.5% of energy intake for macronutrients and
5 g/day for fibre intake. A 2.5% higher energy intake was selected to account for the small
variability in the macronutrients from specific sources despite the larger variability in total
protein, carbohydrate, and fat, and for these analyses, untransformed IGF-I concentrations were

used to have a constant slope in the multivariable linear regression models.

All confounders were all selected a priori based on probable associations with IGF-I
concentrations and dietary intake. Linear regression models were adjusted for sex and age at
recruitment (<45, 45-49, 50-54, 55-59, 60-64, =65 years), region of recruitment (North-West
England, North-Eastern England, Yorkshire & the Humber, West Midlands, East Midlands,
South-East England, South-West England, London, Wales, and Scotland), BMI (<20, 20-22.49,
22.5-24.9, 25-27.49, 27.5-29.9, 30-32.49, 32.5-34.9, =35 kg/m” , and unknown /missing (0.4%)),
height (eight sex-specific categories increasing by 5 cm, and unknown/missing (0.5%)), physical
activity (low; 0-9.99, medium; 10-49.99, high; >50 excess MET-hours/week, and

unknown /missing (3.6%)), Townsend deprivation index (quintiles from most deprived to least
deprived, and unknown/missing (0.1%)), education (completion of national exam at 16 years of
age, completion of national exam at 17-18 years of age, college or university degree, or
unknown /missing (17%)), smoking status (never, former, light smoker: <15 cigarettes/day,

medium smoker: 15-29 cigarettes/day, heavy smoker: >30 cigarettes/day, or missing/unknown

101



(0.5%)), alcohol consumption from the touchscreen questionnaire (none drinkers, <1, 1-9.99, 10-
19.99, >20 grams/day or unknown/missing (0.7%); except when alcohol was the exposure of
interest), ethnicity (white, mixed race, Indian/Pakistani/Bangladeshi, Chinese/Asian,
black/black British, other, or missing/unknown (0.5%)), diabetes status (not diabetic, diabetic,
or unknown (0.4%)), energy intake (sex-specific quintiles), and women specific covariates: MHT
use (no, former, current, or unknown (0.3%)), oral contraceptive use (no, former, current, or
unknown (0.2%)), and menopausal status (premenopausal, postmenopausal, or unknown
(4.8%)). Further information on the classification of covariates can be found in the Ancillary

Methods A.1.

Subgroup and sensitivity analyses
Heterogeneity by sex and by BMI groups (<30, and =30 kg/m”) was assessed using a likelihood
ratio test comparing the main model to a model including an interaction term between the

macronutrient (modelled per 2.5% of energy intake) and sex or BMI.

To assess the robustness of the results, sensitivity analyses with total percentages of energy from
carbohydrates, fat, protein, and alcohol as well as total fibre intake, categorised into sex-specific
deciles were conducted. As well, to investigate if the associations observed were independent of
other nutrients, analyses were further adjusted for the strongest observed associations, namely
fibre intake (sex-specific quintiles), protein from milk (sex-specific quintiles), and protein from

yogurt (sex-specific quintiles).

Analyses using IGF-I measurements ~4 years after recruitment (N=2,724)

Finally, secondary analyses were conducted in participants who had IGF-I concentrations
measured during the follow-up period at the reassessment visit (mean 4.3 years after
recruitment). For this, participants were restricted to those who completed a minimum of four

24-hour dietary assessments at any time and had a follow-up IGF-I measurement (Figure 5.2).
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All macronutrients were added separately as 2.5% higher energy intake or 5 gram/day fibre

intake or modelled as quintiles in multivariable models.

All analyses were conducted using Stata version 15.1 (Stata Corp LP, College Station, TX) and
“Jasper makes plots” package version 2-265 in R 3.5.2 was used to make figures. P-values were
two-sided and with Bonferroni correction, p-values <0.00185 (0.05/27 exposures) were
considered statistically significant. All models were visually assessed to make sure residuals were
normally distributed using Q-Q plots, and not heteroscedastic using residual-versus-fitted plots.

No assumptions for linear regression were deemed to be broken.

5.4 Results

5.4.1 Participant characteristics

The mean age of participants at recruitment was 56.7 years (SD: 7.7). Table 5.2 presents
participant baseline characteristics by fifths of IGF-I concentrations. Participants who had
higher IGF-I concentrations were more likely to be younger, taller, have a lower BMI, report to

be never smokers, less likely to be diabetic, and women were less likely to be current users of

MHT.
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Table 5.2 Characteristics of participants in the UK Biobank Web(@Q 24-hour dietary assessment subsample by fifths of circulating

IGF-I (N=11,815).

Circulating IGF-I

Q1 Q2 Q3 Q4 Q5

Number of participants, N 2,363 2,363 2,364 2,363 2,362
IGF-I concentration, nmol /L 14.6 (2.2) 18.9 (0.9) 21.7 (0.8) 24.5 (0.9) 30.1 (4.6)
IGF-I concentration at follow-up, nmol /L’ 15.7 (3.2) 19.2 (2.9) 21.2 (3.7) 23.2 (3.2) 28.1 (5.0)
Sex - Male, N (%) 859 (36.4%) 984 (41.6%) 1,042 (44.1%) 1,124 (47.6%) 1,120 (47.4%)
Age, years 59.4 (6.5) 58.1 (7.0) 56.6 (7.6) 55.6 (7.8) 53.5 (8.2)
Body mass index, kg/m’ 27.3 (5.3) 26.7 (4.6) 26.2 (4.2) 26.0 (4.0) 25.9 (3.9)
Height, cm 167.5 (8.9) 169.0 (9.0) 169.8 (9.1) 170.2 (9.0) 170.9 (9.1)
Physical activity, N (%)

Low 661 (28.0%) 615 (26.0%) 608 (25.7%) 609 (25.8%) 585 (24.8%)

Moderate 1251 (52.9%) 1,262 (53.4%) 1280 (54.1%) 1,273 (53.9%) 1,346 (57.0%)

High 405 (17.1%) 437 (18.5%) 450 (19.0%) 452 (19.1%) 303 (16.6%)

Townsend deprivation index, N (%)
Q1 - Most affluent
Qb5 - Most deprived

Education, N (%)
National Examination at age 16 years
National Examination at age 17-18 years
College or University degree

Smoking, N (%)

396 (16.8%)
409 (17.3%)

358 (15.2%)
145 (6.1%)
1,707 (72.2%)

421 (17.8%)
380 (16.1%)

331 (14.0%)
169 (7.2%)
1,735 (73.4%)

399 (16.9%)
376 (15.9%)

300 (12.7%)
163 (6.9%)
1,778 (75.2%)

431 (18.2%)
366 (15.5%)

303 (12.8%)
156 (6.6%)
1,792 (75.8%)

418 (17.7%)
382 (16.2%)

286 (12.1%)
152 (6.4%)
1,829 (77.4%)

Never 1,290 (54.6%) 1,334 (56.5%) 1,380 (58.4%) 1,437 (60.8%) 1,471 (62.3%)
Previous 914 (38.7%) 877 (37.1%) 842 (35.6%) 798 (33.8%) 756 (32.0%)
Light smoker: <15 cigarettes/day 37 (1.6%) 42 (1.8%) 44 (1.9%) 45 (1.9%) 41 (1.7%)
Medium smoker: 15-29 cigarettes/day 47 (2.0%) 31 (1.3%) 41 (1.7%) 31 (1.3%) 30 (1.3%)
Heavy smoker: 30+ cigarettes/day 71 (3.0%) 75 (3.2%) 55 (2.3%) 48 (2.0%) 60 (2.5%)
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Table 5.2 continued

Circulating IGF-I

Q1 Q2 Q3 Q4 Q5
Alcohol intake, N (%)
<1 g/day 526 (22.3%) 489 (20.7%) 498 (21.1%) 518 (21.9%) 520 (22.0%)
1-9.99 g/day 568 (24.0%) 559 (23.7%) 545 (23.1%) 541 (22.9%) 639 (27.5%)
10-19.99 g/day 464 (19.6%) 482 (20.4%) 480 (20.3%) 512 (21.7%) 502 (21.3%)
20-39.9 g/day 477 (20.2%) 517 (21.9%) 580 (24.5%) 535 (22.6%) 517 (21.9%)
>40 g/day 328 (13.9%) 316 (13.4%) 261 (11.0%) 257 (10.9%) 184 (7.8%)
Ethnicity, N (%)
White 2,293 (97.0%) 2,300 (97.3%) 2,280 (96.4%) 2,289 (96.9%) 2,261 (95.7%)
Mixed Race 13 (0.6%) 18 (0.8%) 16 (0.7%) 16 (0.7%) 24 (1.0%)
Indian/Pakistani/Bangladeshi 8 (0.8%) 5 (0.2%) 15 (0.6%) 17 (0.7%) 15 (0.6%)
Chinese, Asian, or other Asian 0 (0.4%) 9 (0.4%) 10 (0.4%) 6 (0.3%) 0 (0.4%)
Black or Black British 0 (0.4%) 10 (0.4%) 11 (0.5%) 1 (0.5%) 27 (1.1%)
Other 1 (0.5%) 13 (0.6%) 19 (0.8%) 18 (0.8%) 16 (0.7%)
Diabetic - Yes, N (%) 147 (6.2%) 107 (4.5%) 81 (3.4%) 80 (3.4%) 79 (3.3%)
Women-only covariates
Current MHT users, N (%) 187 (12.4%) 3 (6.7%) 88 (6.7%) 8 (5.5%) 58 (4.7%)
Current oral contraceptive pill users, N (%) 9 (0.6%) 6 (1.2%) 20 (1.5%) 1 (2.5%) 78 (6.3%)
Menopause status at recruitment, N (%)
Premenopausal 114 (7.6%) 185 (13.4%) 225 (17.0%) 322 (26.0%) 479 (38.6%)
Postmenopausal 1,297 (86.2%) 1,083 (785%) 959 (72.5%) 789 (63.6%) 640 (51.5%)

Values are mean (SD) unless otherwise indicated, percentages include unknown category for missing data.

Percentages calculated including missing values and therefore may not add up to 100%.

! Participants include those who had a follow-up blood sample provided and IGF-I concentrations measured (N=2,724).

Abbreviations: MRT, menopausal hormone therapy; IGF-I, insulin-like growth factor-I; N, Number of participants; Q, quintile; SD, standard deviation.
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The main results from the multivariable adjusted models are described below if the increment in
macronutrient, fibre, alcohol, or energy intake was associated with a >5% difference in

circulating IGF-I concentrations (Figures 5.3-5.5 and Table 5.3).

5.4.2 Macronutrient intake and circulating IGF-I concentrations

The results for macronutrient intakes by quintiles are shown in Figures 5.3 & 5.4 and by
lowest versus highest quintile in Table 5.3. Comparing participants in the highest quintile with
participants in the lowest quintile of intake for total protein, protein from animal sources, and
protein from milk, IGF-I concentrations were 1.72 nmol /L (95% CI: 1.40, 2.03), 1.19 nmol /L
(0.88, 1.50), and 1.18 nmol/L (0.87, 1.49) higher, respectively (Figure 5.3 & Table 5.3). Fat

intake was not associated with notable differences in circulating IGF-I concentrations.
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Geometric mean Geometric mean

Mean IGF-1 Mean P IGF-
Protein intake N g/day  of energy (nmol/L; 95% CI) Fat intake N glday of energy (nmoliL; 95% CI)
Total protein Total fat
Q1 (Lowest) 2,364 68.1 12.51% 20.31(20.10 - 20.52) + Q1 (Lowest) 2,364 51.7 24.23% 21.48 (21.26 - 21.70) +
Q2 2,363 76.9 14.46% 21.00 (20.79 - 21.22) - [o73 2,363 645 2881% 21.39(21.17 - 21.61) -
Q3 2,363 81.3 15.77% 21.42(21.20 - 21.63) - Q3 2,363 727 31.52% 21.28 (21.06 - 21.49) -1
2,363 84.5 17.17% 21.42(21.20 - 21.63) - Q4 2,363 80.8 34.27% 21,06 (20.85 - 21.28) -
Q5 (Highest) 2.362 89.8 19.89% 22,03 (21.80 - 22.26) - Q5 (Highest) 2,362 935 38.83% 20.94 (20.72 - 21.15) -
Protein from plant sources Fat from plant sources
Q1 (Lowest) 2,384 215 4.08% 20.59 (20.38 - 20.81) + Q1 (Lowest) 2,364 19.2 8.81% 21,08 (20.86 - 21.29) +
2,363 254 4.89% 21.07 (20.86 - 21.29) - Q2 2,363 26.2 11.62% 21,33 (21.12 - 21.55) -
Q3 2,363 217 5.44% 2153 (21.31-21.75) -~ Q3 2,363 31.2 13.54% 2149 (2127-21.11) -
Q4 2,363 304 6.07% 21.47 (21.26 - 21.69) - Q4 2,363 36.3 15.64% 21.23 (21.02 - 21.45) o
Q5 (Highest) 2,362 36.5 7.53% 21.48 (21.26 - 21.71) - Q5 (Highest) 2,362 473 19.96% 21.01(20.80 - 21.23) <+
Protein from animal sources Fat from animal sources
Q1 (Lowest) 2,364 338 6.35% 20.61 (20.40 - 20.82) -+ Q1 (Lowest) 2,364 243 10.98% 21.38 (21.17 - 21.60) -+
Q2 2,363 476 8.92% 20.98 (20.77 - 21.19) - Q2 2,363 341 14.95% 21.46(2125-21.68 -
Q3 2,363 53.3 10.29% 21.51(21.29-21.73) - Q3 2,363 40.2 17.40% 21,19 (20.98 - 21.40;
Q4 2,363 58.2 11.73% 21.27 (21.05 - 21.48) - Q4 2,363 467 20.02% 21.10 (2088 - 21,31 -
Q5 (Highest) 2,362 66.2 1451% 21.80 (21.57 - 22.02) - Q5 (Highest) 2,362 571.7 24.74% 21.01 (20.80 - 21.23] -
Protein from dairy sources Fat from dairy sources
Q1 (Lowest) 2,364 58 1.12% 20.66 (20.45 - 20.87) -~ Q1 (Lowest) 2,384 36 1.61% 21.21(21.00 - 21.43) -+
Q2 2,363 10.5 2.04% 21.06 (20.85 - 21.27) - Q2 2,363 76 341% 21.31(21.10 - 21.53; -
Q3 2,363 133 2.62% 21,36 (21.15 - 21.58) - Q3 2,363 1.0 4.88% 21.32(21.11-21.54 -
Q4 2,363 159 3.23% 21.48 (21.26 - 21.69) -~ Q4 2,363 153 6.69% 2126 (21.04 - 21.47 +
Q5 (Highest) 2,362 20.9 4.44% 21.60 (21.39 - 21.83) - Q5 (Highest) 2,362 24.7 10.69% 21.04 (2083 -21.25 -
Protein from milk Fat from milk
Q1 (Lowest) 2,364 14 0.28% 20.63 (20.43 - 20.84) . Q1 (Lowest) 2,384 03 0.13% 21.10 (2088 - 21.31 -+
Q2 2,363 5.0 0.96% 20,83 (20.62 - 21.05) - Q2 2,363 13 0.56% 21.07 (20.86 - 21.28 T
Q3 2,363 71 1.38% 21.43(21.22-21.65) - Q3 2,363 27 1.17% 21.16 (20.95 - 21.38) +
Q4 2,363 88 1.79% 21.45 (21.23 - 21.66) - Q4 2,363 39 1.74% 21.24 (21.03 - 21.46) -
Q5 (Highest) 2,362 1.6 2.57% 21.81(21.50 - 22.04) - Q5 (Highest) 2,362 6.1 2.90% 21.58 (21.36 - 21.80 -
Protein from yogurt Fat from yogurt
Q1 (Lowest) 4,247 0.0 0.00% 2092 (20.76 - 21.08) + Q1 (Lowest) 4247 0 0.00% 20,92 (20.76 - 21.08) +
Q2 715 1.0 0.18% 21.00 (20.61 - 21.40) -+ Q2 715 03 0.12% 2092 (2053 -21.31 -+
Q3 2,128 15 0.30% 21.25(21.03-21.48) - Q3 2,128 05 0.23% 21.38 (21.15-21.61 -
Q4 2,363 28 0.57% 21.46 (21.25 - 21.68) - Q4 2,363 11 0.49% 21.56 (21.34 - 21.78; -
Q5 (Highest) 2,362 52 1.16% 21,60 (21.39 - 21.83) - Q5 (Highest) 2,362 6 1.21% 2142(2120-21864 -
Protein from cheese Fat from cheese
Q1 (Lowest) 2,364 02 0.04% 21.21(21.00 - 21.43) = Q1 (Lowest) 2,364 02 0.08% 21.25(21.03-21.47) +
Q2 2,363 21 0.40% 21.18 (20.97 - 21.40) <+ Q2 2,383 23 0.98% 21.25(21.04 - 21.47) +
Q3 2,363 38 0.74% 21.27 (21.06 - 21.49) - Q3 2,363 43 1.85% 21.24 (21.03 - 21.45) +
Q4 2,363 6.0 1.16% 21.26 (21.04 - 21.47) + Q4 2,383 68 2.95% 21.30(21.09 - 21.52) .
Q5 (Highest) 2,362 10.3 2.06% 21.21(21.00 - 21.43) -+ QS (Highest) 2,362 18 5.24% 21,10 (20.88 - 21.31) -
Protein from animal products (nct xhiy) Fat from animal products (not dairy)
Q1 (Lowest) 2,364 3.65% 20.81 (20.60 - 21.02) - Q1 (Lowest) 2,364 154 6.77% 21.26 (21.04 - 21.47) “+
Q2 2,363 33 5 6.28% 21.18 (20.97 - 21.40) - Q2 2,363 230 9.99% 21.31(21.10 - 21.53) T
Q3 2,363 39.8 7.65% 21.34 (21.13 - 21.56) - Q3 2,363 28,0 11.99% 2136 (21.14 - 21.57) -
Q4 2,363 453 9.04% 21.35(21.14 - 21.57) var Q4 2,363 330 14.11% 21.21 (21.00-21.43) -+
Q5 (Highest) 2,362 54.5 11.73% 21.46 (21.23 - 21.68) - Q5 (Highest) 2,362 415 17.97% 21.00 (20.79 - 21.22) -
—_— [
09 1 11 09 1 11
Relative geometric Relative geometric
mean (95% CI) mean (95% CI)

Figure 5.3 Percentage of energy intake from proteins and fats separated by quintiles in association with geometric mean
concentrations of IGF-I (N=11,815).

All models are adjusted for sex, age at recruitment, region of recruitment, body mass index, height, physical activity, Townsend deprivation index, education, smoking, alcohol
consumption, ethnicity, diabetes status, energy intake and women specific covariates: hormone replacement therapy use, oral contraceptive use, and menopausal status.

Percentage of energy from protein and fat sources calculated from a minimum of four averaged 24-hour web-based dietary assessments with one completed at recruitment.
Grams calculated as mean per day within each quintile. Percentage of energy calculated by mean percentage of energy per day in each quintile.

Abbreviations: CI, confidence intervals; g, grams; IGF-I, insulin-like growth factor-I; N, number of participants; Q, quintile.
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Table 5.3 Geometric mean difference (nmol/L) and percentage change of IGF-I comparing the highest quintile to the lowest quintile of nutrients

using the baseline IGF-I measurement and in secondary analyses using the follow-up IGF-I measurement ~4 years after recruitment.

WebQ subsample (N=11,815)

Secondary analysis: WebQ repeat IGF-I sample (N=2,724)

Absolute change of

IGF-1 (95% CI)

Percentage change of
IGF-I (95% CI)

Absolute change of IGF-I

(95% CI)

Percentage change of
IGF-I (95% CI)

Total protein
Protein from plant sources
Protein from animal sources
Protein from dairy sources
Protein from milk
Protein from yogurt
Protein from cheese
Protein from animal
products (not dairy)

Total carbohydrate
Total sugars
Free sugars
Non-free sugars
Total starch
Starch from wholegrains
Starch from refined grains

Fibre

Total fat
Fat from plant sources
Fat from animal sources
Fat from dairy sources
Fat from milk
Fat from yogurt

1.72 (1.40 to 2.03)
0.89 (0.58 to 1.20)
1.19 (0.88 to 1.50)
0.95 (0.64 to 1.25)
1.18 (0.87 to 1.49)
0.69 (0.41 to 0.96)
0.00 (-0.31 to 0.30)

0.65 (0.34 to 0.95)

0.48
0.09

—

0.17 to 0.80)
-0.22 to 0.40)
-0.96 (-1.27 to -0.66)
1.02 (0.71 to 1.33)
0.41 (0.10 to 0.72)
1.08 (0.77 to 1.39)
0.29 (-0.01 to 0.60)

—_—

1.32 (1.00 to 1.65)

-0.54
-0.07
-0.37
-0.17
0.48
0.50

—

-0.85 to -0.23)
-0.37 to 0.24)
-0.67 to -0.07)
-0.47 to 0.13)
0.18 to 0.79)
0.23 to 0.77)

o~~~ T~

8.45% (6.92% to 9.98%)
4.32% (2.84% to 5.80%)
5.77% (4.26% to 7.27%)
4.59% (3.12% to 6.06%)
5.72% (4.23% to 7.21%)
3.28% (1.98% to 4.58%)
-0.02% (-1.45% to 1.42%)

3.10% (1.62% to 4.58%)

2.33%
0.42%

0.80% to 3.85%)
-1.05% to 1.88%)
-4.46% (-5.87% to -3.05%)
4.96% (3.45% to 6.48%)
1.95% (0.47% to 3.42%)
5.23% (3.74% to 6.71%)
1.39% (-0.06% to 2.84%)

—~ T =

6.21% (4.87% to 8.06%)

-2.51%
-0.32%
-1.73%
-0.81%
2.28%
2.39%

-3.95% to -1.07%
-1.76% to 1.13%
-3.16% to -0.30%
-2.24% to 0.62%
0.83% to 3.73%)
1.10% to 3.67%)

—
~—

o~~~ T —
~— ~—

1.08 (0.44 to 1.73)
0.56 (-0.07 to 1.20)
0.63 (-0.01 to 1.28)

1.39 (0.75 to 2.04)
1.38 (0.73 to 2.02)
0.95 (0.38 to 1.52)
0.00 (-0.64 to 0.64)

0.05 (-0.59 to 0.69)

0.57 (-0.10 to 1.24)
0.07 (-0.58 to 0.72)
-0.04 (-0.69 to 0.60)
0.84 (0.18 to 1.49)
0.64 (0.00 to 1.29)
1.26 (0.63 to 1.90)

0.16 (-0.49 to 0.80)

1.11 (0.39 to 1.82)

-0.61 (-1.26 to 0.05)
-0.11 (-0.76 to 0.53)
-0.17 (-0.81 to 0.47)
0.10 (-0.54 to 0.75)
0.66 (0.02 to 1.30)
1.00 (0.43 to 1.57)

5.46% (2.19% to 8.73%)
2.80% (-0.37% to 5.98%)
3.15% (-0.03% to 6.34%)

6.98% (3.75% to 10.20%)

6.90% (3.67% to 10.14%)
4.73% (1.90% to 7.55%)
0.00% (-3.12% to 3.11%)

0.25% (-2.90% to 3.40%)

2.79% (-0.50% to 6.09%)
0.33% (-2.82% to 3.48%)
-0.21% (-3.34% to 2.92%)
4.18% (0.92% to 7.44%)
3.18% (-0.02% to 6.37%)
6.41% (3.19% to 9.63%)
0.77% (-2.35% to 3.89%)

5.26% (1.98% to 8.76%)

-2.89% (-6.00% to 0.22%)
-0.55% (-3.68% to 2.58%)
-0.82% (-3.92% to 2.28%)
0.50% (-2.61% to 3.61%)
3.22% (0.09% to 6.35%)
4.97% (2.15% to 7.80%)
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Table 5.3 continued

WebQ subsample (N=11,815) Secondary analysis: WebQ repeat IGF-I sample (N=2,724)
Absolute change of Percentage change of Absolute change of IGF-I Percentage change of IGF-I
IGF-I (95% CI) IGF-I (95% CI) (95% CI) (95% CI)
Fat from cheese -0.15 (-0.46 to 0.15) -0.72% (-2.15% to 0.71%) 0.13 (-0.51 to 0.78) 0.65% (-2.47% to 3.77%)
Fat from animal products
(not dairy) -0.25 (-0.56 to 0.05) -1.19% (-2.62% to 0.24%) -0.15 (-0.79 to 0.49) -0.74% (-3.84% to 2.36%)
Alcohol (comparing =40
g/day to <1 g/day) -1.36 (-1.00 to -1.71)  -6.32% (-4.68% to -7.97%) -0.50 (-1.24 to 0.24) -2.43% (-6.05% to 1.18%)
Total energy 0.25 (-0.05 to 0.55) 1.19% (-0.26% to 2.64%) 0.52 (-0.62 to 1.65) 2.55% (-3.06% to 8.17%)
Total energy (not from
alcohol) 0.55 (0.24 to 0.85) 2.63% (1.18% to 4.09%) 0.71 (-0.43 to 1.84) 3.53% (-2.14% to 9.21%)

All models are adjusted for sex, age at recruitment, region of recruitment, body mass index, height, physical activity, Townsend deprivation index, education, smoking, alcohol
consumption, ethnicity, diabetes, energy intake (except when energy intake was the exposure of interest), and women specific covariates: hormone replacement therapy use, oral
contraceptive use, and menopausal status.

For baseline IGF-I measurements, quintiles of percentage of energy from carbohydrate sources, percentage of energy from fat sources, and percentage of protein sources, fibre, alcohol
categories, and energy intake quintiles calculated from a minimum of four (maximum of five) averaged 24-hour web-based dietary assessments with one assessment completed at
recruitment for baseline IGF-I measurement when blood sample was provided. For follow-up IGF-I measurements, quintiles of percentage of energy from carbohydrates, fat sources,
protein sources, and intake of fibre, alcohol categories, and energy quintiles calculated from a minimum of four (maximum of five) averaged 24-hour web-based dietary assessments
completed at any time.

Percentages and geometric mean difference from highest category or quintile compared to lowest category or quintile of intake are from Figures 5.1 and 5.3 in main text for baseline
IGF-I measurement. Quintiles for follow-up IGF-I measurement from highest category or quintile to lowest category. All quintiles of nutrients are not presented for follow-up
measurement of IGF-1.

Bolded nutrients represent a =5% difference in IGF-I concentrations comparing the highest category or quintile to the lowest category or quintile.

Abbreviations: CI, confidence interval; IGF-I, insulin-like growth factor-I.
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Participants in the highest quintile of fibre intake had 1.32 nmol/L (1.00, 1.65) higher IGF-I
concentrations compared to those in the lowest quintile (Figure 5.4). Circulating IGF-I
concentrations were 1.08 nmol/L (0.77, 1.39) higher in the highest quintile of percentage of
energy intake from starch from wholegrains compared to the lowest quintile. Circulating IGF-I
concentrations were significantly lower for participants who reported consuming =40 grams of

alcohol a day compared to those who reported drinking <1 gram of alcohol per day (-1.36
nmol/L, 95% CI: -1.00, -1.71; Figure 5.4).

A 2.5% higher intake of energy from total protein was associated with higher IGF-I
concentrations by 0.56 nmol/L (95% CI: 0.47, 0.66; Figure 5.5). When looking at specific
sources of protein, a 2.5% higher intake in energy from protein from dairy was associated with
0.73 nmol/L (0.52, 0.94) higher IGF-I concentrations. When dairy sources were looked at in
more detail, protein from milk and protein from yogurt were associated with higher IGF-I
concentrations of 1.20 nmol/L (0.90, 1.51), and 1.33 nmol/L (0.79, 1.86), respectively; however,
there was no association between protein from cheese and IGF-I concentrations (-0.07 nmol/L; -

0.40, 0.25; Figure 5.5 and Table 5.4).
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Figure 5.4 Percentage of energy from carbohydrate sources, fibre, alcohol, and energy intake in

Geometric mean

Carbohydrates, fibre, Mean Per IGF-1
alcohol, and energy N gl/day of energy (nmol/L; 95% Cl)
Total carbohydrate
Q1 (Lowest) 2,364 205.4 39.68% 20.82 (20.60 - 21.05) +
Q2 2,363 240.3 46.11% 21.39 (21.17 - 21.60) -
Q3 2,363 253.4 49.59% 21.26 (21.05 - 21.48) -
Q4 2,363 269.6 52.89% 21.36 (21.15 - 21.58) -
Q5 (Highest) 2,362 284.1 58.45% 21.31 (21.08 - 21.54) -
Total sugar
Q1 (Lowest) 2,364 84.2 16.54% 21.09 (20.88 - 21.31) +
Q2 2,363 108.7 21.14% 21.36 (21.14 - 21.57) -
Q3 2,363 123.5 24.09% 21.32(21.11 - 21.54) I
Q4 2,363 137.2 27.19% 21.19 (20.97 - 21.40) 2
Q5 (Highest) 2,362 161.4 32.97% 21.18 (20.96 - 21.40) L
Total free sugars
Q1 (Lowest) 2,364 28.1 5.63% 21.59 (21.37 - 21.81) +
Q2 2,363 446 8.67% 21.33(21.12 - 21.55) -
Q3 2,363 56.2 10.78% 21.36 (21.15 - 21.58) -
Q4 2,363 68.9 13.14% 21.24 (21.03 - 21.46) -
Q5 (Highest) 2,362 93.1 17.70% 20.62 (20.41 - 20.83) -
Total non-free sugar
Q1 (Lowest) 2,364 36.2 6.96% 20.52 (20.30 - 20.73) 4
Q2 2,363 52.3 10.19% 21.18 (20.97 - 21.40) -
Q3 2,363 62.8 12.60% 21.44 (21.22 - 21.66) -
Q4 2,363 75.2 15.29% 21.49 (21.27-21.71) -
Q5 (Highest) 2,362 97.7 20.96% 21.53 (21.31 - 21.76) -
Total starch
Q1 (Lowest) 2,364 92.1 17.89% 20.99 (20.78 - 21.21) T
Q2 ,363 117.5 22.46% 21.02 (20.81 - 21.24) +
Q3 2,363 129.9 24.96% 21.18 (20.96 - 21.39) =
Q4 2,363 140.9 27.44% 21.55(21.34 - 21.77) -
Q5 (Highest) 2,362 156.3 31.80% 21.40 (21.18 - 21.62) he
Starch from wholegrain
Q1 (Lowest) 2,364 3.9 0.75% 20.67 (20.46 - 20.88) +
Q2 2,363 15.7 3.05% 21.16 (20.95 - 21.38) -
Q3 2,363 25.2 4.93% 21.17 (20.95 - 21.38) -
Q4 2,363 35.1 7.04% 21.41(21.19 - 21.63) -
Q5 (Highest) 2,362 53.7 11.27% 21.75 (21.53 - 21.97) -
Starch from refined grain
Q1 (Lowest) 2,364 5.4 1.02% 21.08 (20.86 - 21.29) 4
Q2 2,363 19.3 3.67% 21.14 (20.93 - 21.35) o
Q3 2,363 31.2 5.99% 21.25(21.03 - 21.46) -
Q4 2,363 445 8.62% 21.31(21.09 - 21.53) I~
Q5 (Highest) 2,362 67.6 13.78% 21.37 (21.15 - 21.59) e
Fibre
Q1 (Lowest) 2,364 115 - 20.47 (20.25 - 20.70) +
Q2 2,363 15.1 - 21.06 (20.85 - 21.28) -
Q3 2,363 17.6 - 21.31(21.10 - 21.53) -
Q4 2,363 20.3 - 21.52 (21.31-21.75) -
Q5 (Highest) 2,362 25.8 - 21.79 (21.56 - 22.03) -~
Alcohol
<1 grams/day 2,551 0.03 0.12% 21.48 (21.26 - 21.69) +
1-9 grams/day 2,852 5.4 1.94% 21.43 (21.24 - 21.63) E
10-19 grams/day 2,440 14.7 5.09% 21.47 (21.26 - 21.69) +4
20-39.9 grams/day 2,626 285 9.47% 21.12 (20.92 - 21.33) -
40+ grams/day 1,346 56.6 17.36% 20.12(19.84 - 20.40) -
Energy
Q1 (Lowest) 2,364 - - 21.01 (20.80 - 21.23) 4
Q2 2,363 - - 21.37 (21.16 - 21.59) -
Q3 2,363 - - 21.18 (20.96 - 21.39) -
Q4 2,363 - - 21.32(21.10 - 21.53) I~
Q5 (Highest) 2,362 - - 21.26 (21.05 - 21.48) -
Energy excluding alcohol
Q1 (Lowest) 2,364 - - 20.81(20.60 - 21.03) +
Q2 2,363 - - 21.43 (21.22 - 21.65) -
Q3 2,363 - - 21.26 (21.05 - 21.48) -
Q4 2,363 - - 21.27 (21.06 - 21.49) -
Q5 (Highest) 2,362 - - 21.36 (21.15 - 21.58) -

—_—l
0.9 1 11
Relative geometric
mean (95% Cl)

association with geometric mean concentrations of IGF-I (N=11,815).

All models are adjusted for sex, age at recruitment, region of recruitment, body mass index, height, physical activity, Townsend

deprivation index, education, smoking, alcohol consumption (except when alcohol was the exposure), ethnicity, diabetes status,

energy intake and women specific covariates: hormone replacement therapy use, oral contraceptive use, and menopausal status.

Percentage of energy from carbohydrate sources, fibre quintiles, alcohol categories, and energy intake quintiles calculated from a

minimum of four averaged 24-hour web-based dietary assessments with one completed at recruitment.

Grams calculated as mean per day within each quintile and category.

Percentage of energy calculated by mean percentage of energy per day in each quintile.

Abbreviations: CI, confidence interval; g, grams; IGF-I, insulin-like growth factor-I; N, number of participants; nmol/L, nanomole

per litre; Q, quintile.
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5.4.3 Subgroup and sensitivity analyses

No evidence of heterogeneity was observed between sex and BMI subgroups for macronutrients

and fibre intake (Ancillary Figures 5.1 & 5.2).

The patterns of associations remained the same when percentages of energy from macronutrients
and fibre were modelled as deciles (Ancillary Figure 5.3). In the multivariable models controlling
for fibre intake, the associations of protein from various sources with circulating IGF-I
concentrations remained largely the same (data not shown). Similarly, when milk protein and
yogurt protein were added to the multivariable models, the association between fibre intake and

starch from wholegrains and IGF-I concentrations was not materially affected (data not shown).

Analyses using IGF-I measurements ~4 years after recruitment (N=2,724)

In secondary analyses using participants with IGF-I measured ~4 years after recruitment who
had completed a minimum of four 24-hour dietary assessments, the results were largely similar
compared to using the recruitment IGF-I measurements; however, the association of IGF-I with
protein from milk intake was stronger (per 2.5% energy increase: 1.42 nmol/L (0.81, 2.03);
Figure 5.5 and Table 5.4). The associations with protein from yogurt, and fibre intake,
became slightly attenuated (per 2.5% energy increase: 0.99 nmol/L (0.06, 2.05) and per 5 g/day

increase: 0.23 nmol/L (0.01, 0.45), respectively; Figure 5.5 and Table 5.4).
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Per 2.5% energy increase
Total protein

Protein from plants

Protein from animals
Protein from dairy
Protein from milk
Protein from yogurt

Protein from cheese
Protein from animal products (not dairy)

Total carboyhydrates

Fibre (per 5 g/day)

Total fats

Absolute change
in nmol/L (95% CI)

0.56 (0.47 to 0.66)
0.56 (0.36 to 0.76)
0.34 (0.25 to 0.42)
0.73 (0.52 to 0.94)
1.20 (0.90 to 1.51)
1.33 (0.79 to 1.86)
-0.07 (-0.40 to 0.25)
0.21 (0.13 to 0.30)
0.07 (0.03 t0 0.11)

0.46 (0.35 t0 0.57)

-0.10 (-0.14 to -0.05)

Main lysis: WebQ

Percentage
change (95% CI)

2.69% (2.24% to 3.14%)
2.60% (1.68% to 3.51%)
1.62% (1.22% to 2.02%)
3.47% (2.51% to 4.43%)
5.68% (4.27% to 7.08%)
6.35% (3.90% to 8.80%)
-0.34% (-1.84% to 1.16%)
1.04% (0.63% to 1.44%)
0.33% (0.14% to 0.52%)
2.12% (1.60% to 2.64%)

-0.44% (-0.67% to -0.21%)

Percentage change of IGF-|

Ahealite ch

Secondary analysis:
Four+ completed WebQs and
follow-up IGF-l measurement (N=2,724)*

D,
rer

in nmol/L (95% CI)
0.31(0.11 to 0.51)

0.28 (-0.11 to 0.67)
0.18 (0.00 to 0.35)
0.88 (0.46 to 1.30)
1.42 (0.81 to 2.03)
0.99 (0.06 to 2.05)
0.16 (-0.49 to 0.82)
0.03 (-0.15 to 0.20)
0.08 (0.00 to 0.16)

0.23 (0.01 to 0.45)

-0.07 (-0.18 to 0.03)

change (95% Cl)
1.71% (0.74% to 2.67%)

1.38% (-0.51% to 3.27%)
1.00% (0.17% to 1.83%)
4.44% (2.42% 10 6.46%)
7.49% (4.54% to 10.44%)
5.59% (0.53% to 10.65%)
0.21% (-2.94% to 3.37%)
0.26% (-0.59% to 1.10%)
0.41% (0.00% to 0.81%)
1.19% (0.12% to 2.27%)

-0.42% (-0.91% to 0.08%)

-

0 10

Percentage change of IGF-|

Figure 5.5 Per incremental intake of energy from macronutrients and fibre (N=11,815) and restricting to participants with an IGF-I

measurement ~4 years after recruitment (N=2,724) in association with the absolute and percentage change concentration of IGF-I.

All models are adjusted for sex, age at recruitment, region of recruitment, body mass index, height, physical activity, Townsend deprivation index, education, smoking, alcohol

consumption, ethnicity, diabetes status, energy intake, and women specific covariates: hormone replacement therapy use, oral contraceptive use, and menopausal status.

! Macronutrients calculated a minimum of four (maximum of five) averaged 24-hour web-based diet assessments with one completed at recruitment.

% Analysis assessing macronutrients and fibre intake calculated for participants with a follow-up IGF-I measurement. Macronutrients and fibre intake were calculated by using a

minimum of four (maximum of five) averaged 24-hour web-based dietary assessments completed at any time. IGF-I was measured after all completed 24-hour dietary assessments

(mean follow-up time from last 24-hour dietary assessment to follow-up blood measurement: 0.64 years) and ~4 years after recruitment.

Macronutrients are modelled as a 2.5% energy increase whereas fibre is modelled as a 5 gram per day increase.

Abbreviations: CI, confidence interval; g/day, grams per day; IGF-1, insulin-like growth factor-I; nmol/L, nanomole per litre.
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Table 5.4 Macronutrient per 2.5% of energy intake in association with absolute difference (nmol/L) and percentage change of IGF-I for the Web(Q 24-hour

dietary assessment subsample (N=11,815) and in secondary analysis for participants who completed four or more WebQs and had IGF-I measured ~4 years after
recruitment (N=2,724).

Secondary analysis: Four or more completed WebQs and follow-up

WebQ subsample’ (N=11,815) IGF-TI measurement (N=2,724)2
-

Absolute change of IGF-1 Percentage change of IGF-I (95% Absolute change of IGF-I Percentage change of IGF-I (95%
Per 2.5% energy increase (95% CI) CI) (95% CI) CI)
Total protein 0.56 (0.47 to 0.66) 2.69% (2.24% to 3.14%) 0.31 (0.11 to 0.51) 1.71% (0.74% to 2.67%)
Protein from plant sources 0.56 (0.36 to 0.76) 2.60% (1.68% to 3.51%) 0.28 (-0.11 to 0.67) 1.38% (-0.51% to 3.27%)
Protein from animal sources 0.34 (0.25 to 0.42) 1.62% (1.22% to 2.02%) 0.18 (0.00 to 0.35) 1.00% (0.17% to 1.83%)
Protein from dairy sources 0.73 (0.52 to 0.94) 3.47% (2.51% to 4.43%) 0.88 (0.46 to 1.30) 4.44% (2.42% to 6.46%)
Protein from milk 1.20 (0.90 to 1.51) 5.68% (4.27% to 7.08%) 1.42 (0.81 to 2.03) 7.49% (4.54% to 10.44%)
Protein from yogurt 1.33 (0.79 to 1.86) 6.35% (3.90% to 8.80%) 0.99 (0.06 to 2.05) 5.59% (0.53% to 10.65%)
Protein from cheese -0.07 (-0.40 to 0.25) -0.34% (-1.84% to 1.16%) 0.16 (-0.49 to 0.82) 0.21% (-2.94% to 3.37%)
Protein from animal products (not dairy) 0.21 (0.13 to 0.30) 1.04% (0.63% to 1.44%) 0.03 (-0.15 to 0.20) 0.26% (-0.59% to 1.10%)
Total carbohydrate 0.07 (0.03 to 0.11) 0.33% (0.14% to 0.52%) 0.08 (0.00 to 0.16) 0.41% (0.00% to 0.81%)
Total sugars 0.02 (-0.03 to 0.06) 0.05% (-0.15% to 0.26%) 0.03 (-0.06 to 0.12) 0.14% (-0.28% to 0.55%)
Free sugars -0.19 (-0.25 to -0.13) -0.94% (-1.20% to -0.68%) -0.02 (-0.14 to 0.09) -0.19% (-0.74% to 0.36%)
Non-free sugars 0.18 (0.13 to 0.23) 0.85% (0.61% to 1.09%) 0.06 (-0.04 to 0.16) 0.34% (-0.15% to 0.83%)
Total starch 0.09 (0.04 to 0.14) 0.44% (0.20% to 0.67%) 0.08 (-0.03 to 0.18) 0.42% (-0.07% to 0.92%)
Starch from wholegrains 0.24 (0.17 to 0.30) 1.15% (0.84% to 1.45%) 0.25 (0.12 to 0.38) 1.26% (0.64% to 1.87%)
Starch from refined grains 0.05 (0.00 to 0.11) 0.25% (0.00% to 0.50%) 0.00 (-0.10 to 0.11) -0.04% (-0.56% to 0.48%)
Fibre (per 5 grams/day) 0.46 (0.35 to 0.57) 2.12% (1.60% to 2.64%) 0.23 (0.01 to 0.45) 1.19% (0.12% to 2.27%)
Total fat -0.10 (-0.14 to -0.05) -0.44% (-0.67% to -0.21%) -0.07 (-0.18 to 0.03) -0.42% (-0.91% to 0.08%)
Fat from plant sources -0.04 (-0.10 to 0.03) -0.19% (-0.47% to 0.10%) -0.04 (-0.17 to 0.08) -0.26% (-0.86% to 0.34%)
Fat from animal sources -0.08 (-0.13 to -0.03) -0.34% (-0.57% to -0.11%) -0.04 (-0.15 to 0.06) -0.23% (-0.72% to 0.25%)
Fat from dairy sources -0.07 (-0.14 to 0.01) -0.33% (-0.67% to 0.01%) 0.00 (-0.15 to 0.15) -0.13% (-0.85% to 0.58%)
Fat from milk 0.29 (0.06 to 0.52) 1.28% (0.22% to 2.34%) 0.47 (0.01 to 0.93) 2.60% (0.39% to 4.81%)
Fat from yogurt 0.53 (0.05 to 1.00) 2.65% (0.47% to 4.83%) 0.90 (0.01 to 1.80) 5.02% (0.63% to 9.40%)
Fat from cheese -0.10 (-0.22 to 0.03) -0.46% (-1.05% to 0.13%) 0.11 (-0.15 to 0.37) 0.33% (-0.92% to 1.57%)
Fat from animal products (not dairy) -0.07 (-0.13 to -0.01) -0.28% (-0.57% to 0.01%) -0.06 (-0.19 to 0.06) -0.26% (-0.86% to 0.34%)

All models are adjusted for sex, age at recruitment, region of recruitment, body mass index, height, physical activity, Townsend deprivation index, education, smoking, alcohol consumption, ethnicity, diabetes, energy intake, and women specific covariates:

hormone replacement therapy use, oral contraceptive use, and menopausal status.

' WebQ 24-hour dietary assessment subsample represents a 2.5% energy change averaged across a minimum of four (maximum of five) 24-hour web-based diet assessments with one assessment completed at recruitment with baseline IGF-I concentrations. Fibre
y p. ! 2) 3 g

intake represents a 5 grams per day increase.

2 Analysis assessing macronutrients and fibre intake calculated for participants with a follow-up IGF-I measurement. Macronutrients and fibre intake were calculated by using a minimum of four (maximum of five) averaged 24-hour web-based dietary
assessments completed at any time. IGF-I was measured after all completed WebQs (mean follow-up time from last 24-hour dietary assessment to follow-up blood measurement: 0.64 years, mean follow-up from recruitment to follow-up blood measurement: 4.3
years).

Bolded macronutrients represent >5% difference of IGF-I concentrations from the follow-up measurement.

Abbreviations: CI, confidence intervals; g/day, grams per day; IGF-I, insulin-like growth factor-I; nmol/L, nanomole per litre.
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5.5 Discussion

5.5.1 Main findings

In this observational analysis in UK Biobank, the association of circulating IGF-I concentrations
with protein from dairy products differed by sources of dairy, with protein from milk and yogurt
being positively associated with IGF-I concentrations, whereas protein from cheese was not
associated with circulating IGF-I concentrations. There were also positive associations between
total protein intake, fibre, and starch from wholegrains and circulating IGF-I concentrations,
and an inverse association with alcohol consumption. These findings showing different
associations with IGF-I depending on the source of dairy protein are potentially important, and
together with the positive associations of intake from dietary fibre and starch from wholegrains

with IGF-I warrant further investigation.

5.5.2 Protein and IGF-I concentrations

Similar to previous cross-sectional analyses [3-5, 367|, higher total protein intake was associated
with higher circulating concentrations of IGF-I in these analyses. This association has also been
shown in some RCTs of dairy-based protein supplements, which used whey and/or milk protein
isolate [316, 317|, and in a trial assessing isoenergetic protein restriction where reduction of
protein intake resulted in lower IGF-I concentrations [390]. Circulating IGF-I concentrations
have also been shown to be lower in individuals who are vegan [298, 299]; a diet that contains

no dairy and usually less protein than average[391].

5.5.3 Protein from dairy products and IGF-I concentrations

Although protein from all dairy products combined was associated with higher IGF-I
concentrations, protein from milk and yogurt were strongly associated with circulating IGF-I,
whereas there was no evidence of an association with protein from cheese, suggesting a potential
difference between dairy sources. In analyses using the IGF-I measurement ~4 years after

recruitment, the association of protein from milk with IGF-I concentrations became stronger,
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whereas protein from yogurt became slightly attenuated, although it was still positively
associated with IGF-I. Previous studies have also reported a positive association between total
dairy protein and IGF-I [5, 367|, as well as a possible null association between cheese intake and
IGF-I concentrations [3, 370, 380], although the results are inconsistent [366], and to my
knowledge, evidence on protein from different dairy products have not been previously explored.
In Chapter 4, there was also no association between cheese intake, measured from the
touchscreen questionnaire in the entire UK sample, and circulating IGF-I concentrations. As a
possible reason for this difference by dairy subtype, whey protein is found in milk and yogurt,
but is removed in most cheese production. Whey contains relatively more branched chained
amino acids (leucine, isoleucine, and valine) and is more quickly absorbed into the bloodstream
compared to casein, the protein found in cheese [392], although it is unclear whether whey
protein increases IGF-I more than casein protein [393]. The supply of essential amino acids, such
as tryptophan, may be particularly important in the up-regulation of IGF-I genes [319, 394| and
signalling pathways in the liver necessary for IGF-I synthesis [375]. Other components in dairy
products, such as calcium, may also positively affect IGF-I concentrations [4, 5, 366, 367, but
evidence from a RCT showed no association between calcium supplementation and IGF-I

concentrations [395].

5.5.4 Fibre and starch from wholegrains and IGF-1I concentrations

This analysis also found that higher fibre and wholegrain intakes were associated with higher
circulating concentrations of IGF-I, even after controlling for protein from milk and yogurt. This
finding for fibre is consistent with two previous cross-sectional studies of 4,731 individuals and
1,037 women |3, 5], although other smaller cross-sectional studies have not found evidence of an
association [377, 396]. Analyses from Chapter 4 also showed small positive associations for
vegetables and fruits with IGF-I concentrations, which may be due to their fibre content.
Moreover, wholegrains are rich in dietary fibre, and it is possible that the association with IGF-I
may be due to their fibre content. Fibre might influence IGF-I concentrations via the gut

microbiota; animal studies have shown that anaerobic intestinal microbiota such as Lactobacillus
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and Bifidobacterium ferment fibre in the colon to produce SCFA [397], and some research using
mice models suggests that SCFA supplementation increases IGF-I concentrations [397, 398|.
Further research is required to determine whether fibre may increase IGF-I concentrations in

humans through SCFA or other mechanisms.

In line with previous studies [309, 377|, participants consuming the highest amount of alcohol
(=40 g/day) had lower concentrations of IGF-I. This may be due to ethanol toxicity, which

impairs the hepatic synthesis of IGF-I [399]| and further research should explore this further.

5.5.5 Strengths and limitations

This study has several strengths. To the best of my knowledge, this is currently the largest
analysis to be conducted assessing macronutrient intakes in relation to circulating IGF-I
concentrations, therefore there is high statistical power to detect associations. Multiple 24-hour
dietary assessments were used to estimate the usual macronutrient intake, which reduces
random measurement error in the estimates (Figure 5.1). The robustness of the results was
also tested using the follow-up measurement of IGF-I, which was taken an average of 0.64 years

after the last 24-hour dietary assessment was completed.

There are some limitations that should also be considered. Only a subsample of the participants
in the UK Biobank completed the 24-hour dietary assessment several times, however, this
subsample is larger than any previous study assessing these associations [5|. Although a
minimum of four 24-hour dietary assessments were completed by this subsample, dietary intakes
estimated using these assessments are still subject to measurement error and inaccuracies in self-
report, which may bias these results. As well, the nature of this analysis did not allow us to
consider temporality as most 24-hour dietary assessments were completed several months after
participants’ blood was drawn. This was considered in the secondary analyses restricted to
participants with IGF-I measured ~4 years after recruitment, and the results were largely similar

and, in some cases, stronger. These analyses also did not consider other related components of
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the IGF signalling pathway, such as IGF-II and the IGFBP, as they were not measured in this
cohort. Most notably, IGFBP-3, which binds the majority of IGF-I in circulation [400], has been
shown to be associated with dietary intake, such as calcium and protein intake, in cross-
sectional studies [3-5] and thus, together with possible dietary impacts on IGFBP-1 and IGFBP-
2 [298], the bioavailability of IGF-I may be different from the observed associations, which may
be important for disease risk. The UK Biobank participants are predominantly white and
generally healthier than the overall population [384]. As well, participants in this subsample had
to complete a minimum of four 24-hour dietary assessments, which introduces potential selection
bias as these individuals are likely to be healthier than those not responding several times [401];
as a result, the estimates may not be generalisable to a wider population. Finally, the
associations may be subject to unmeasured and residual confounding, and causality cannot be

inferred.

5.6 Conclusions

In conclusion, these results show differing associations with IGF-1 depending on the source of
dairy protein, with protein from milk and yogurt being associated with IGF-I concentrations,
whereas protein from cheese was not associated with circulating IGF-I concentrations. There
were also positive associations between total protein intake, fibre, and starch from wholegrains
and circulating IGF-I concentrations, and an inverse association with alcohol consumption. The
positive association of fibre and starch from wholegrains with IGF-I is not well characterised
and warrants further investigation. Further research assessing individual amino acids, as well as
using methods that may be less susceptible to residual confounding, including large RCTs and
MR studies, are needed to enhance the understanding of how dietary components may modulate

IGF-I concentrations.
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Chapter 6

Dairy protein intake and risks of

colorectal, breast, and prostate cancer
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Chapter 6 summary

Intake of protein from dairy products has been associated with higher IGF-I concentrations, a
risk factor for colorectal, breast, and prostate cancer. However, evidence regarding the
association of intakes of all dairy protein and sources of dairy protein with risks of these
common cancers remains unclear. This chapter examines the association between protein from
all dairy products and sources in relation to the risks of colorectal, breast, and prostate cancer
using a sample of 114,217 UK Biobank participants who completed >2 (maximum of 5) 24-hour
dietary assessments. After a median of 9.4 years of follow-up, 1,193 colorectal, 2,024 female
breast, and 2,422 prostate cancer cases were identified. There were inverse associations of all
dairy protein and protein from milk intake with colorectal cancer incidence (HRq4 vs q1: 0.80;
95% CI: 0.67-0.94 and 0.79; 0.67-0.94, respectively). A borderline positive association between
high protein from milk intake and prostate cancer as compared to low intake (HRq4 vs q1: 1.12;
1.00-1.26) was also observed, although there was no statistically significant linear trend. No
significant associations were observed between intake of dairy protein and breast cancer risk.
When IGF-I concentrations measured at recruitment were added to the multivariable-adjusted
models, associations remained largely unchanged. Other components in dairy products other
than protein (i.e., calcium), are likely influencing colorectal cancer risk, however, for prostate
cancer, potential explanations for the weak positive association remains unclear. Further
research is needed to better understand mechanisms for dairy intake through and separate from

the IGF pathway.
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6.1 Introduction

Colorectal, breast, and prostate cancer are among the most commonly diagnosed cancers in the
world, accounting for approximately 28% of all new cancer cases in 2020 [1]. Dietary intake may
influence the risk of developing these types of cancer; however, how the intake of dairy products
or sources of dairy influences risk of developing colorectal, breast, or prostate cancer remains

unclear.

6.1.1 Previous studies

The most recent WCRF meta-analysis for colorectal cancer, which included studies up until
2017, reported that a higher intake of dairy products is associated with a “probable” lower risk of
colorectal cancer [20], possibly due to the high calcium content in dairy products. The findings
from the 2017 WCRF meta-analysis on breast cancer classified the evidence for an inverse
association between the intake of dairy products and the risk of breast cancer as “limited-
suggestive” for premenopausal breast cancer but “limited-no conclusion” for any association for
postmenopausal breast cancer [130]. Finally, the latest WCRF meta-analysis for prostate cancer,
which included studies until 2014, reported “limited-suggestive” evidence that higher intake of
dairy products may be associated with a higher risk of overall prostate cancer [262]. However,
the WCRF meta-analyses did not look at protein from dairy products or include separate
analyses for different dairy protein sources, and few studies to date have assessed protein from
dairy with these cancer sites [388, 402-406]. This may be important as protein, particularly from

dairy products, is thought to be an important modifier of circulating IGF-I concentrations [5].

Both observational and MR studies have found that the risks of developing colorectal, breast,

and prostate cancer are associated with higher circulating concentrations of IGF-I [11-14, 407].
In Chapter 5, and in other cross-sectional studies and some RCTs, protein intake, particularly
from dairy products, has been positively associated with circulating IGF-I concentrations [5,

284, 317]. Moreover, some studies [3, 370] (but not all [366]) that have investigated associations
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between dairy product source and IGF-I concentrations suggest that the association might be
restricted to protein from milk but not from cheese. Findings from Chapter 5 also suggest that
dairy protein, particularly from milk and yogurt, was positively associated with IGF-I
concentrations but not protein from cheese. However, it remains unclear if this differing
association of dairy product protein intake with IGF-I may be important for the aetiology of

IGF-I related cancers.

6.2 Aim

This analysis investigates the associations of intakes of dairy protein and sources of dairy
protein with risks of colorectal, breast, and prostate cancer in a subsample of participants who
completed at least two 24-hour dietary assessments. A secondary aim was to assess the potential

role of IGF-I concentrations in these associations.

6.3 Methods

6.3.1 Study design & participants
Details of the UK Biobank study design, recruitment, and data collection for the UK Biobank
are provided in Chapter 3. This analysis included participants from the UK Biobank who

completed a minimum of two 24-hour dietary assessments.

6.3.2 Dietary assessment and dairy intake estimation

Protein from dairy products, milk, and cheese were estimated from multiple 24-hour dietary
assessment. Details of the Oxford Web(Q 24-hour dietary assessments are provided in Chapter 3.
Briefly, dairy protein intake was estimated in each 24-hour dietary assessment based on food
and beverage intakes reported by participants. From these responses, protein from all dairy
products (milk, yogurt, cheese, cream, butter, dairy desserts, and dairy drinks), milk, and cheese
were calculated by multiplying the protein content of each respective food and beverage by the
frequency of intake using the UK Nutrient Databank food composition tables [361, 362].

Percentages of energy from protein from all dairy sources, and separately from milk and cheese,
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were estimated for each 24-hour dietary assessment and then averaged across all available 24-
hour dietary assessments. It was not possible to look separately at other dairy sources, such as
yogurt, because a large number of participants reported that they did not consume these
products on the day(s) of dietary assessment. The estimated absolute g/day of all dairy
products, milk, and cheese reported from all 24-hour dietary assessments were also determined
for comparison with previous meta-analyses [20, 130, 262|. Total grams of all dairy products,
milk, and cheese were calculated based on the reported intake in each 24-hour dietary
assessment. The serving size in grams was multiplied by the frequency and amount that was
reported in each of the 24-hour dietary assessments to obtain the total grams of dairy products,

milk, and cheese

6.3.3 Study sample and exclusions

A total of 922 participants had withdrawn their consent from the UK Biobank and were
excluded from this analysis. Participants were also excluded if they had been diagnosed with a
prevalent malignant cancer before recruitment (excluding non-melanoma skin cancer
(N=29,504)), their genetic sex did not match their reported sex (N=321), or they did not
complete a 24-hour dietary assessment (N=251,938). Individual 24-hour dietary assessments
were excluded if an unreliable energy intake was reported (men: >17,575 kJ (4200 kcal) or
<3347 kJ (800 kcal); women >14,644 kJ (3500 kcal) or <2092 kJ (500 kcal))[360] or the
participant reported that they were ill or fasting on the day they completed the questionnaire
(N=2,439 reported unreliable energy intake and no longer had a 24-hour dietary assessment,
N=592 were ill or fasting and no longer had a valid 24-hour dietary assessment). To reduce
random measurement error, participants who did not complete a minimum of two valid 24-hour
dietary assessments were excluded (N=100,487). Participants were also excluded if they were
censored or had a cancer diagnosis before the completion of their last 24-hour dietary assessment
(N=2,897). In total, this left 114,217 participants who completed >2 (maximum 5) valid 24-hour
dietary assessments, of which 51,278 were men and 62,939 were women. Figure 6.1 shows the

flow diagram of exclusions for these analyses. Of the 114,217 included participants, 44,994
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completed two 24-hour dietary assessments, 38,480 completed three, 26,032 completed four and

4,711 completed five.

124



503,317 participants recruited
to UK Biobank

472,570 participants

30,747 participants excluded:
e 922 participants withdrew consent/ineligible
e 321 genetic sex did not match reported sex
e 29,504 participants diagnosed with cancer
(excluding non-melanoma skin cancer)

v

220,632 participants

v

251,938 participants excluded:
e 251,938 participants did not complete a 24-
hour dietary assessment

217,601 participants

\ 4

v

117,114 participants

v

3,031 participants excluded:
e 2439 were excluded after removing 24-hour
dietary assessments with extreme energy
values
e 592 were excluded after removing 24-hour
dietary assessments where participants
reported they were ill or fasting

100,487 participants excluded:
e 100,487 participants did not complete a
minimum of two valid 24-hour dietary

assessments

l

114,217 participants

v A4

51,278 men 62,939 women

2,897 participants excluded:
e 2,897 participants were left censored and
excluded before the completion of their final
24-hour dietary assessment

Figure 6.1 Flow diagram showing eligible participants for this study.
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6.3.4 Outcome ascertainment: cancer diagnoses

Prevalent and incident cancer diagnoses were determined from a combination of linkage to
National Health Service Digital (for participants from England and Wales), HES data for
English participants, and NHS Central Register Scotland and Scottish Morbidity Records
(SMR) for Scottish participants [353|. Participants contributed follow-up time from the date of
completion of their last 24-hour dietary assessment until the date of the first cancer registration
(excluding non-melanoma skin cancer (ICD-10: C44)), date of death, or last date of follow-up
available from HES and SMR data or the Welsh cancer registry (30“[1 of September 2021 for
English participants, 31%" of July 2021 for Scottish participants, and 29" of February 2020 for
Welsh participants). Cancer registry data were available until 29" of February 2020 for English
participants and 31% of January 2021 for Scottish participants, after this time, participants from
England and Scotland were followed using HES and SMR, databases, respectively. For
participants from Wales, hospital episode data were not used because the cancer registry had
longer follow-up. Participants were coded as having a diagnosis of cancer based on the ICD-10
codes of their first incident cancer: colorectal cancer (C18-C20), breast cancer (C50), or prostate

cancer (C61).

6.3.5 Statistical analysis

Participants were classified into quartiles of percentage of energy intake from protein from all
dairy products, protein from milk, and protein from cheese. Intakes of total dairy protein and
sources of dairy protein were also modelled as a per 2.5% energy increment (modelled
continuously). Baseline characteristics were summarised across quartiles of percentage of energy

intake from protein from all dairy products, protein from milk, and protein from cheese.

Cox proportional hazards regressions were used to estimate hazard ratios (HR) and 95% Cls,
with age as the underlying time variable. When breast cancer was the outcome, models were
restricted to women and when prostate cancer was the outcome, models were restricted to men.

The lowest quartile of percentage of energy intake of dairy protein was used as the reference
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group for analyses by quartiles of intake. Minimally adjusted models were stratified by sex (only
for analyses with colorectal cancer as the outcome) and age at recruitment (<45, 45-49, 50-54,
55-59, 60-64, =65 years) and adjusted for region at recruitment (North-West England, North-
Eastern England, Yorkshire & the Humber, West Midlands, East Midlands, South-East
England, South-West England, London, Wales, and Scotland).

Multivariable Cox regression analyses were further adjusted for height (six sex-specific
categories increasing by 5 cm, and unknown/missing (0.16%)), physical activity (low: 0-9.99,
medium: 10-49.99, high: >50 excess MET-hours /week, and unknown/missing (1.81%)),
Townsend deprivation index (quintiles from most deprived to least deprived, and
unknown /missing (0.12%)), education (completion of national exam at 16 years, completion of
national exam at 17-18 years, college or university degree, or other/unknown/missing (6.63%)),
employment status (employed, retired, not in paid employment, or unknown (0.66%)), smoking
status (never, former, light smoker: <15 cigarettes/day, medium smoker: 16-29 cigarettes/day,
heavy smoker: 230 cigarettes/day, or missing/unknown (0.23%)), alcohol consumption (non-
drinkers, <1, 1-9.99, 10-19.99, =20 grams/day, or unknown/missing (0.36%)), ethnicity (white,
mixed race or other, Asian or British Asian, Black or Black British, or missing/unknown
(0.5%)), diabetes (yes, no, or unknown (0.33%)), BMI (<20, 20-22.49, 22.5-24.99, 25.0-27.49,
27.5-29.99, 30-32.49, 32.5-34.99, >35 kg/m” , or unknown /missing (0.20%)), and total energy

intake measured from the 24-hour dietary assessments (sex-specific quintiles).

For colorectal cancer analyses, models were also adjusted for red and processed meat
intake (reported at recruitment: <2 times per week, 2-2.99 times per week, 3-3.99 times per
week and 4+ times per week, or unknown (0.41%)), NSAID use (regular user of ibuprofen or
aspirin, irregular user, no reported use) and women specific covariates: MHT use (never, former,
current, unknown (0.12%)) and menopausal status (premenopausal, postmenopausal, or
unknown (5.4%) assigning men to a separate category). For breast cancer analyses, models were
additionally adjusted for MHT use (same as above) oral contraceptive use (never, former,
current, unknown (0.16%)), age at menarche (<12 years old, 13 years, >14 years, or unknown

(21.2%)), parity and age at first birth (nulliparous, 1-2 children <25 years old, 3+ children <25

127



years old, 1-2 children 25-29.9 years old, 3+ children 25-29.9 years old, 1-2 children 30+ years
old, 3+ children 30+ years old, or missing (0.06%)), and menopausal status and BMI (six
categories: premenopausal: <25, 25-29.9, 30+ kg/m2 and postmenopausal: <25, 25-29.9, 30+
kg/ m” or unknown (5.4%)). For prostate cancer analyses, models were also adjusted for marital
status (not living with a partner, living with a partner) [250]. Further information on the
classification of covariates can be found in the Ancillary Methods A.1. To assess how the
addition of confounders changed the association of dairy protein intake with specific cancer sites,
X2 statistics and p-values for including intake of total dairy protein and dairy protein sources per
2.5% energy increase in the model were estimated using LRT comparing a model without
percentage of energy from dairy protein in the model [149]. To assess the potential mediating
role of IGF-I, the main multivariable-adjusted Cox regression models with further adjustment
for serum IGF-I concentrations (quintiles) measured at recruitment. Assessment of the
proportional hazards assumption was evaluated using Schoenfeld residuals and no violations of
the assumption were observed (p>0.05).

In additional analyses, the associations of intakes of total grams of all dairy products,
milk, and cheese with risks of colorectal, breast, and prostate cancer were assessed. Risk
analyses looking at a 200 g/day increment in dairy product intake, a 200 g/day increment in

milk intake, and a 50 g/day increment in cheese intake were also conducted.

Subgroup and sensitivity analyses

For subgroup analyses, heterogeneity was assessed by BMI (~median; <27 and >27 kg/ mQ),
alcohol intake (<10 g/day and >10g/day), and smoking status (ever and never) by using a LRT
comparing the main model to a model including an interaction term between dietary intake of
dairy protein and the subgroup of interest. For colorectal cancer, heterogeneity by sex was also
assessed using a LRT. For breast cancer, heterogeneity by menopausal status was assessed by
separating follow-up time at age 55 years and their defined menopause status at recruitment so

that women who were premenopausal at recruitment would change into the postmenopausal risk
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set at 55 years of age. If a woman was defined as postmenopausal at recruitment, she remained

in the postmenopausal risk set regardless of age.

In sensitivity analyses, further adjustments for other components of diet including total fibre
intake (sex specific quintiles from >2 24-hour dietary assessments) and fruit and vegetable
intake (quintiles derived from >2 24-hour dietary assessment) as well as red and processed meat
intake (from the touchscreen questionnaire) for breast and prostate cancer analyses. Moreover,
analyses were restricted to participants who completed a minimum of three 24-hour dietary
assessments to reduce random measurement error in the estimation of intake of dairy protein.

Finally, to assess for reverse causality, the first two years of follow-up were excluded.

All analyses were conducted using Stata version 17.0 (Stata Corp, TX, United States). P-values

were two-sided with p <0.05 being considered statistically significant.

6.4 Results

6.4.1 Participant characteristics and cancer incidence

Over a median of 9.4 years of follow-up, 1,193 incident colorectal cancer, 2,024 breast cancer
and 2,422 prostate cancer cases were observed. Table 6.1 presents baseline characteristics for
the highest and lowest quartiles of percentage of energy from protein from all dairy sources,
milk, and cheese. Table 6.2 presents the mean and SD intakes of protein from all dairy
products, milk, and cheese by quartiles and separately by men and women. Participants in the
highest quartile of total dairy and milk protein intake were more likely to be women, older, be
never smokers, consume less alcohol (~8 g/day less), be of white ethnicity, and report a lower
energy intake than those in the lowest quartile of intake. Participants in the highest intake of
cheese protein were less physically active and more likely to have a university/college degree
than those in the lowest quartile. Figure 6.2 presents the average grams of protein consumed

from each dairy, milk, and cheese source.
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Table 6.1 Baseline characteristics by lowest and highest quartile of percentage of energy intake from protein from all dairy products, milk, and cheese.

Protein from dairy products

Protein from milk

Protein from cheese

Q1 Q4 Q1 Q4 Q1 Q4
Number of participants 28,555 28,554 28,555 28,554 30,958 28,554
Sex — Female, N (%) 13,409 (47.0%) 18,423 (64.5%) 15,688 (54.9%) 17,532 (61.4%) 16,162 (52.2%) 16,468 (57.7%)
Age at recruitment - years 55.0 (8.0) 56.6 (7.6) 55.2 (8.0) 56.6 (7.6) 55.7 (7.8) 55.8 (7.8)
Body mass index — kg/m’ 26.9 (4.7) 26.6 (4.6) 26.7 (4.8) 26.6 (4.5) 27.0 (4.6) 26.5 (4.6)
Height - centimetres 170.3 (9.2) 168.1 (8.9) 169.5 (9.2) 168.3 (9.0) 169.3 (9.2) 169.4 (9.1)

Physical activity - High, N (%)
Townsend deprivation index, N (%)
Q1 - Most affluent
Q5 - Most deprived
Paid employment, N (%)
University /college degree, N (%)
White ethnicity, N (%)
Smoking - Never, N (%)
Diabetes - Yes, N (%)
NSAID use - regular, N (%)
Living with a partner, N (%)
Women specific variables

Age at menarche - years

Postmenopausal at recruitment, N (%)

Menopausal hormone therapy use -
current, N (%)

Oral contraceptive use - current, N (%)

Nulliparous, N (%)

Diet variables

Alcohol intake - g/day

Red and processed meat intake —
times/week

Vegetable and fruit intake - g/day

4,944 (17.3%)

5,745 (20.1%)
5,606 (19.6%)
18,875 (66.1%
20,793 (72.8%
26,923 (94.3%
15,390 (53.9%
1,163 (4.1%)
7,985 (27.9%)
20,932 (73.3%)

~— — — —

12.6 (2.7)
8,308 (62.0%)
1,109 (8.3%)

391 (2.9%)
3,862 (13.5%)

20.4 (20.3)
3.6 (2.3)

374.5 (235.5)

4,863 (17.0%)

6,512 (22.8%)
6,195 (21.7%)
16,780 (58.8%
20,922 (73.3%
27,922 (97.8%
17,192 (60.2%
1,040 (3.6%)
6,950 (24.3%)
20,914 (73.2%)

N

12.5 (2.6)
13,272 (72.1%)
1,455 (7.9%)

352 (1.9%)
2,371 (8.3%)

12.2 (12.8)
3.2 (2.1)

395.4 (224.0)

5,127 (18.0%)

5,468 (19.1%)
5,447 (19.1%)
18,651 (65.3%
21,437 (75.1%
26,908 (94.2%
15,499 (54.3%
987 (3.5%)
7,970 (27.9%)
20,540 (71.9%)

~— — — —

12.5 (2.7)
10,119 (64.5%)
1,334 (8.5%)

458 (2.9%)
3,483 (12.2%)

18.9 (20.3)
3.3 (2.3)

409.6 (249.6)

4,758 (16.7%)

6,792 (23.8%)
6,457 (22.6%)
16,691 (58.5%
20,365 (71.3%
28,021 (98.1%
17,478 (61.2%
1,153 (4.0%)
7,091 (24.8%)
21,502 (75.3%)

~— — — —

12.6 (2.6)
12,621 (72.0%)
1,344 (7.7%)

350 (2.0%)
2,441 (8.5%)

12.2 (12.6)
3.4 (2.0)

365.7 (205.9)

5,375 (17.4%)

6,716 (21.7%)
6,522 (21.1%)
19,345 (62.5%
21,288 (68.8%
29,331 (94.7%
18,010 (58.2%
1,379 (4.5%)
7,654 (24.7%)
22,647 (73.2%)

~— — — —

12.6 (2.7)
10,931 (67.6%)
1,365 (8.4%)

387 (2.4%)
3,595 (11.6%)

16.2 (18.0)
3.6 (2.2)

376.1 (235.3)

4,796 (16.8%)

6,073 (21.3%)
5,798 (20.3%)
18,014 (63.1%
21,932 (76.8%
27,826 (97.5%
16,055 (56.2%
1,072 (3.8%)
7,844 (27.4%)
20,894 (73.2%)

N — — —

12.5 (2.7)
11,115 (67.5%)
1,301 (7.9%)

410 (2.5%)
2,942 (10.3%)

15.8 (16.2)
3.2 (2.2)

388.4 (223.0)
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Table 6.1 continued

Protein from dairy products

Protein from milk

Protein from cheese

Q1 Q4 Q1 Q4 Q1 Q4

Total dairy product intake - g/day 169.8 (95.6) 470.5 (175.0) 178.5 (126.5) 456.0 (160.9) 301.7 (172.5) 334.8 (165.5)
Total milk intake - g/day 104.9 (84.0) 279.5 (134.1) 54.6 (48.9) 332.4 (106.3) 195.9 (125.3) 192.3 (121.0)
Total cheese intake - g/day 7.0 (9.4) 29.7 (22.2) 19.1 (19.8) 15.0 (15.9) 0.00 (0.00) 40.4 (17.4)
Total protein intake - % of energy 15.3 (3.1) 16.9 (3.1) 15.4 (3.2) 17.0 (3.0) 16.2 (3.4) 16.1 (3.1)

Dairy product protein - % of energy 1.3 (0.5) 4.8 (1.0) 1.9 (1.2) 4.1 (1.3) 2.2 (1.2) 41 (1.3)

Milk protein - % of energy 0.7 (0.5) 2.1 (1.0) 0.3 (0.3) 2.5 (0.7) 4 (0.9) 1.3 (0.9)

Cheese protein - % of energy 0.3 (0.4) 1.5 (1.1) 0.9 (0.9) 0.8 (0.8) 0.00 (0.00) 2.0 (0.7)
Total carbohydrate intake - % of energy 48.3 (7.8) 50.3 (7.3) 48.1 (8.2) 51.2 (6.8) 50.8 (7.6) 47.7 (7.5)
Total fat intake - % of energy 31.4 (6.0) 31.3 (5.9) 32.2 (6.2) 30.3 (5.5) 30.0 (5.9) 33.2 (5.8)
Total fibre intake - g/day 18.0 (6.1) 17.4 (5.5) 18.4 (6.3) 16.9 (5.2) 17.3 (5.9) 17.9 (5.7)
Total energy intake - kJ/day 8,860 (2032) 8,094 (1816) 8,775 (2049) 7,847 (1690) 8,224 (1937) 8,607 (1951)

Values are mean (SD) unless otherwise indicated.

Abbreviations: g/day, grams per day; kg/ m2; kilograms per metre squared; kJ/day, kilojoules per day; N, Number of participants; NSAID, non-steroidal anti-inflammatory drug; Q,

quantile; y, years.
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Table 6.2 Dairy protein intake in grams and percentage of energy per day by quartiles of intake in all participants and separately by

males and females.

All Male Female
Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4
Protein from dairy products
N 28,555 28,554 28,554 28,554 12,820 12,819 12,820 12,819 15,735 15,735 15,735 15,734
6.96 12.58 16.44 22.42 6.93 12.54 16.63 23.18 6.87 12.49 16.24 22.07
g/d (3.25) (3.09) (3.85) (6.23) (3.15) (3.04) (3.86) (6.55) (3.17) (2.81) (3.51) (5.80)
% of total energy  1.31 2.41 3.25 4.75 1.22 2.23 3.02 4.46 1.41 2.58 3.43 4.95
intake/d (0.51) (0.24) (0.26) (0.96) (0.47) (0.23) (0.25) (0.92) (0.56) (0.25) (0.27) (0.97)
Protein from milk
N 28,555 28,554 28,554 28,554 12,820 12,819 12,820 12,819 15,735 15,735 15,735 15,734
1.87 5.84 8.17 11.38 2.22 6.12 8.39 11.83 1.58 5.55 7.97 11.10
g/d (1.67) (1.55) (1.83) (3.57) (1.76) (1.53) (1.84) (3.93) (1.52) (1.43) (1.68) (3.18)
% of total energy  0.35 1.10 1.62 2.52 0.38 1.07 1.54 2.40 0.32 1.13 1.68 2.60
intake/d (0.29) (0.16) (0.16) (0.64) (0.28) (0.14) (0.14) (0.65) (0.29) (0.17) (0.16) (0.63)
Protein from
cheese
N
g/d 30,958 26,151 28,554 28,554 14,796 10,843 12,820 12,819 16,162 15,308 15,735 15,734
% of total energy  0.00 2.37 5.12 10.33 0.00 2.46 5.32 11.03 0.00 2.29 4.94 9.81
intake/d (0.00) (1.03) (1.57) (4.25) (0.00) (1.03) (1.63) (4.51) (0.00) (0.99) (1.42) (3.92)

Values represent mean (SD). Grams per day represent the average grams of protein consumed from dairy source within each quantile. % of total energy
represents the average percentage of energy consumed from dairy protein source within each quantile.

Abbreviations: g/d, grams per day; Q, quantile; SD, standard deviation.
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Figure 6.2 Dairy food group (g/day of protein) contributors for total dairy protein, milk

protein and cheese protein intake.

Abbreviations: g/day, grams per day.
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6.4.2 Associations between dairy protein and cancer risk

Tables 6.3 - 6.5 present the HRs and 95% CIs for the minimally adjusted models with
sequential adjustment of potential confounders for dairy protein intake and risks of colorectal,
breast, and prostate cancer, while the fully adjusted models (main results) are shown in Figure
6.3. Protein from dairy and milk were inversely associated with colorectal cancer risk in
minimally adjusted models and only became slightly attenuated with additional adjustment of
confounders (Table 6.3). No associations were observed between protein from dairy products or
dairy sources and risk of breast cancer in minimally adjusted models (Table 6.4). For prostate
cancer, protein from milk was not associated with prostate cancer risk in minimally adjusted
models but with additional adjustment of confounders, the HR between Q4 and Q1 became
significant (HR: 1.12, 95% CI: 1.00-1.26; Table 6.5). In fully adjusted models, intakes of
protein from all dairy sources and from milk were inversely associated with colorectal cancer risk
(HR quvs. 11 0.80, 95% CI: 0.67-0.94, p-trena=0.001 and 0.79, 0.67-0.94, p-trena=0.003,
respectively; in Figure 6.3) whereas no association was observed for the intake of protein from
cheese. For breast cancer risk, no associations were observed across intakes of protein from all
dairy products or dairy sources. For prostate cancer, no clear associations were observed for
intakes of protein from all dairy products or cheese. However, a positive association was
suggested for men in the highest quartile of protein from milk intake compared to the lowest
quartile (HRq4 vs qi: 1.12, 95% CI: 1.00-1.26), although this association was not statistically
significant when milk protein was modelled as a continuous variable (HR per 2.5% energy increment:

1.11 95% CI: 0.98-1.26; Figure 6.3).

When IGF-I concentrations measured at recruitment were added to the multivariable-adjusted

models, associations remained largely unchanged (Table 6.6)

In additional analyses looking at the association of intake of total g/day of all dairy products,
milk, and cheese with colorectal, breast, and prostate cancer risk, the associations were generally

similar to those from analyses looking at protein from all dairy and dairy sources expressed as a
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2.5% energy increment. However, there was a suggestion of an inverse association between
g/day of total dairy intake and breast cancer risk when comparing the highest quartile to the
lowest quartile of intake (HRq4 vs @1: 0.88, 0.77-1.00), although there was no significant trend

(HR per 200 g/day of increase: 090, 081‘101, Figure 6-4)
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Table 6.3 Hazard ratios and 95% confidence intervals for minimally adjusted and sequential adjustment models for protein from all dairy products,

milk, and cheese and risk of colorectal cancer.

Colorectal cancer

Q1 Q2 Q3 Q4 Per i;iza‘:‘;ergy X i;ni P-trend
Protein from dairy products
Minimally-adjusted model 1 (ref)  0.90 (0.77-1.05)  0.85 (0.73-1.00)  0.75 (0.63 - 0.88) 0.79 (0.71 - 0.88)  17.64 - <0.001
Multivariable-adjusted model 1 1 (ref) 0.89 (0.77-1.04)  0.85 (0.73-1.00)  0.76 (0.64 - 0.90) 0.80 (0.72 - 0.90)  15.62  -11.4% <0.001
Multivariable-adjusted model 2 (++ smoking and alcohol intake) 1 (ref)  0.91 (0.78 - 1.07) 0.88 (0.75 - 1.03) 0.79 (0.67 - 0.94) 0.82 (0.74 - 0.92) 11.74  -33.4% 0.001
Multivariable-adjusted model 3 (+ BMI) 1(refy 091 (0.78-1.07)  0.88 (0.75-1.03)  0.79 (0.67 - 0.94) 0.82 (0.74 - 0.92) 1184  -32.9% 0.001
?iui:(:‘l;j)ijf;;ijj‘i:;;defluiy adjusted) 1 (refy 091 (0.78-1.06)  0.88 (0.75-1.03)  0.80 (0.67 - 0.94) 0.82 (0.74 - 0.92) 1161  -34.2% 0.001
Protein from milk
Minimally-adjusted model 1 (ref)  0.88 (0.76-1.03)  0.79 (0.67 - 0.92)  0.75 (0.64 - 0.89) 0.72 (0.61 - 0.86)  13.60 - <0.001
Multivariable-adjusted model 1 1 (ref) 0.87 (0.74-1.01)  0.78 (0.67 - 0.92)  0.77 (0.65 - 0.91) 0.74 (0.62 - 0.88)  11.66  -14.3% 0.001
Multivariable-adjusted model 2 (+ smoking and alcohol intake) 1 (ref)  0.88 (0.75 - 1.02)  0.80 (0.69 - 0.94)  0.80 (0.68 - 0.95) 0.77 (0.64 - 0.92) 827  -39.2% 0.004
Multivariable-adjusted model 3 (+ BMI) 1 (ref)  0.88 (0.75-1.02)  0.81 (0.69 - 0.94)  0.80 (0.68 - 0.95) 0.77 (0.64 - 0.92) 823  -30.5% 0.004
I\(Iiltrlev(fz;zl;i(f:ﬁfI::;Z‘ielfjuy adjusted) 1 (ref) 0.87 (0.74-1.01)  0.80 (0.68 - 0.93)  0.79 (0.67 - 0.94) 0.76 (0.63 - 0.91)  9.01  -33.7% 0.003
Protein from cheese
Minimally-adjusted model 1 (ref)  0.94 (0.80 - 1.10)  0.98 (0.84 - 1.15) 0.91 (0.78 - 1.07) 0.91 (0.77-1.08)  1.08 - 0.30
Multivariable-adjusted model 1 1 (ref) 091 (0.77-1.06)  0.95 (0.81 - 1.11) 0.89 (0.75 - 1.04) 0.90 (0.76 - 1.07) 144  +32.7% 0.23
Multivariable-adjusted model 2 (+ smoking and alcohol intake) 1 (ref)  0.91 (0.77- 1.06)  0.95 (0.81 - 1.11) 0.88 (0.75 - 1.04) 0.89 (0.75-1.06)  1.64  +51.6% 0.20
Multivariable-adjusted model 3 (+ BMI) 1 (ref) 091 (0.77-1.07)  0.95 (0.81 - 1.11) 0.89 (0.76 - 1.04) 0.90 (0.76 - 1.07) 152 +39.9% 0.22
Multivariable-adjusted model 4 1(ref) 091 (0.77-1.07)  0.95 (0.82 - 1.12) 0.89 (0.76 - 1.05) 091 (0.76 - 1.08) 125  +15.7 0.26

(+ red and processed meat; fully adjusted)

Estimates in bold indicate statistically significant results.

Minimally adjusted model had age as the underlying time variable and analyses were stratified by sex and age groups and adjusted for region of recruitment.

Multivariable-adjusted model 1: further adjusted for height, physical activity, Townsend deprivation index, education, employment status, ethnicity, diagnosis of diabetes, non-steroidal anti-inflammatory drug use, menopause status (women only), menopausal

hormone therapy use (women only), and energy intake.

Multivariable-adjusted model 2: further adjusted for smoking status and alcohol intake in the multivariable adjusted model 1.

Multivariable-adjusted model 3: further adjusted for BMI from the multivariable adjusted model 2.

Multivariable-adjusted model 4: further adjusted for red and processed meat intake reported at recruitment from the multivariable adjusted model 3.

Abbreviations: BMI, body mass index; Q, quantile.
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Table 6.4 Hazard ratios and 95% confidence intervals for minimally adjusted and sequential adjustment models for protein from all dairy

products, milk, and cheese and risk of breast cancer.

Breast cancer

(4+ BMI; fully adjusted)

Per 2.5 -
Q1 Q2 Q3 Q4 er : % energy o x - % P-trend
1ncrease Change
Protein from dairy products
Minimally-adjusted model 1 (I”Cf) 1.03 (0.91 - 1.16) 0.98 (086 - 1.11) 0.92 (0.82 - 1.05) 0.93 (086 - 1.01) 3.07 - 0.08
Multivariable-adjusted model 2
tivatiableradjusted mode 1 (ref) 1.04 (0.92-1.17) 0.9 (0.87 - 1.12)  0.93 (0.82 - 1.06) 0.94 (0.87 - 1.01) 267 -12.9% 0.10
(+ smoking and alcohol intake)
Multivariable-adjusted model 3
1 (ref 1.04 (0.92 - 1.17 0.99 (0.87-1.12 0.93 (0.82 - 1.06 0.94 (0.86 - 1.01 2.72 -11.5% 0.10
(+ BML fully adjusted) (ref) ( ) ( ) ( ) ( ) 0
Protein from milk
Multivariable-adjusted model 1 1 (I”Cf) 1.00 (088 - 1.13) 1.00 (088 - 1.13) 0.94 (083 = 1.07) 0.92 (0.81 - 1.04) 1.90 -36.1% 0.17
Multivariable-adjusted model 2
tivatiabieadjusted mode 1 (ref) 1.00 (0.89 - 1.13)  1.00 (0.88 - 1.13)  0.94 (0.83 - 1.07) 0.91 (0.81 - 1.04) 195  -34.5% 0.16
(+ smoking and alcohol intake)
Multivariable-adjusted model 3
1 (ref 1.00 (0.88 - 1.13 0.99 (0.88-1.12 0.94 (0.83 - 1.07 0.91 (0.80 - 1.03 2.09 -29.6% 0.15
(+ BML fully adjusted) (ref) ( ) ( ) ( ) ( ) 0
Protein from cheese
Minimally-adjusted model 1 (ref) 1.00 (0.88 - 1.13)  1.04 (0.92- 1.17)  1.05 (0.93 - 1.18) 1.04 (0.92 - 1.17) 0.34 - 0.56
Multivariable-adjusted model 1 1 (ref) 1.00 (0.88 - 1.13)  1.04 (0.92- 1.18)  1.04 (0.92 - 1.18) 1.03 (0.91 - 1.16) 019  -43.7% 0.66
Multivariable-adj 12
ultivariable-adjusted mode 1 (ref) 1.00 (0.88 - 1.14)  1.04 (0.92- 1.18)  1.04 (0.92 - 1.18) 1.02 (0.91 - 1.16) 0.15  -56.4% 0.70
(+ smoking and alcohol intake)
Multivariable-adj 1
ultivariable-adjusted model 3 1 (ref) 1.00 (0.88 - 1.14)  1.04 (0.92- 1.18)  1.04 (0.92 - 1.18) 1.03 (0.91 - 1.16) 021 -38.9% 0.65

Minimally adjusted model had age as the underlying time variable and analyses were stratified by age groups and adjusted for region of recruitment.

Multivariable-adjusted model 1: further adjusted for height, physical activity, Townsend deprivation index, education, employment, ethnicity, diagnosis of diabetes, menopausal hormone therapy use,
oral contraceptive use, parity and age at first birth, age at menarche, and energy intake in the minimally adjusted model.

Multivariable-adjusted model 2: further adjusted for smoking status and alcohol intake in the multivariable adjusted model.

Multivariable-adjusted model 3: further adjusted for BMI and menopausal status from the multivariable adjusted model 2. Abbreviations: BMI, body mass index; Q, quantile.
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Table 6.5 Hazard ratios and 95% confidence intervals for minimally adjusted and sequential adjustment models for protein from all dairy

products, milk, and cheese and risk of prostate cancer.

Prostate cancer

Per 2.5 2.
Q1 Q2 Q3 Q4 er : % energy o x - % P-trend
1mcrease Change
Protein from dairy products
Minimally-adjusted model 1 (ref)  1.01 (0.89-1.13) 1.08 (0.96-1.21)  1.04 (0.92 - 1.16) 1.03 (0.95- 1.11)  0.58 ; 0.45
Multivariable-adjusted model 1 1 (ref)  1.00 (0.89 - 1.12)  1.08 (0.96 - 1.21)  1.04 (0.93 - 1.17) 1.04 (0.96 - 1.12)  0.80 +37.2%  0.37
Multivariable-adj P
ultivariable-adjusted mode 1 (ref)  1.00 (0.89 - 1.12)  1.08 (0.96 - 1.21)  1.04 (0.93 - 1.17) 1.04 (0.96 - 1.12)  0.87 +49.8% 0.3
(+ smoking and alcohol intake)
Multivariable-adjusted model 3
1 (ref 1.00 (0.89- 1.12)  1.08 (0.96- 1.21)  1.04 (0.93 - 1.17 1.04 (0.96 - 1.12)  0.85 +46.9%  0.36
(+ BMI; fully adjusted) (ref) ( ) ( ) ( ) ( ) FA09%
Protein from milk
Minimally-adjusted model 1(ref)  1.04 (0.92-1.16) 0.99 (0.89 - 1.12)  1.10 (0.99 - 1.24) 1.09 (0.97-1.23)  1.96 ; 0.16
Multivariable-adjusted model 1 1(ref)  1.03(0.92-1.16) 1.00 (0.89 - 1.12)  1.12 (1.00 - 1.26) 111 (0.98-1.26) 273  +39.0%  0.10
Multivariable-adj P
ultivariable-adjusted mode 1(ref)  1.03(0.92-1.16) 0.99 (0.88- 1.12)  1.12 (1.00 - 1.26) 112 (0.98-1.27)  2.88 +46.7% 0.0
(+ smoking and alcohol intake)
Multivariable-adjusted model 3
1 (ref 1.03 (0.92 - 1.15)  0.99 (0.88 - 1.11)  1.12 (1.00 - 1.26 111 (0.98-1.26) 274 +39.3%  0.10
(+ BMI; fully adjusted) (ref) ( ) ( ) ( ) ( ) 995
Protein from cheese
Minimally-adjusted model 1(ref)  1.01 (0.90-1.13) 1.04 (0.93- 1.16)  0.97 (0.87 - 1.09) 0.95 (0.85 - 1.07)  0.63 ; 0.43
Multivariable-adjusted model 1 1(ref)  0.99 (0.88-1.11)  1.03 (0.92- 1.15)  0.96 (0.86 - 1.08) 0.95 (0.85- 1.08)  0.60 -4.8% 0.44
Multivariable-adj P
ultivariable-adjusted mode 1(ref)  0.99 (0.88-1.11)  1.03 (0.92- 1.15)  0.96 (0.86 - 1.08) 0.96 (0.85- 1.08)  0.56 -12.0% 0.46
(+ smoking and alcohol intake)
Multivariable-adjusted model 3 1(ref)  0.99 (0.88-1.11)  1.03 (0.92- 1.15)  0.97 (0.86 - 1.08) 0.96 (0.85- 1.08)  0.52 -17.3% 0.47

(+ BMI, fully adjusted)

Estimates in bold indicate statistically significant results.

Minimally adjusted model had age as the underlying time variable and analyses were stratified by sex and age groups and adjusted for region of recruitment.

Multivariable-adjusted model 1: further adjusted for height, physical activity, Townsend deprivation index, education, ethnicity, diabetes status, marital status, and energy intake from the

minimally adjusted model.

Multivariable-adjusted model 2: further adjusted for smoking status and alcohol intake in the multivariable adjusted model.

Multivariable-adjusted model 3: further adjusted for BMI in the multivariable adjusted model 2.

Abbreviations: BMI, body mass index; Q, quantile.
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Colorectal cancer

Breast cancer

Prostate cancer

N Cases HR (95% CI) N Cases HR (95% CI) N Cases HR (95% CI)
Protein from all dairy products
Q1 28,655 335 1 1 (ref) 15,735 509 1 1 (ref) 12,820 549 1 (ref)
Q2 28,554 311 - 0.91 (0.78 - 1.06) 15,735 527 L 1.04 (0.92 - 1.17) 12,819 585 1.00 (0.89 - 1.12)
Q3 28,554 294 at 0.88 (0.75 - 1.03) 15,735 507 g 0.99 (0.87 - 1.12) 12,820 651 1.08 (0.96 - 1.21)
Q4 28,554 253 I 0.80 (0.67 - 0.94) 15,734 481 L 0.93 (0.82 - 1.06) 12,819 637 I 1.04 (0.93 - 1.17)
Per 2.5% energy increase 114,217 1193 _ﬁ; 0.82 (0.74 - 0.92) 62,939 2024 0.94 (0.86 - 1.01) 51,278 2422 1.04 (0.96 - 1.12)
P-trend:0.001 P-trend:0.10 P-trend:0.36
Protein from milk
Q1 28,555 335 1 1 (ref) 15,735 515 1 1 (ref) 12,820 556 1 1 (ref)
Q2 28,554 313 ] 0.87 (0.74 - 1.01) 15,735 516 e 1.00 (0.88 - 1.13) 12,819 595 S 1.03 (0.92 - 1.15)
Q3 28,554 282 e 0.80 (0.68 - 0.93) 15,735 510 P 0.99 (0.88 - 1.12) 12,820 603 — 0.99 (0.88 - 1.11)
Q4 28,554 263 L 0.79 (0.67 - 0.94) 15,734 483 Ll 0.94 (0.83 - 1.07) 12,819 668 I 1.12 (1.00 - 1.26)
Per 2.5% energy increase 114,217 1193 ‘ 0.76 (0.63 - 0.91) 62,939 2024 0.91 (0.80 - 1.03) 51,278 2422 I 1.11 (0.98 - 1.26)
P-trend:0.003 P-trend:0.15 P-trend:0.10
Protein from cheese
Q1 30,958 338 1 1 (ref) 16,162 508 1 (ref) 14,796 672 i 1 (ref)
Q2 26,151 271 — 0.91(0.77 - 1.07) 15,308 481 1.00 (0.88 - 1.14) 10,843 521 - 0.99 (0.88 - 1.11)
Q3 28,554 306 —u 0.95 (0.82-1.12) 15,735 515 1.04 (0.92 - 1.18) 12,820 637 L 1.03 (0.92 - 1.15)
Q4 28,554 278 L 0.89 (0.76 - 1.05) 15,734 520 I 1.04 (0.92 - 1.18) 12,819 592 'R 0.97 (0.86 - 1.08)
Per 2.5% energy increase 114,217 1193 1 0.91 (0.76 - 1.08) 62,939 2024 1.03 (0.91 - 1.16) 51,278 2422 1 0.96 (0.85 - 1.08)
P-trend: 0.26 P-trend:0.65 P-trend:0.47
| IS —_—
0.5 1 2 0.5 1 2 0.5 1 2

Hazard Ratio (95% CI)

Hazard Ratio (95% CI)

Hazard Ratio (95% Cl)

Figure 6.3 Multivariable-adjusted hazard ratios (95% CI) for the association between protein from all dairy products and dairy

sources and risks of colorectal, breast, and prostate cancer.

All models used age as the underlying time variable, were stratified by age groups at recruitment, and were further adjusted for height, physical activity,

Townsend deprivation index, education, employment status, smoking status, alcohol intake, ethnicity, diagnosis of diabetes, BMI, energy intake.

For prostate cancer analyses: models were further adjusted for marital status.

For breast cancer analyses: models were further adjusted for menopausal hormone therapy use, oral contraceptive use, parity and age at first birth, age at

menarche, BMI and menopause status.

For colorectal cancer analyses: all models were stratified by sex and adjusted for menopausal status (women only), menopausal hormone therapy use (women only),

red and processed meat intake, and non-steroidal anti-inflammatory drug use.

Abbreviations: BMI, body mass index; HR, hazard ratio; g/day, grams per day; CI, confidence intervals; N, number of participants; Q, quantile.
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Table 6.6 Hazard ratios (95% CI) for intake of protein from dairy products and dairy sources with colorectal, breast, and prostate cancer with

additional adjustments for circulating insulin-like srowth factor-I1 (IGF-I).

Colorectal cancer

Q1

Q2

Q3

Q4

Per 2.5% energy
increase

P-trend

Protein from dairy products
Fully adjusted model

Fully adjusted model 4 IGF-I
concentrations

Protein from milk

Fully adjusted model

Fully adjusted model 4 IGF-I
concentrations

Protein from cheese

Fully adjusted model

Fully adjusted model 4 IGF-I
concentrations

1 (vef)

1 (vef)

1 (vef)

1 (vef)

1 (vef)

1 (vef)

0.91 (0.78 - 1.06)

0.91 (0.78 - 1.06)

0.87 (0.74 - 1.01)

0.87 (0.74 - 1.01)

0.91 (0.77 - 1.07)

0.91 (0.77 - 1.07)

0.88 (0.75 - 1.03)
0.88 (0.75 - 1.03)

0.80 (0.68 - 0.93)

0.80 (0.68 - 0.93)

0.95 (0.82 - 1.12)

0.96 (0.82 - 1.12)

0.80 (0.67 - 0.94)

0.80 (0.67 - 0.94)

0.79 (0.67 - 0.94)

0.79 (0.67 - 0.94)

0.89 (0.76 - 1.05)
0.89 (0.76 - 1.05)

0.82 (0.74 - 0.92)

0.82 (0.74 - 0.92)

0.76 (0.63 - 0.91)

0.76 (0.63 - 0.91)

0.91 (0.76 - 1.08)

0.91 (0.76 - 1.08)

11.61

11.58

9.01

9.02

1.25

1.24

0.001

0.001

0.003

0.003

0.26

0.26

Breast cancer

Q1

Q2

Q3

Q4

Per 2.5% energy
increase

P-trend

Protein from dairy products
Fully adjusted model

Fully adjusted model 4 IGF-I
concentrations

Protein from milk

Fully adjusted model

Fully adjusted model + IGF-I
concentrations

1 (vef)

1 (vef)

1 (vef)

1 (vef)

1.04 (0.92 - 1.17)

1.04 (0.92 - 1.17)

1.00 (0.88 - 1.13)

0.99 (0.88 - 1.12)

0.99 (0.87 - 1.12)

0.99 (0.87 - 1.12)

0.99 (0.88 - 1.12)

0.99 (0.88 - 1.12)

0.93 (0.82 - 1.06)
0.93 (0.82 - 1.05)

0.94 (0.83 - 1.07)

0.92 (0.81 - 1.05)

0.94 (0.86 - 1.01)

0.93 (0.86 - 1.01)

0.91 (0.80 - 1.03)

0.90 (0.79 - 1.02)

2.72

3.02

2.09

2.77

0.10

0.08

0.15

0.10
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Table 6.6 continued

Breast cancer

Per 2.5% energy

Q1 Q2 Q3 Q4 . X2 P-trend
mcrease

Protein from cheese
Fully adjusted model 1 (ref)  1.00 (0.88 - 1.14) 1.04 (0.92 - 1.18) 1.04 (0.92 - 1.18) 1.03 (0.91 - 1.16) 0.21 0.65
Fully adjusted model + IGF-I

ully acjusted model + 1 (ref)  0.99 (0.87 - 1.13) 1.04 (0.92 - 1.18) 1.04 (0.92 - 1.18) 1.03 (0.91 - 1.17) 0.27 0.60
concentrations

Prostate cancer
Per 2.5
Q1 Q2 Q3 Q4 o . % energy X2 P-trend
mcrease

Protein from dairy products
Fully adjusted model 1 (ref)  1.00 (0.89 - 1.12) 1.08 (0.96 - 1.21) 1.04 (0.93 - 1.17) 1.04 (0.96 - 1.12) 0.85 0.36
Fully adjusted model + IGF-I

Wy adjusted model + 1 (ref)  1.00 (0.89 - 1.12) 1.07 (0.96 - 1.20) 1.03 (0.92 - 1.16) 1.03 (0.96 - 1.12) 0.67 0.41
concentrations
Protein from milk
Fully adjusted model 1 (ref)  1.03 (0.92 - 1.15) 0.99 (0.88 - 1.11)  1.12 (1.00 - 1.26) 1.11 (0.98 - 1.26) 2.74 0.10
Fully adjusted model + IGF-I

ully adjusted model -+ 1 (ref)  1.03 (0.91 - 1.15) 0.99 (0.88 - 1.11) 1.11 (0.99 - 1.25) 1.11 (0.97 - 1.26) 2.40 0.12
concentrations
Protein from cheese
Fully adjusted model 1 (ref)  0.99 (0.88 - 1.11) 1.03 (0.92 - 1.15) 0.97 (0.86 - 1.08) 0.96 (0.85 - 1.08) 0.52 0.47
Fully adjus 1 IGF-I

ully adjusted model 1G 1 (ref)  0.99 (0.88 - 1.11) 1.03 (0.92 - 1.15) 0.97 (0.86 - 1.08) 0.96 (0.85 - 1.08) 0.53 0.47

concentrations

Estimates in bold indicate statistically significant results.

All models used age as the underlying time variable, were stratified by age groups at recruitment, and further adjusted for region of recruitment, height, physical activity, Townsend deprivation index,

education, employment status, smoking status, alcohol intake, ethnicity, diagnosis of diabetes, BMI, energy intake.

For colorectal cancer analyses: all models were stratified by sex and adjusted for menopausal status (women only), menopausal hormone therapy use (women only), red and processed meat intake, and

non-steroidal anti-inflammatory drug use. For breast cancer analyses: models were further adjusted for menopausal hormone therapy use, oral contraceptive use, parity and age at first birth, age at

menarche, BMI and menopausal status. For prostate cancer analyses: models were further adjusted for marital status.
Fully adjusted model + IGF-I concentrations were further adjusted serum circulating insulin-like growth factor-I concentrations measured at recruitment.

Abbreviations: CI, confidence intervals; BMI, body mass index; IGF-I, insulin-like growth factor-I; Q, quantile.
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Colorectal cancer Breast cancer Prostate cancer

Dairy intake
by total g/day Grams/day N Cases HR (95% CI) N Cases HR (95% Cl) N Cases HR (95% Cl)
All dairy products
Q1 1321 28,587 322 | 1 (ref) 15,767 514 | 1 (ref) 12,820 545 ! 1 (ref)
Q2 260.3 28,530 281 —e 0.82 (0.70 - 0.96) 15,711 529 [ 1.03 (0.91-1.16) 12,819 577 —r 1.00 (0.89 - 1.12)
Q3 356.8 28,574 305 —a 0.87 (0.74 - 1.02) 15,733 513 4 0.98 (0.87 - 1.11) 12,841 648 S 1.08 (0.96 - 1.21)
Q4 541.9 28,526 285 —l 0.77 (0.65-0.91) 15,728 468 - 0.88 (0.77 - 1.00) 12,798 652 b 1.07 (0.95-1.21)
Per 200 g/day - 114,217 1193 ‘ 0.88 (0.82- 0.95) 62,939 2024 ‘ 0.90 (0.81-1.01) 51,278 2422 ‘ 1.04 (0.99 - 1.10)
Milk
Q1 50.5 28,727 321 | 1 (ref) 15,847 521 | 1 (ref) 12,880 546 | 1 (ref)
Q2 160.2 28,660 298 —1 0.88 (0.75 - 1.03) 15,650 532 ™ 1.04 (0.92-1.17) 13,010 619 - 1.09 (0.97 - 1.22)
Q3 232.8 28,305 287 — 0.87 (0.74 - 1.02) 15,709 474 —ub 0.91 (0.80 - 1.04) 12,596 606 T 1.05(0.94 - 1.18)
Q4 352.8 28,525 287 — 0.83 (0.70 - 0.98) 15,733 497 -4 0.95 (0.84 - 1.08) 12,792 651 L. 1.12 (0.99 - 1.25)
Per 200 g/day - 114,217 1193 ‘ 0.87 (0.78 - 0.96) 62,939 2024 0.95 (0.88 - 1.03) 51,278 2422 ‘ 1.05(0.98 - 1.12)
Cheese
Q1 0.0 30,958 338 | 1 (ref) 16,162 508 1 1 (ref) 14,796 672 | 1 (ref)
Q2 94 28,596 279 —at 0.89 (0.76 - 1.04) 16,651 519 1.00 (0.88 - 1.13) 11,945 575 i 0.99 (0.88 - 1.11)
Q3 20.6 28,347 313 —— 0.99 (0.85 - 1.16) 16,138 541 1.07 (0.95 - 1.21) 12,209 604 e 1.02 (0.91 - 1.14)
Q4 435 26,316 263 — 0.87 (0.74 - 1.03) 13,988 456 1.02 (0.89 - 1.16) 12,328 571 4 0.97 (0.87 - 1.09)
Per 50 g/day - 114,217 1193 j 0.93 (0.79 - 1.10) 62,939 2024 1.03 (0.90 - 1.17) 51,278 2422 j 0.94 (0.84 - 1.05)
0.5 1 2 0.5 1 2 0.5 1 2
Hazard Ratio (95% Cl) Hazard Ratio (95% Cl) Hazard Ratio (95% CI)

Figure 6.4 Multivariable-adjusted hazard ratios (95% CI) for total grams of dairy products, milk, and cheese with risks of

colorectal, breast and prostate cancer.

All models used age as the underlying time variable, were stratified by age groups at recruitment, and further adjusted for height, physical activity, Townsend
deprivation index, education, employment status, smoking status, alcohol intake, ethnicity, diagnosis of diabetes, BMI, energy intake.

For colorectal cancer analyses: all models were stratified by sex and adjusted for menopausal status (women only), menopausal hormone therapy use (women only),
red and processed meat intake, and non-steroidal anti-inflammatory drug use.

For breast cancer analyses: models further adjusted for menopausal hormone therapy use, oral contraceptive use, parity and age at first birth, age at menarche,
BMI and menopausal status.

For prostate cancer analyses: models further adjusted for marital status.

Abbreviations: BMI, body mass index; HR, hazard ratio; g/day, grams per day; CI, confidence interval; N, number of participants; Q, quantile.
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6.4.3 Subgroup and sensitivity analyses

For colorectal cancer risk, evidence of heterogeneity was observed by alcohol intake for protein
from all dairy products; an inverse association was observed only for those consuming =10
g/day of alcohol (HR per 2.5% energy: 0.73, 0.63-0.86) but no association was observed for those
consuming <10 g/day of alcohol (0.94, 0.80-1.10; p-net—0.026; Figure 6.5). Similar evidence of
heterogeneity was observed for intakes of protein from milk by alcohol intake, and also by
smoking status; for individuals who consumed >10 g/day of alcohol, and for those who were
ever smokers, intake of protein from milk was inversely associated with colorectal cancer risk
(HR per 2.5% energy: 0.61, 0.47-0.79; p-1e:=0.022 and 0.60, 0.46-0.78; p-1e:=0.009, respectively) but
no association was observed for those who consumed <10 g/day of alcohol or were never
smokers (Figure 6.6). For breast and prostate cancer analyses, no evidence of heterogeneity
was observed between subgroups for protein from dairy products or milk (Figure 6.5 &
Figure 6.6). For breast and prostate cancer analyses, no evidence of heterogeneity by alcohol,
smoking status, BMI, or menopause status (only for breast cancer) was observed (Figure 6.5 &

Figure 6.6; Ancillary Figure 6.1 for protein from cheese intake).

When adjustments were made for other dietary factors in sensitivity analyses, associations
remained largely the same with the exception that the association for protein from milk and
prostate cancer risk was attenuated and the HR for Q4 vs. Q1 was no longer significant (1.10,
0.98-1.24; Table 6.7), which was attributed to red and processed meat in the model being
positively associated with prostate cancer risk. In analyses restricted to participants who
completed a minimum of three 24-hour dietary assessments, associations remained largely
unchanged but with wider CIs probably due to the loss of participants and cases (Ancillary
Table 6.1). No material differences in associations were observed in analyses removing the first

two years of follow-up (Ancillary Table 6.2).
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Protein from total dairy products

Colorectal cancer Breast cancer Prostate cancer

Per 2.5% energy N Cases HR (95% CI) % p-value Per 2.5% energy N Cases HR(95% CI) p-value  Per2.5%energy N  Cases HR (95% CI) % p-value
Sex Menopausal status
Male 62,939 515 -.- 0.84 (0.72,0.99) 0.23 0.63 Premenopausal 17,558 310 0.91(0.74,1.13) 0.04 0.84
Female 51,278 678 -.- 0.80 (0.68, 0.94) Postmenopausal 62,239 1,713 E 0.94 (0.86, 1.02)
BMI BMI BMI
<27 kg/m2 68,347 642 .- 0.75(0.64,0.88) 229 0.13 <27 kg/m2 40,847 1,233 0.95(0.85, 1.05) 0.04 0.85 <27 kg/m2 27,504 1,317 1.00 (0.90, 1.12) 0.87 0.35
27+ kg/m2 45,358 550 -.- 0.90 (0.77, 1.06) 27+ kg/m2 21,748 786 E 0.91(0.80, 1.03) 27+ kg/m2 23,660 1,101 1.08 (0.96, 1.21)
Smoking Smoking Smoking
Never 65,383 569 -.- 0.91(0.77,1.06) 3.3 0.069 Never 38,447 1,210 0.92(0.83,1.02) 0.04 0.85 Never 26,936 1,241 1.01 (0.91, 1.13) 0.59 0.44
Ever 48,167 623 -.- 0.75 (0.64, 0.88) Ever 24,092 812 E 0.96 (0.85, 1.09) Ever 24,208 1,175 1.08 (0.96, 1.21)
Alcohol intake Alcohol intake Alcohol intake
<10 g/day 54,664 485 E 3 0.94 (0.80,1.10) 4.93  0.026 <10 g/day 37,384 1,199 ? 0.93(0.84,1.03) 0  0.99 <10 g/day 17,280 773 1.03 (0.90, 1.17) 0.18  0.67
10+ g/day 58,734 704 .- 0.73 (0.63, 0.86) 10+ g/day 24,844 819 0.94 (0.83, 1.08) 10+ g/day 33,890 1,644 1.05 (0.95, 1.16)
[ R I
0.5 1 2 0.5 1 2 0.5 1 2

Hazard Ratio (95% CI) Hazard Ratio (95% CI) Hazard Ratio (95% Cl)

Figure 6.5 Intake of protein from total dairy products per 2.5% energy increment by subgroups and risk of colorectal cancer, breast

cancer, prostate cancer.

All models used age as the underlying time variable, were stratified by age groups at recruitment, and further adjusted for height, physical activity, Townsend deprivation index, education,
employment status, smoking status (except when smoking status was subgroup if interest), alcohol intake (except when alcohol was the subgroup of interest), ethnicity, diagnosis of
diabetes, BMI (except when BMI was subgroup of interest), and energy intake.

For colorectal cancer analyses: all models stratify by sex (except when sex was subgroup of interest) and adjust for menopause status (women only) and menopausal hormone therapy
use (women only), red and processed meat intake, non-steroidal anti-inflammatory drug use. For breast cancer analyses: models adjusted for menopausal hormone therapy use, oral
contraceptive use, parity and age at first birth, age at menarche, BMI and menopause status (except when menopause status was subgroup of interest). For prostate cancer analyses:
models further adjusted for marital status. XZ and p-value represents improvement of fit obtained from likelihood ratio tests for including an interaction term between subgroup of

interest and all dairy protein (modelled as a 2.5% energy increase) into the model.

Abbreviations: BMI, body mass index; CI, confidence interval; g/day, grams per day; HR, hazard ratio; kg/ m?, kilograms per metre squared; N, number of participants.
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Protein from milk

Colorectal cancer Breast cancer Prostate cancer
Per 2.5% energy N Cases HR (95% CI) o p-value Per 2.5% energy N Cases HR(85% CI) 47 p-value Per2.5%energy N  Cases HR (95% Cl) % p-value
Sex Menopausal status
Male 62,939 515 —H 0.79(0.61,1.02) 0 0.98 Premenopausal 17,558 310 —+=— 1.19(0.86, 1.64) 2.35 0.13
Female 51,278 678 —l— 0.74 (0.57, 0.95) Postmenopausal 62,239 1,713 B 0.87 (0.76, 1.00)
BMI BMI BMI
<27 kg/m2 68,347 642 — 0.76 (0.60,0.98) 0.01 0.91 <27 kg/m2 40,847 1,233 1 0.90 (0.77,1.05) 0.14 0.71 <27 kg/m2 27,504 1,317 E o 1.05 (0.88, 1.25) 1.21 0.27
27+ kg/m2 45,358 550 — 0.75 (0.57, 0.98) 27+ kg/m2 21,748 786 0.93 (0.76, 1.14) 27+ kg/m2 23,660 1,101 il 1.20 (0.99, 1.44)
Smoking Smoking Smoking
Never 65,383 569 - 0.96 (0.75,1.23) 6.75  0.009 Never 38447 1,210 1 0.86 (0.73,1.01) 0.65 0.42 Never 26,936 1,241 E = 1.05 (0.88, 1.25) 063 043
Ever 48,167 623 — 0.60 (0.46, 0.78) Ever 24,092 812 1.00 (0.82, 1.22) Ever 24,208 1,175 HEl— 1.18 (0.98, 1.42)
Alcohol intake Alcohol intake Alcohol intake
<10 g/day 54,664 485 —— 0.95(0.73, 1.22) 5.21 0.022 <10 g/day 37,384 1,199 0.92 (0.79, 1.07) 0.11 0.74 <10 g/day 17,280 773 - 1.00 (0.81, 1.23) 1.68 0.19
10+ g/day 58,734 704 —J 0.61 (0.47, 0.79) 10+ g/day 24,844 819 0.89 (0.72, 1.10) 10+ g/day 33,890 1,644 Hill- 1.19 (1.01, 1.40)
0.5 1 2

[ S S | S
0.5 1 2 0.5 1 2
Hazard Ratio (95% CI) Hazard Ratio (95% Cl) Hazard Ratio (95% Cl)

Figure 6.6 Intake of milk protein per 2.5% energy increment by subgroups and risk of colorectal cancer, breast cancer, prostate

cancer.

All models used age as the underlying time variable and were stratified by age groups at recruitment, and further adjusted for height, physical activity, Townsend deprivation index,
education, employment status, smoking status (except when smoking status was subgroup if interest), alcohol intake (except when alcohol was the subgroup of interest), ethnicity,
diagnosis of diabetes, BMI (except when BMI was subgroup of interest), and energy intake. For colorectal cancer analyses: all models were stratified by sex (except when sex was
subgroup of interest) and adjusted for menopause status (women only), menopausal hormone therapy use (women only), red and processed meat intake, and non-steroidal anti-
inflammatory drug use. For breast cancer analyses: models were further adjusted for menopausal hormone therapy use, oral contraceptive use, parity and age at first birth, age at
menarche, BMI and menopause status (except when menopause status was subgroup of interest). For prostate cancer analyses: models were further adjusted for marital status. XQ and
p-value represents improvement of fit obtained from likelihood ratio tests for including an interaction term between subgroup of interest and milk protein (modelled as a 2.5% energy

increase) into the model.

Abbreviations: BMI, body mass index; CI, confidence interval; g/day, grams per day; HR, hazard ratio; kg/mz7 kilograms per metre squared; N, number of participants.
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Table 6.7 Hazard ratios (95% CI) for intake of protein from dairy products and dairy sources with colorectal, breast, and prostate cancer with additional

adjustments for other dietary factors.

Colorectal cancer

Q1

Q2

Q3

Q4

Per 2.5% energy

increase

P-trend

Protein from dairy products

Fully adjusted model

Fully adjusted model + dietary factors
Protein from milk

Fully adjusted model

Fully adjusted model + dietary factors
Protein from cheese

Fully adjusted model

Fully adjusted model + dietary factors

1 (ref)
1 (ref)

1 (ref)
1 (ref)

1 (ref)
1 (ref)

0.91 (0.78 - 1.06)
0.91 (0.78 - 1.06)

0.87 (0.74 - 1.01)
0.86 (0.74 - 1.01)

0.91 (0.77 - 1.07)
0.91 (0.77 - 1.07)

0.88 (0.75 - 1.03)
0.88 (0.75 - 1.03)

0.80 (0.68 - 0.93)
0.79 (0.67 - 0.93)

0.95 (0.82 - 1.12)
0.95 (0.82 - 1.12)

0.80 (0.67 - 0.94)
0.80 (0.67 - 0.94)

0.79 (0.67 - 0.94)
0.79 (0.67 - 0.93)

0.89 (0.76 - 1.05)
0.89 (0.76 - 1.05)

0.82 (0.74 - 0.92)
0.83 (0.74 - 0.93)

0.76 (0.63 - 0.91)
0.77 (0.64 - 0.92)

0.91 (0.76 - 1.08)
0.90 (0.76 - 1.07)

11.61
10.43

9.01
8.02

1.25
1.33

0.001
0.001

0.003
0.005

0.26
0.25

Breast cancer

Q1

Q2

Q3

Q4

Per 2.5% energy

increase

P-trend

Protein from dairy products

Fully adjusted model

Fully adjusted model + dietary factors
Protein from milk

Fully adjusted model

Fully adjusted model + dietary factors
Protein from cheese

Fully adjusted model

Fully adjusted model + dietary factors

1 (ref)
1 (ref)

1 (ref)
1 (ref)

1 (ref)
1 (ref)

1.04 (0.92 - 1.17)
1.03 (0.91 - 1.17)

1.00 (0.88 - 1.13)
0.99 (0.87 - 1.12)

1.00 (0.88 - 1.14)
0.99 (0.87 - 1.13)

0.99 (0.87 - 1.12)
0.98 (0.87 - 1.12)

0.99 (0.88 - 1.12)
0.98 (0.87 - 1.12)

1.04 (0.92 - 1.18)
1.03 (0.91 - 1.17)

0.93 (0.82 - 1.06)
0.93 (0.82 - 1.06)

0.94 (0.83 - 1.07)
0.92 (0.81 - 1.04)

1.04 (0.92 - 1.18)
1.04 (0.92 - 1.18)

0.94 (0.86 - 1.01)
0.93 (0.86 - 1.01)

0.91 (0.80 - 1.03)
0.89 (0.79 - 1.01)

1.03 (0.91 - 1.16)
1.03 (0.91 - 1.17)

2.72
2.94

2.09
3.15

0.21
0.24

0.10
0.09

0.15
0.08

0.65
0.62
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Table 6.7 continued

Prostate cancer

Q1

Q2

Q3

Q4

Per 2.5% energy

increase

P-trend

Protein from dairy products

Fully adjusted model

Fully adjusted model + dietary factors
Protein from milk

Fully adjusted model

Fully adjusted model + dietary factors
Protein from cheese

Fully adjusted model

Fully adjusted model + dietary factors

1 (ref)
1 (ref)

1 (ref)
1 (ref)

1 (ref)
1 (ref)

1.00 (0.89 - 1.12)
1.00 (0.88 - 1.12)

1.03 (0.92 - 1.15)
1.02 (0.91 - 1.14)

0.99 (0.88 - 1.11)
0.98 (0.88 - 1.10)

1.08 (0.96 - 1.21)
1.07 (0.95 - 1.20)

0.99 (0.88 - 1.11)
0.98 (0.87 - 1.10)

1.03 (0.92 - 1.15)
1.03 (0.92 - 1.15)

1.04 (0.93 - 1.17)
1.04 (0.92 - 1.17)

1.12 (1.00 - 1.26)

1.10 (0.98 - 1.24)

0.97 (0.86 - 1.08)
0.97 (0.87 - 1.09)

1.04 (0.96 - 1.12)
1.04 (0.96 - 1.12)

1.11 (0.98 - 1.26)
1.09 (0.96 - 1.24)

0.96 (0.85 - 1.08)
0.97 (0.86 - 1.09)

0.85
0.85

2.74
1.92

0.52
0.30

0.36
0.36

0.10
0.17

0.47
0.59

Estimates in bold indicate statistically significant results.

All models used age as the underlying time variable, were stratified by age groups at recruitment, and further adjusted for height, physical activity, Townsend deprivation index, education, employment status,

smoking status, alcohol intake, ethnicity, diagnosis of diabetes, BMI, energy intake.

For colorectal cancer analyses: all models were stratified by sex and adjusted for menopausal status (women only), menopausal hormone therapy use (women only), red and processed meat intake, and non-steroidal

anti-inflammatory drug use.

For breast cancer analyses: models were further adjusted for menopausal hormone therapy use, oral contraceptive use, parity and age at first birth, age at menarche, BMI and menopause status.

For prostate cancer analyses: models were further adjusted for marital status.

Fully adjusted model + dietary factors were further adjusted for fruit and vegetable intake and fibre intake as well as red and processed meat intake for breast cancer and prostate cancer analyses.

Abbreviations: BMI, body mass index; CI, confidence intervals; Q, quantile.
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6.5 Discussion

6.5.1 Main findings

In this analysis using data from the UK Biobank study, higher intakes of protein from total
dairy products and milk were associated with a lower risk of colorectal cancer risk. There was
suggestive evidence that men with high compared to low intakes of protein from milk may have
a slightly higher risk of being diagnosed with prostate cancer, although there was no evidence of
a linear trend increasing risk with higher milk protein intake. Dairy protein intake was not

associated with breast cancer risk in women.

6.5.2 Colorectal cancer

To date, only two previous prospective studies have looked at the association of dairy protein
and its sources with colorectal cancer risk [405, 406], with both suggesting an inverse association
with risk. Milk protein intake was the major contributor to total dairy protein in this analysis
(~50%) and the observed inverse association for dairy protein intake is probably driven by milk
consumption. It is likely that the protein content in dairy products or milk is not the driving
force for the observed lower risk of colorectal cancer, as there are some other compounds in

milk, such as calcium, that may reduce the risk of colorectal cancer [114].

In the most recent WCRF meta-analysis (2017), including 14 prospective studies, the intake of
total grams of all dairy products combined was associated with a 13% lower risk of colorectal
cancer risk per 400 g/day intake [20]. Similarly, the WCRF found that in 13 prospective studies,
milk intake was associated with a 6% lower risk of colorectal cancer per 200 g/day increment,
whereas for cheese intake a non-significant inverse association was observed [20]. In these
findings, for comparison, a 12% lower risk of colorectal cancer was observed per 200 g/day of
total dairy intake, and a 13% lower risk of colorectal cancer per 200 g/day intake of milk.
Moreover, in MR analyses utilising the lactase persistence gene as a proxy for milk intake, which
has been shown to predict a 17.1 g/day per allele difference in milk intake [408], a lower risk of

colorectal cancer was observed among those who had the lactase persistence genotype and thus
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were assumed to consume more milk (odds ratio per allele: 0.95, 95% CI: 0.91-0.99) [113].
However, extrapolating from MR studies, an odds ratio of ~0.55 per 200 g/day intake of milk
would be expected, which is a lot stronger than what has been observed in prospective cohort
studies [20].

Higher dietary calcium intake has been previously shown to be associated with lower
colorectal cancer risk in prospective studies [20, 409], although this may be due to higher dairy
intake, as dairy is the primary source of calcium in many countries [410]. Calcium is
hypothesized to protect against colorectal cancer risk by locally binding to secondary bile acids
in the lumen of the colon [115] and thus inhibiting their potential carcinogenic effect [411] as
well as potentially restraining growth and promoting differentiation of colonic epithelium cells
through the activation of calcium-sensing receptors [411, 412]. However, other components of
dairy products such as conjugated linoleic acid, SCFAs, and lactoferrins have been hypothesized
to play a role in colorectal cancer risk [114, 413], but isolating the impacts of these food

components, which are consumed together in milk, is challenging.

In these analyses, heterogeneity was observed by both alcohol intake and smoking status in the
association of intake of protein from milk with colorectal cancer risk; the inverse association of
milk protein intake with colorectal cancer risk was observed only in individuals who consumed
>10 g/day of alcohol, or were ever smokers, but this was not seen in those consuming <10
g/day of alcohol or those who were never smokers. Previous prospective studies have generally
not explored whether the association of dairy product intake with colorectal cancer risk varies
by these lifestyle factors [414-417|. Moreover, in agreement with this analysis, most previous
prospective studies have observed that those who consume higher amounts of dairy products
typically consume less alcohol on average [414-418|. This observed heterogeneity observed could
suggest residual confounding by alcohol and smoking, for example, if low milk consumers under-
report their alcohol consumption more than high milk consumers, or this finding may be due to

chance.
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6.5.3 Breast cancer

Intakes of total dairy protein and its sources were not associated with breast cancer risk in this
study. To the best of my knowledge, only one previous prospective study has looked at this
association; in a recent prospective analysis of 700,000 postmenopausal UK women from the
Million Women Study (published after the most recent WCRF meta-analysis), which included
29,000 incident breast cancer cases diagnosed over 12 years of follow-up, intakes of dairy
protein, as well as milk, yogurt, or cheese, were not associated with breast cancer risk [404]. In
this analysis in UK Biobank that used total grams of all dairy products combined, those in the
highest quartile had a suggestive lower risk of breast cancer than those in the lowest quartile of
intake, although there was no significant trend. Evidence for the association of dairy intake and
breast cancer risk from meta-analyses and recent studies has generally been inconsistent. The
2017 WCRF meta-analysis, including seven prospective studies, suggested that a higher intake
of dairy products (per 200g/day) was associated with a 5% lower risk of premenopausal breast
cancer, and no association was found with postmenopausal breast cancer [130]. After this meta-
analysis was published, two prospective studies, including 2582 and 1057 breast cancer cases
among populations with many participants who did not consume dairy or consumed dairy in low
amounts, suggested a positive association between dairy intake and breast cancer risk [419-421].
Recently, a pooled analysis of 21 cohort studies with individual level data including 37,000
breast cancer cases found a 5% lower risk of breast cancer for participants in the highest
category of milk intake compared to lowest category [422|. However, MR analyses using the
lactase persistence gene suggest no association between milk intake and overall breast cancer

risk [113].

6.5.4 Prostate cancer

A suggestive positive association was found between the intake of protein from milk and
prostate cancer risk. However, this association was attenuated when other dietary components
were adjusted for in multivariable models. No other associations between intakes of protein from

total dairy products or cheese and prostate cancer risk were observed. To the best of my
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knowledge, only three previous prospective studies have looked at the association of protein
from dairy products and prostate cancer risk; two studies including men in EPIC where one
including 142,251 men of whom 2727 developed prostate cancer, found a 22% higher risk
comparing the highest fifth to lowest fifth of dairy protein intake [402] and the other, which
included an updated analysis of EPIC including 131,425 men of whom 6939 developed prostate
cancer, found a higher risk among the men in the top three fifths compared to the lowest fifth of
intake of dairy protein and yogurt protein [403|. The third study to assess this association was a
nested case-control study in the Breast and Prostate Cancer Cohort Consortium, which included
4,815 cases and 4,671 controls and found no association between dairy protein intake and
prostate cancer risk [388]. When analyses used total grams of all dairy products, milk, and
cheese, no association with prostate cancer risk was found, whereas the latest WCRF meta-
analysis of prospective studies from 2014 found that the intake of total grams of all dairy
products, milk, and cheese were all associated with a higher risk of prostate cancer [262, 287].
MR analyses using the lactase persistence gene as a proxy for milk intake have generally found
no association in UK Biobank or the Prostate Cancer Association Group to Investigate Cancer
Associated Alterations in the Genome consortium [113]; however, using data from a Finnish
consortium (3282 prostate cancer cases and 55,968 controls), where milk intake is typically high,

the MR analysis showed a significant positive association [113].

The possible positive association between protein from milk and prostate cancer risk has been
hypothesized to be mediated by circulating IGF-I concentrations, which have been shown to be
associated with both higher dairy protein intake [5] and prostate cancer risk [11, 14, 336], and
possibly prostate cancer mortality [14|. However, when circulating IGF-I concentrations
measured at baseline (before dietary assessments) were added to multivariable-adjusted models,
the association of protein from milk with prostate cancer risk was only slightly attenuated
suggesting that circulating IGF-I concentrations do not completely mediate this association.
Milk intake may also activate the mTOR pathway and mTOR complex 1 due to the high

content of branched chain amino acids, particularly leucine [423], in which milk has been
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implicated in carcinogenesis of the prostate [305]. However, the observed results for milk protein
may also be subject to detection bias if men who consume more milk are more likely to undergo
a PSA test and potentially a prostate cancer diagnosis, and previous evidence has suggested that
some lifestyle factors are associated with having a PSA test [424]. Moreover, in this analysis, the
risk of total prostate cancer was assessed because data on tumour subtypes were not available;
however, risk factors for prostate cancer may vary by tumour characteristics [268| and further
research is needed to understand these mechanisms and how they influence prostate

carcinogenesis, particularly for aggressive and lethal prostate cancer.

6.5.5 Role of dairy protein intake in relation to circulating IGF-I concentrations
Although dairy protein intake, and more specifically milk protein intake (as observed in Chapter
5), have been associated with higher circulating IGF-I concentrations [5], the magnitude of this
relationship, and therefore any impact on cancer risk, may not be large. In cross-sectional
analyses from Chapter 5, a 2.5% higher energy intake from milk protein was associated with a
1.20 nmol/L higher circulating IGF-I concentration. In prospective analyses, IGF-I
concentrations (per 5 nmol/L) have been associated with ~9-11% higher risks of colorectal,
breast, and prostate cancer [12-14]. Similar estimates have been observed utilising MR analyses
[12, 13], with the exception that a 5 nmol/L genetically predicted higher IGF-I concentration
has been associated with a 34% higher risk of prostate cancer when using a cis-SNP [14]. Based
on these estimates, one might expect to see a ~2% higher risk of both colorectal and breast
cancer and a ~2-8% higher risk of prostate cancer per 2.5% higher energy intake from milk
protein (although due to measurement error in dietary assessments these risks might be larger).
While protein from dairy products may elevate IGF-I concentrations, other components of dairy
products and milk may protect against the risk of cancer at some sites and further research
examining other mechanisms and compounds in dairy products is needed to better understand

how the intake of dairy products may influence cancer risk.
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6.5.6 Strengths and limitations

The strengths of these analyses include the prospective nature of the study, detailed dairy
protein intake obtained from 2 to 5 24-hour dietary assessments, which reduces random
measurement error, and the use of record linkage limiting loss to follow-up and outcome
misclassification. The detailed dietary assessment allowed for the detailed examination of two
specific sources of dairy products in association with common cancers. As well, the UK Biobank
collected detailed sociodemographic, anthropometric, and lifestyle information from participants
at recruitment, allowing adjustment for these potential confounders and other components of
diet in the analyses. Participants in the UK Biobank also provided a blood sample at
recruitment in which IGF-I concentrations were measured, allowing us to assess how IGF-I
concentrations influence the association between dairy products and risk of IGF-I related

cancers.

There are also some limitations to consider. Self-reported dietary intake is subject to error;
approximately 35% of participants included in these analyses completed only two 24-hour
dietary assessments, which increases random measurement error and may therefore bias the
estimates towards the null. However, in sensitivity analyses restricted to participants with at
least three completed 24-hour dietary assessments, similar results were observed but with wider
CIs due to the loss of participants and cases. Associations with all individual dairy sources, such
as yogurt, could not be assessed as it was consumed episodically in this sample and therefore a
few 24-hour dietary assessments per person cannot accurately estimate usual intake. The UK
Biobank is also known to be a generally healthy sample of participants, which may make these
results not generalizable to the greater population and may bias the observed results [384],
although estimates may remain in the same direction [425]. Moreover, only one measure of IGF-
I concentrations was utilised in multivariable-adjusted models, which may underestimate typical
long-term concentrations. Finally, these associations are subject to residual and unmeasured

confounding due to the observational design of the study, however, assessment of residual
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confounding, using the change in X2 method, did not suggest that residual confounding greatly

influenced the observed results.

6.6 Conclusions

In conclusion, higher intakes of protein from dairy products and protein from milk were
inversely associated with colorectal cancer risk, although based on previous evidence it is
possible that these associations are driven by other components present in dairy products, such
as calcium. A higher intake of protein from milk was weakly positively associated with prostate
cancer risk, although this association was only significant when analyses compared the highest
with the lowest quartile and there was no significant linear trend. No associations between
intake of protein from dairy products sources and breast cancer risk were observed. Further
research is needed on both the IGF pathway and other mechanisms as well as other
explanations that may account for the possible association between dairy products or milk and

prostate cancer risk.
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Chapter 7

Associations of carbohydrate types and
sources, short-chain fatty acid genetic

modifiers, and colorectal cancer risk
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Chapter 7 Summary

Wholegrain and fibre intakes may decrease the risk of colorectal cancer, although evidence for
potential mechanisms and how intakes of specific types and sources of carbohydrates relate with
colorectal cancer remains inconclusive. Moreover, cellular and animal studies have shown that
SCFA production in the colon, which increases with wholegrain and fibre intake, may be
associated with lower colorectal cancer risk. This chapter examines the associations between
carbohydrate types and sources and colorectal cancer risk in 114,217 UK Biobank using >2
(maximum of five) 24-hour dietary assessments. A polygenic score was also applied to categorise
participants as high or low host genetic score for intra-luminal microbial SCFA production,
namely butyrate and propionate. During a median follow-up of 9.4 years, 1,193 participants
were diagnosed with colorectal cancer. Intakes of total sugar, non-free sugars, and fibre from
wholegrains were inversely associated with colorectal cancer risk (HR per 5% energy: 0.93 95%
confidence interval CI: 88-0.98; 0.92, 0.87-0.98; and HR per 5 g/day 0.90, 0.82-1.00,
respectively). Evidence of heterogeneity was observed by genetically predicted butyrate
synthesis (p-heterogeneity=0.023); participants in the high butyrate genetic score category and
consuming higher wholegrains had a lower risk of colorectal cancer (per 5% energy; 0.88, 0.78-
0.99). In additional analyses utilising the larger UK Biobank sample (n=343,621) but with less
detailed dietary assessment, similar results were observed in which only individuals with a high
butyrate genetic score had a lower risk of colorectal cancer per 5 g/day intake of fibre from
breads and cereals (0.88, 0.81-0.95; p-heterogeneity=0.021). This chapter suggests that colorectal
cancer risk varies by intake of carbohydrate types and sources; total sugar, non-free sugar, and
wholegrain intake may lower the risk of colorectal cancer; however, the association for

wholegrain intake may be modified by host genetically predicted SCFA production.
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7.1 Introduction

Colorectal cancer is the second most common cause of cancer death in both men and women
worldwide [1]. Smoking, excess adiposity, processed meat intake, and alcohol consumption are
well-established modifiable risk factors for colorectal cancer [20, 102|. Other dietary factors may
also influence colorectal cancer risk; the latest WCRF meta-analysis of prospective studies
published before 2017 lists red meat as a probable factor for increasing the risk of colorectal
cancer and foods containing dietary fibre, wholegrain consumption, dairy products, and calcium
supplements as probable factors for decreasing the risk [20]. However, further research is needed
to assess if specific sources and types of carbohydrates relate differently to colorectal cancer risk,

as well to understand potential mechanisms underlying these associations.

Different types and sources of carbohydrates may influence insulin response; wholegrains and
foods rich in fibre may be inversely associated with fasting insulin and positively associated with
insulin sensitivity [426], whereas frequent intake of foods high in refined sugars may lead to
excess energy intake and weight gain, which may result in hyperinsulinemia [427, 428|, a known

risk factor for colorectal cancer |74, 108|.

One other potential hypothesis that may explain the lower risk of colorectal cancer among
individuals who consume more dietary fibre and wholegrains is the fermentation of dietary fibre
in the colon, which produces the SCFA butyrate, propionate, and acetate [429]. Evidence from
animal and in vivo studies has suggested that butyrate, which is used as an energy source by
colonocytes, may be protective against carcinogenesis [109, 430-432]. Large genetic studies of up
to 18,000 individuals have suggested that the composition of microbiota in the gut is influenced
by host genetic factors [433, 434]. As such, synergistic mechanisms may interplay in the
colorectum between host genetic factors, colonisation of specific bacteria, production of SCFA,
and intake of wholegrains and fibre in reducing colorectal cancer risk; however, further research

is needed to understand these potential relationships.
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7.2 Aim

This Chapter therefore aims to examine the associations of carbohydrate types and sources with
colorectal cancer risk in 114,217 participants from the UK Biobank with detailed dietary data.
The secondary aim of this analysis was to examine if host genetic variants related to
colonic/microbial SCFA production may modulate the associations of carbohydrate and fibre

intakes with the risk of colorectal cancer.

7.3 Methods

7.3.1 Study design & participants
Details of the UK Biobank, including recruitment and data collection are described in Chapter
3. This analysis included a subsample of participants from the UK Biobank who completed a

minimum of two 24-hour dietary assessments.

7.3.2 Exclusions
Exclusions for this analysis were the same as in Chapter 6 and can be found in Section 6.3.3

along with the flow diagram of exclusions (Figure 6.1)

7.3.3 Assessment of diet: 24-hour dietary assessment

Dietary intake was estimated in a subsample of participants who completed the Oxford Web(Q
24-hour dietary assessment on at least two occasions (maximum of five). When comparing the
completion of two 24-hour dietary assessments with energy measured from an accelerometer and
urinary sugar, a correlation of 0.38 (95% CI: 0.21, 0.54) for energy and 0.40 (95% CI: 0.24, 0.55)
for sugar was observed, with higher correlations when additional 24-hour dietary assessments

were completed [359].

Details of the 24-hourd dietary assessment are provided in Chapter 3. Briefly, carbohydrate

intakes were estimated in each 24-hour dietary assessment based on the foods and beverages
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consumed by participants [361, 435]. The percentage of energy from total carbohydrates, total
sugars, free sugars (all monosaccharides and disaccharides added to foods, plus sugars naturally
present in honey, syrups and unsweetened fruit juices), non-free sugars (total sugar minus free
sugars), total starch, starch from wholegrains, and starch from refined grains were estimated for
each 24-hour dietary assessment and were averaged across all available 24-hour dietary
assessments for each individual to obtain the average intake of each type and source of
carbohydrate. Similarly, total non-starch polysaccharides (Englyst fibre) [435], fibre from
vegetables, fibre from fruits, and fibre from wholegrains were estimated in grams/day in each
24-hour dietary assessment and averaged across all available 24-hour dietary assessments for

each individual to obtain the average fibre intake from each source.

7.3.4 Colorectal cancer incidence

Ascertainment of colorectal cancer cases from both the cancer registry and HES were utilised for
this chapter and was identical to Chapter 6 and are described in detail under section 6.3.4
Outcome ascertainment: cancer diagnoses. Participants were coded as having an event if
they had an incident diagnosis of colorectal cancer (ICD-10 codes: C18 for colon cancer; C19 and

C20 for rectal cancer).

7.3.5 Genetic factors and polygenic scores

The genotyping of participants in the UK Biobank has been described in greater detail in
Chapter 3. Briefly, the UK Biobank genotyped 488,377 participants using 2 arrays, namely the
UK BIiLEVE Axiom (n=49,950 participants) including 807,411 SNPs, and the UK Biobank
Axiom (n=438,437 participants) which included 825,927 SNPs and shared 95% of marker
content with the UK BiLEVE. Over 90 million variants were imputed from this using the

Haplotype Reference Consortium and UK10K + 1000 Genomes reference panels [350].

To estimate the potential influence of host genetic factors that may affect microbial SCFA

production on the associations of intake of carbohydrate types and sources with colorectal
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cancer, a 9 SNP host polygenic score (PGS) for butyrate and a 3 SNP host PGS for propionate
were used. These SNPs were previously identified in a GWAS of 952 normoglycemic individuals
[436]. For the butyrate PGS, 9 SNPs were used that were associated with the microbial pathway
involved in 4-aminobutanoate (GABA) degradation (BioCyc ID: PWY-5022; variance
explained=16%; F-statistic=21) where butyrate is a product [436]. Abundance of the PWY-5022
pathway was associated with butyrate producing bacteria namely Eubacterium rectale and
Roseburia intestinalis [436]. For the propionate PGS, 3 SNPs were used that were associated
with fecal propionate levels (variance explained = 6.3%; F-statistic=21). The propionate SNPs
were independent of the SNPs used for butyrate PWY-5022 abundance PGS. The PGS for
butyrate and propionate were calculated from PGS = (81 x SNP1 + B2 x SNP2 + ... B9 x SNPy)
where (8 value was from the estimates of the previous GWAS [436] and SNP represented the
number of effect alleles for each SNP (Table 6.1). After exclusions (described in detail below),
no participants in this subsample of the UK Biobank had any missing genotypes for the
butyrate or propionate SNPs. Once the PGS were calculated for all participants, and
appropriate exclusions were made, participants were separated by the median PGS (1.88 for
butyrate PGS and 0.142 for propionate PGS) among eligible participants, those >50 percentile
were considered as having a high PGS whereas those <50™ percentile were considered as having
a low PGS for both butyrate and propionate. For genetic analyses, participants were excluded if
they did not have genetic information (n=1,998) or reported they were not of white British
ancestry (n=16,445). Participants were also excluded if they had low call rates (<98% n=1,326),
sex chromosome aneuploidy (n=66), as well as related individuals (kinship coefficient >0.0884;
n—=6,965), leaving a maximum of 87,417 participants and 909 cases of colorectal cancer in these

analyses.
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Table 7.1 Short-chain fatty acid SNPs included in the polygenic score derived from Sanna et al. [436].

SNP (rs ID) Effect Effect allele Beta (95% CI, Standard R’ Effect allele

Allele frequency standard Error frequency in
deviations) UKB
Butyrate (PWY-5022 pathway) score
rs9423658 C 0.86 0.33 (0.19,0.48) 0.07653061 <0.1  0.84
rs881390 C 0.11 0.40 (0.23,0.57) 0.08673469 <0.1 0.12
152089222 A 0.04 0.56 (0.32,0.79) 0.11734694 <0.1  0.04
rs9904981 G 0.77 0.25 (0.14,0.36) 0.05612245 <0.1  0.80
rs10483112 T 0.03 0.59 (0.34,0.84) 0.12755102 <0.1  0.03
rs12994030 T 0.27 0.24 (0.14,0.34) 0.05102041 <0.1  0.28
rs2056208 T 0.24 0.24 (0.14,0.34) 0.05612245 <0.1  0.27
rs10019739 C 0.27 0.24 (0.13,0.34) 0.05102041 <0.1  0.27
rs7743827 G 0.80 0.27 (0.15,0.38) 0.05612245 <0.1  0.80
Propionate score
rs7142308 G 0.61 0.24 (0.14,0.34) 0.05102041 <0.1  0.63
rs12050534 C 0.14 0.31 (0.18,0.44) 0.06632653 <0.1  0.16
rs1400566 G 0.45 -0.22 (-0.31, -0.12)  0.05102041 <0.1  0.56

Abbreviations: SNPs, single nucleotide polymorphisms; UKB, UK Biobank

161



7.3.6 Statistical analysis

Participants were classified into quartiles for percentage of energy intake from each
carbohydrate type and source as well as quartiles by g/day of fibre sources. Intakes of
carbohydrates were also modelled as a per 5% energy increment for each source (modelled
continuously), and intakes of fibre sources were also modelled as a 5 g/day increment for each
fibre source (modelled continuously). Baseline characteristics were summarised across quartiles

of carbohydrates and fibre intakes.

Cox proportional hazards regression, with age as the underlying time variable, was used to
calculate HRs and 95% CIs for colorectal cancer incidence. For covariates in which responses
were unknown or missing, participants were categorised into an unknown/missing category. All
covariates added to the model were selected a priori based on probable and known risk factors
for colorectal cancer. Minimally adjusted models were stratified by sex and age at recruitment
(<45, 45-49, 50-54, 55-59, 60-64, =65 years) and adjusted for region at recruitment (North-West
England, North-Eastern England, Yorkshire & the Humber, West Midlands, East Midlands,

South-East England, South-West England, London, Wales, and Scotland).

Multivariable Cox regression models were further adjusted for height (six sex-specific categories
increasing by 5 cm, and unknown/missing (0.16%)), physical activity (low; 0-9.99, medium; 10-
49.99, high; >50 excess MET-hours/week, and unknown/missing (1.81%)), Townsend
deprivation index (quintiles from most deprived to least deprived, and unknown/missing
(0.12%)), education (completion of national exam at 16, completion of national exam at 17-18,
college or university degree, or other/unknown/missing (6.6%)), employment status (employed,
retired, not in paid employment, or unknown (0.66%)), smoking status (never, former, <15
cigarettes/day, 16-29 cigarettes/day, =30 cigarettes/day, or missing/unknown (0.23%)), alcohol
consumption estimated from the recruitment questionnaire (non-drinkers, <1 g/day, 1-9.9
g/day, 10-19.9 g/day, 20+ g/day, or unknown/missing (0.36%)), ethnicity (White, mixed race

or other, Asian or British Asian, and Black or Black British, or missing/unknown (0.33%)),
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diabetes (yes, no, or unknown (0.15%)), NSAID use (regular user of ibuprofen or aspirin,
irregular user, no reported use), BMI (<20, 20-22.49, 22.5-24.99, 25.0-27.49, 27.5-29.99, 30-32.49,
32.5-34.99, =35 kg/ m” , and unknown /missing (0.20%)), consumption of red and processed meat
(<2 times/week, 2-2.99 times/week, 3-3.99 times/week and 4+ times/week, or unknown
(0.41%)) from the touchscreen questionnaire at recruitment, intake of fruit and vegetables
estimated from the 24-hour dietary assessments (quintiles; excluded from the model when the
exposures were total fibre, fibre from fruit and/or vegetables and non-free sugars), energy intake
(sex-specific quintiles), and women specific covariates: MHT use (never, former, current, or
unknown (0.12%)), and menopausal status (premenopausal, postmenopausal, or unknown
(5.4%)). Further information on classification of covariates can be found in the Ancillary

Methods A.1.

To assess for residual confounding and the extent to which adjustment for confounders
influenced the associations of intakes of carbohydrate types and sources with the risk of
colorectal cancer, X2 statistics for including the carbohydrate types or sources or fibre source
were estimated using LRT by comparing models without the carbohydrate/fibre source to
models with the carbohydrate/fibre source (modelled as 5% energy increment for carbohydrates
and 5 g/day for fibre intake) [149]. The change in X2 values were estimated using the minimally
adjusted models y” value as the reference. A threshold of a ~70% reduction in y” values from
minimally adjusted models was set to represent the possibility of residual confounding as this
represents a substantial change in the X2 value with additional adjustment of imperfectly
measured confounders, thus suggesting that residual confounding may be present. Tests for
departures from linearity were estimated by comparing models with carbohydrates (per 5%
energy intake/day) to models with carbohydrate quartiles and models with fibre as a continuous
variable (per 5 g/day) with models as fibre quartiles, and no evidence non-linearity was

observed (data not presented).
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Subgroup and sensitivity analyses

Heterogeneity was assessed by sex or by BMI groups (<27, and >27 kg/m”) by using a LRT
comparing the main model to a model including an interaction term between the carbohydrate
source (modelled as 5% energy increment) and fibre (modelled as 5 g/day increment) and sex or
BMI. Heterogeneity was further explored by tumour site (colon (ICD-10 code: C18; or rectal
ICD-10 code: C19/C20) and in 68 instances, the diagnosis of colon and rectal cancer coincided,
and these participants were removed from the subgroup analyses by tumour site. For
heterogeneity by tumour site, Cox models were stratified using a competing risks approach [437]
and compared the risk coefficients and standard errors of each carbohydrate source as a 5%
energy increment per day using colon cancer and rectal cancer as separate outcomes. This was

also conducted for fibre intake, modelled as a 5 g/day increment in each subgroup.

To assess the robustness of results, sensitivity analyses were conducted restricted to participants
who completed a minimum of three 24-hour dietary assessments to further reduce random
measurement error in the carbohydrate and fibre intake estimates. As well, to investigate the
potential for reverse causality, cases diagnosed, and participants censored in the first two years

of follow-up were excluded.

Genetic factors

To assess for an interaction between SCFA production PGS and intakes of carbohydrate types
and sources and colorectal cancer risk, a LRT was used comparing the multivariable model to a
model with an interaction term between the carbohydrate source (per 5% energy increment) or
fibre intake (per 5 g/day increment) with the butyrate PGS or propionate PGS, separating
participants using the median PGS for both butyrate and propionate (low or high PGS). The
multivariable models included all confounders from the main model and were also adjusted for
the first 10 principal components of ancestry to reduce the potential impact of population
stratification. Although gene — environment interactions may not be biased by uncontrolled

environment confounding when gene — environment are independent and environmental
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confounders are not associated with the genetic factor [438], full adjustment for potential
confounders between carbohydrate types and sources and colorectal cancer were made to

minimise any bias of exposure — outcome confounding.

Additional analyses were conducted assessing intakes of fibre from breads and cereals derived
from the few dietary questions asked at the baseline questionnaire [383] with colorectal cancer
risk by the butyrate and propionate PGS in the larger UK Biobank sample (n=343,621; 4,191
cases of colorectal cancer). Due to the limited number of dietary questions asked at recruitment,
sensitivity analyses further exploring SCFA heterogeneity were restricted to only this variable
due to its similarity to the wholegrain variable determined for the 24-hour dietary assessments,
as well it was previously associated with a lower risk of colorectal cancer [439]. The fibre from
breads and cereals variable was calculated using the frequency and type of bread and cereals
consumed reported by individuals at their recruitment visit. The calculation of fibre intake from
these dietary responses at recruitment has been previously described in detail elsewhere [383].
Briefly, participants were asked how many slices of bread or bowls of cereal they consumed per
week as well as the type of bread and cereal they mainly consumed. From these responses, the
non-starch polysaccharide content (in grams) of slices of bread and breakfast cereals were
determined based on the frequency of consumption and types of bread or cereal reported in the
touchscreen questionnaire. Fibre values were obtained for breads and cereals from McCance and
Widdowson’s The Composition of Foods (Seventh Summary Edition) [440] and the fibre content
was summed across both bread and cereal intakes for all participants. This sample was
restricted to individuals who reported they were from white British ancestry and excluded
participants with outliers for heterozygosity, low call rates (<98%), sex chromosome aneuploidy,
and related individuals (kinship coefficient >0.0884). As well, participants who had a cancer
diagnosis at recruitment or withdrew consent were also excluded. Analyses were also adjusted
for the first 10 principal components. Adjustment for energy intake was not possible for this
analysis due to the limited number of dietary questions asked to the UK Biobank participants at

recruitment.
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All analyses were conducted using Stata version 17.0 (Stata Corp, TX, United States) and p-
values were two-sided with p <0.05 being considered statistically significant. Correction for

multiple testing was not undertaken in these analyses as they were primarily exploratory.

7.4 Results

7.4.1 Participant characteristics and colorectal cancer incidence

Over a median of 9.4 years of follow-up and 1,023,396 person-years, 1,193 incident cases of
colorectal cancer occurred. Table 7.2 presents participants’ characteristics between those in the
lowest and highest quartiles of wholegrains, refined grains, and total fibre intake and Tables
7.3 & 7.4 present the baseline characteristics by quartiles for total carbohydrates, sugars, and
fibre sources and Figure 7.1 presents the top food group contributors for each carbohydrate
type and source. Participants in the highest quartile of fibre intake had a lower BMI, reported
lower intake of processed and red meat, consumed less alcohol, and were more likely to have a
university or college degree compared to the lowest quartile of fibre intake (Table 7.2).
Participants who consumed the highest amount of starch or fibre from wholegrains were more
likely to have a lower BMI, be never smokers, consume less red and processed meat, and less
alcohol, and have a university or college degree compared to those in the lowest quartile (Table

7.4 & Table 7.6).
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Table 7.2 Baseline characteristics by lowest and highest quartile of intake of wholegrain starch, refined grain starch, and fibre.

Wholegrain starch

Refined grain starch

Total fibre

Q1 Q4 Q1 Q4 Q1 Q4
Number of participants 28,555 28,554 28,555 28,554 28,555 28,554
Intake of carbohydrate of interest 0.6 (0.8) 10.9 (3.1) 4.4 (2.0) 19.9 (3.9) 11.3 (2.1) 25.5 (4.2)
Sex - Male, N (%) 13,296 (46.6%) 13,392 (46.9%) 12,402 (43.4%) 13,664 (47.9%) 12,208 (42.8%) 14,356 (50.3%)
Age at recruitment - years 55.0 (7.9) 56.6 (7.6) 57.6 (7.3) 53.8 (8.0) 54.8 (7.8) 56.7 (7.8)
Body mass index — kg/m? 27.4 (4.8) 26.0 (4.3) 26.5 (4.5) 27.0 (4.8) 27.2 (4.7) 26.2 (4.5)
Height - centimetres 169.4 (9.2) 169.7 (9.2) 169.2 (9.1) 169.7 (9.2) 168.4 (9.1) 170.8 (9.3)

Physical activity - High
Townsend deprivation index, N (%)
Q1 - Most affluent
Q5 - Most deprived
In paid employment, N (%)
University/college degree, N (%)
White ethnicity
Never smoker, N (%)
Diabetes - Yes, N (%)
NSAID - regular user, N (%)
Postmenopausal at recruitment, N (%)
Menopausal hormone therapy use -
Current use, N (%)
Diet variables
Alcohol intake - g/day
Red and processed meat intake - 4+
times/wk, N (%)
Vegetable and fruit intake - g/day
Total carbohydrate intake - % energy
Total sugar intake - % energy
Total starch intake - % energy
Total fibre intake - g/day
Total fibre from wholegrains - g/day
Total energy intake - kJ/day

4,734 (16.6%)

5,757 (20.2%)
5,325 (18.6%)
18,669 (65.4%)
20,111 (70.4%)
27,323 (95.7%)
14,993 (52.5%)
1,088 (3.8%)
7,585 (26.6%)
9,626 (63.1%)

1,320 (8.7%)
19.7 (20.9)

13,034 (45.6%)

342.0 (226.6)
46.6 (8.1)
23.0 (7.0)
23.6 (6.3)
14.9 (5.1)
0.5 (0.8)

8,696 (2067)

5,110 (17.9%)

6,398 (22.4%)
4,446 (15.6%)
17,061 (59.7%
21,618 (75.7%
27,708 (97.0%
17,547 (61.5%
1,150 (4.0%)
6,650 (23.3%)
10,747 (70.9%)

NN AN )

1,090 (7.2%)
13.5 (13.5)

9,070 (31.8%)

409.4 (219.0)
52.1 (6.5)
25.2 (6.1)
26.8 (5.1)
20.5 (5.7)
7.2 (2.8)

8,257 (1831)

5,475 (19.2%)

6,320 (22.1%)
4,317 (15.1%)
16,134 (56.5%)
21,018 (73.6%)
27,908 (97.7%)
16,034 (56.2%)
1,000 (3.5%)
7,074 (24.8%)
12,370 (76.6%)

1,395 (8.6%)
17.4 (17.6)

9,918 (34.7%)

460.8 (250.5)
47.6 (8.4)
26.3 (7.1)
21.3 (5.6)
19.2 (6.2)
4.8 (3.4)

8,246 (1886)

4,343 (15.2%)

5,891 (20.6%)
5,184 (18.2%)
19,652 (68.8%)
20,645 (72.3%)
26,945 (94.4%)
16,907 (59.2%)
1,223 (4.3%)
7,291 (25.5%)
8,329 (56.0%)

1,096 (7.4%)
14.7 (16.1)

11,818 (41.4%)

307.5 (193.1)
51.5 (6.5)
22.1 (5.9)
29.3 (4.6)
16.3 (5.1)
2.4 (2.4)

8,720 (1999)

4,154 (14.5%)

5,913 (20.7%)
5,235 (18.3%)
18,968 (66.4%)
19,570 (68.5%)
27,264 (95.5%)
15,322 (53.7%)
1,033 (3.6%)
7,604 (26.6%)
10,312 (63.1%)

1,518 (9.3%)
19.0 (19.9)

11,914 (41.7%)
219.7 (126.1)
46.2 (8.2)
22.7 (6.8)
23.4 (6.2)
11.3 (2.1)
1.7 (1.7)
7,393 (1617)

6,199 (21.7%)

6,172 (21.6%)
4,399 (15.4%)
16,717 (58.5%)
21,962 (76.9%)
27,650 (96.8%)
17,025 (59.6%)
1,167 (4.1%)

6,843 (24.0%)

10,206 (71.9%)
1,050 (7.4%)
14.4 (15.3)

9,546 (33.4%)

578.5 (256.7)
52.2 (6.5)
26.2 (6.4)
25.9 (5.4)
25.4 (4.1)
5.9 (3.6)

9,845 (1913)

Values are mean (SD) unless otherwise indicated.

* values represent % of energy for wholegrain starch and refined grain starch and g/day for total fibre

Abbreviations: g, grams; g/day, grams per day; kJ, kilojoules; N, Number of participants; NSAID, non-steroidal anti-inflammatory drug; Q, quantile; wk, week; y, years.
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Table 7.3 Baseline characteristics by lowest and highest quartile of intake of total carbohydrates, total sugars, non-free sugars, and free sugars.

Total carbohydrates

Total sugars

Total non-free sugar

Total free sugar

Q1 Q4 Q1 Q4 Q1 Q4 Q1 Q4

No. of participants 28,555 28,553 28,555 28,554 28,555 28,554 28,555 28,554
Intake of carbohydrate of interest * 39.9 (4.6) 58.3 (3.5) 16.5 (2.7) 32.9 (4.1) 6.8 (1.6) 20.5 (4.1) 5.8 (1.7) 17.9 (3.7)
Sex - Male, N(%) 13,810 (48.4%) 12,027 (42.1%) 14,683 (51.4%) 10,706 (37.5%) 17,274 (60.5%) 8,498 (29.8%) 10,586 (37.1%) 15,225 (53.3%)
Age at recruitment - years 55.9 (7.7) 55.8 (8.0) 54.9 (7.9) 56.7 (7.7) 54.1 (8.0) 57.3 (7.4) 56.2 (7.6) 55.4 (8.1)
Body mass index 27.1 (4.6) 26.4 (4.6) 27.2 (4.7) 26.4 (4.5) 27.3 (4.6) 26.4 (4.6) 26.9 (4.8) 26.7 (4.5)
Height 170.1 (9.1) 168.7 (9.1) 170.3 (9.2) 168.2 (9.0) 171.6 (9.1) 167.1 (8.7) 168.2 (9.0) 170.5 (9.2)

Physical activity - High, N (%)
Townsend deprivation index, N (%)
Q1 - Most affluent
Q5 - Most deprived
In paid employment, N (%)
University /college degree, N(%)
White ethnicity, N (%)
Smoking - Never, N (%)
Diabetes - Yes, N(%)
NSAID - regular user, N(%)
Postmenopausal at recruitment
Menopausal hormone therapy use -
Current, N (%)
Diet variables
Alcohol intake - g/day
Red and processed meat intake -
4.00+ times/wk, N (%)
Vegetable and fruit intake - g/day
Total carbohydrate intake - %
energy

4,573 (16.0%)

5,998 (21.0%)
4,991 (17.5%)
18,277 (64.0%
21,372 (74.8%
27,804 (97.4%
(
(

T

13,467 (47.2%
1,215 (4.3%)
7,553 (26.5%)
9,880 (67.0%)

1,378 (9.3%)

24.7 (21.1)
12,961 (45.4%)
325.7 (197.8)

39.9 (4.6)

5,353 (18.7%)

6,015 (21.1%)
4,671 (16.4%)
17,397 (60.9%
20,510 (71.8%
27,106 (94.9%
18,486 (64.7%
989 (3.5%)
6,817 (23.9%)
11,177 (67.7%)

D O

1,234 (7.5%)

9.6 (11.9)
8,698 (30.5%)
453.2 (255.6)

58.3 (3.5)

4,213 (14.8%)

5,941 (20.8%)
5,127 (18.0%)
19,121 (67.0%
21,002 (73.5%
27,592 (96.6%
(
(

D O

14,474 (50.7%
1,677 (5.9%)
7,636 (26.7%)
8,297 (59.8%)

1,145 (8.3%)

21.4 (19.3)
13,033 (45.6%)
271.9 (161.2)

43.0 (6.9)

5,839 (20.4%)

6,262 (21.9%)
4,539 (15.9%)
16,576 (58.1%
20,603 (72.2%
27,344 (95.8%
17,614 (61.7%
699 (2.4%)
7,085 (24.8%)
13,022 (73.0%)

N T

1,516 (8.5%)

11.6 (14.2)
8,776 (30.7%)
506.6 (268.9)

55.7 (5.5)

4,217 (14.8%)

5,775 (20.2%)
5,316 (18.6%)
19,609 (68.7%
20,469 (71.7%
27,521 (96.4%
(
(

T

14,450 (50.6%
1,043 (3.7%)
7,509 (26.3%)
6,044 (53.6%)

933 (8.3%)

23.4 (21.8)
14,489 (50.7%)
199.8 (117.5)

44.8 (7.4)

5,785 (20.3%)

6,300 (22.1%)
4,397 (15.4%)
16,203 (56.7%
20,949 (73.4%
27,479 (96.2%
(
(

D O

17,645 (61.8%
1,041 (3.6%)
6,794 (23.8%)
15,230 (76.0%)

1,680 (8.4%)

10.7 (11.9)
7,406 (25.9%)
590.4 (246.1)

54.1 (6.3)

4,755 (16.7%)

6,014 (21.1%)
4,900 (17.2%)
17,683 (61.9%
21,030 (73.6%
27,578 (96.6%
(
(

D O

15,484 (54.2%
1,893 (6.6%)
7,290 (25.5%)
12,514 (69.7%)

1,502 (8.4%)

15.8 (16.1)
10,084 (35.3%)
449.1 (253.7)

46.5 (8.2)

5,143 (18.0%)

6,072 (21.3%)
4,898 (17.2%)
17,896 (62.7%
20,305 (71.1%
27,309 (95.6%
16,500 (57.8%
611 (2.1%)
7,274 (25.5%)
8,496 (63.8%)

I

1,102 (8.3%)

16.8 (19.2)
12.123 (42.5%)
318.7 (197.8)

52.7 (6.5)
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Table 7.3 continued

Total carbohydrates

Total sugars

Total non-free sugar

Total free sugar

Q1 Q4 Q1 Q4 Q1 Q4 Q1 Q4
Total sugar intake - % energy 19.0 (4.6) 30.2 (6.2) 16.5 (2.7) 329 (4.1) 19.5 (5.6) 30.4 (5.5) 20.4 (6.3) 29.3 (5.7)
Total starch intake - % energy 20.8 (4.9) 28.1 (5.6) 26.5 (6.3) 22.7 (5.0) 25.3 (6.0) 23.6 (5.5) 26.1 (6.4) 23.3 (5.1)
Total fibre intake - g/day 15.4 (5.0) 19.9 (6.1) 16.1 (5.2) 19.2 (6.2) 14.8 (4.7) 20.7 (6.1) 18.6 (6.0) 16.5 (5.3)
Total wholegrain fibre - g/day 2.6 (2.5) 4.5 (3.3) 3.1 (3.0) 3.9 (3.0) 2.7 (2.8) 4.2 (3.0) 3.7 (3.1) 3.3 (2.9)

Total energy intake — kJ /day

8,842 (2137)

8,186 (1919) 8,822 (2082)

8,238 (1978)

9,215 (2153)

7,875 (1816)

8,098 (1919) 8,928 (2103)

Values are mean (SD) unless otherwise indicated.

* values represent % of energy from carbohydrates, total sugars, non-free sugars, and free sugars.

Abbreviations: g, grams; g/d, grams per day; kJ, kilojoules; NSAID, non-steroid anti-inflammatory drug; N, Number of participants; Q, quantile; wk, week.
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Table 7.4 Baseline characteristics by lowest and highest quartile of intake of fibre from vegetables, fruits, and wholegrains.

Fibre from vegetables Fibre from fruits Fibre from wholegrains

Q1 Q4 Q1 Q4 Q1 Q4
No. of participants 28,555 28,554 28,594 28,553 28,655 27,817
Intake of carbohydrate of interest * 0.7 (0.5) 6.1 (2.1) 0.6 (0.4) 5.6 (1.9) 0.4 (0.5) 7.9 (2.3)
Sex - Male, N (%) 16,050 (56.2%) 10,264 (35.9%) 15,269 (53.4%) 11,148 (39.0%) 12,484 (43.6%) 14,640 (52.6%)
Age at recruitment - years 54.5 (7.9) 56.9 (7.7) 54.1 (7.9) 57.4 (7.4) 55.0 (7.9) 56.6 (7.7)
Body mass index — kg/m” 27.2 (4.7) 26.5 (4.6) 27.2 (4.7) 26.4 (4.6) 27.3 (4.9) 26.0 (4.3)
Height - cm 170.7 (9.3) 168.4 (8.9) 170.4 (9.2) 168.8 (9.1) 168.9 (9.1) 170.8 (9.2)

Physical activity - High
Townsend deprivation index, N (%)
Q1 - Most affluent
Q5 - Most deprived
In paid employment, N (%)
University /college degree, N (%)
White ethnicity
Never smoker, N (%)
Diabetes - Yes, N (%)
NSAID - regular user, N (%)
Postmenopausal at recruitment, N
(%)
Menopausal hormone therapy use -
Current use
Diet variables
Alcohol intake - g/day
Red and processed meat intake - 4+
times/wk, N (%)
Vegetable and fruit intake - g/day
Total carbohydrate intake - % energy
Total sugar intake - % energy
Total starch intake - % energy
Total fibre intake - g/day
Total fibre from wholegrains - g/day
Total energy intake - kJ/day

4,220 (14.8%)

5,934 (20.8%)
5,082 (17.8%)
19,362 (67.8%)
20,146 (70.6%)
27,368 (95.8%)
16,246 (56.9%)
1,224 (4.3%)
7,411 (26.0%)

7,534 (60.3%)
1,079 (8.6%)
17.3 (18.5)

12,362 (43.3%)
2.8 (1.9)
49.7 (7.5)
23.5 (6.7)
26.1 (5.8)
14.5 (4.6)
3.4 (3.0)

8,389 (1975)

6,085 (21.3%)

6,075 (21.3%)
4,557 (16.0%)
16,519 (57.9%)
21,094 (73.9%)
27,618 (96.7%)
16,025 (56.1%)
1,076 (3.8%)
7,066 (24.7%)

13,220 (72.3%)
1,498 (8.2%)
15.5 (16.6)

9,412 (33.0%)
9.7 (3.5)
49.3 (7.7)
25.6 (6.7)
23.5 (5.7)
22.2 (5.8)
3.9 (3.1)

8,866 (1975)

4,202 (14.7%)

5,978 (20.9%)
5,074 (17.7%)
19,347 (67.7%
19,869 (69.5%
27,649 (96.7%

(

(

L

15,209 (53.2%
1,064 (3.7%)
7,547 (26.4%)

7,453 (56.0%)
1,069 (8.0%)
20.4 (20.4)

13,322 (46.6%)
2.9 (2.0)
46.1 (7.6)

20.3 (5.9)

25.8 (6.1)

14.3 (4.5)

2.9 (2.8)

8,502 (1997)

5,939 (20.8%)

6,226 (21.8%)
4,481 (15.7%)
16,353 (57.3%)
21,732 (76.1%)
27,407 (96.0%)
17,046 (59.7%)
1,135 (4.0%)
6,904 (24.2%)

13,191 (75.8%)
1,459 (8.4%)
13.1 (14.2)

8777 (30.7%)
9.6 (3.6)
52.8 (6.8)
29.1 (6.1)
23.6 (5.4)
22.2 (5.7)
4.3 (3.2)

8,786 (1944)

4,656 (16.2%)

5,740 (20.0%)
5,413 (18.9%)
18,813 (65.7%)
20,157 (70.3%)
27,334 (95.4%)
15,161 (52.9%)
1,089 (3.8%)
7,576 (26.4%)

10,190 (63.0%)
1,397 (8.6%)
19.0 (20.4)

12,603 (44.0%)
5.1 (3.5)
46.8 (8.2)
23.2 (7.2)
23.6 (6.3)
14.4 (4.8)
0.4 (0.5)

8,363 (2005)

5,122 (18.4%)

6,393 (23.0%)
4,048 (14.6%)
16,465 (59.2%
21,289 (76.5%
27,185 (97.7%
(
(

o —

16,973 (61.0%
1,047 (3.8%)
6,543 (23.5%)

9,280 (70.5%)
943 (7.2%)
14.8 (14.6)

9,811 (35.3%)
6.4 (3.6)
51.7 (6.4)
25.1 (5.9)
26.5 (5.0)
22.1 (5.4)
7.9 (2.3)

9,025 (1912)

Values are mean (SD) unless otherwise indicated.
#values represent grams of fibre from vegetables, fruits, and wholegrains.

Abbreviations: g, grams; g/day, grams per day; kJ, kilojoules; N, Number of participants; NSAID, non-steroidal anti-inflammatory drug; Q, quantile; wk, week; y, years.
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7.4.2 Colorectal cancer risk by carbohydrate intake

Multivariable adjusted HRs for intakes of total carbohydrates and carbohydrates from different
types and sources and colorectal cancer risk are shown in Figure 7.2 (see Table 7.5 for
minimally adjusted results and sequential adjustments of potential confounders). Intake of total
carbohydrates per 5% energy increase was associated with a 5% lower risk of colorectal cancer
(HR: 0.95, 95% CI: 0.91-0.99; Figure 7.2); however, the X2 value was reduced by more than
70% compared to minimally adjusted models (Table 7.5). For every 5% higher energy intakes
of total sugars and non-free sugars, an inverse association with colorectal cancer was observed
(HR: 0.93, 95% CI: 0.88-0.98 and 0.92, 95% CI: 0.87-0.98, respectively; Figure 7.2). No
significant association was observed for wholegrain starch and colorectal cancer risk (HR per 5%
energy increase: 0.94, 95% CI: 0.87-1.01, p-trend=0.09); however, when wholegrain intake was
modelled as absolute grams of wholegrain foods instead of starch from wholegrains, an inverse
association with colorectal cancer risk was observed (HR per 50 g/day intake: 0.95, 95% CI:
0.91-0.98, p-value=0.004; Table 7.6). No other associations between carbohydrate intakes and

colorectal cancer risk were observed.

7.4.3 Colorectal cancer risk by fibre intake

Multivariable adjusted HRs for fibre intake and colorectal cancer are presented in Figure 7.3
(see Table 7.7 for minimally adjusted results and sequential adjustments of potential
confounders). No associations were observed for total fibre intake, however, a borderline inverse
association for fibre from wholegrains with colorectal cancer risk was observed (HR per 5/day
increase in intake: 0.90, 95% CI: 0.82-1.00, p-trend—0.047; Figure 7.3) and participants in the

highest quartile of intake had a 19% lower risk of colorectal compared to those in the lowest

quartile of intake (HR: 0.81, 95% CI: 0.69-0.96; Figure 7.3).
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Table 7.5 Sequential adjustment hazard ratios and 95% confidence intervals for intakes of carbohydrate sources with colorectal cancer risk.

2
Q1 Q2 Q3 Q4 Per 5% energy 2 X =7 plirend
increment change

Total carbohydrates
Minimally-adjusted* 1 (ref) 0.83 (0.71 - 0.96) 0.82 (0.70 - 0.96) 0.71 (0.60 - 0.83) 0.91 (0.88 - 0.95) 22.3 <0.001
Multivariable-adjusted** 1 (ref) 0.87 (0.74 - 1.01) 0.89 (0.76 - 1.05) 0.79 (0.66 - 0.95) 0.94 (0.90 - 0.98) 944  57.6% 0.002
+ BMI 1 (ref) 0.87 (0.75 - 1.02) 0.90 (0.77 - 1.07) 0.81 (0.68 - 0.97) 0.94 (0.90 - 0.98) 708 -64.2% 0.005
+ Processed/red meat &
vegetable and fruit intake 1 (ref) 0.88 (0.75 - 1.03) 0.92 (0.78 - 1.08) 0.83 (0.70 - 1.00) 0.95 (0.91 - 0.99) 5.88 -73.6% 0.015
Total sugar
Minimally-adjusted* 1 (ref) 0.81 (0.69 - 0.94) 0.74 (0.64 - 0.87) 0.67 (0.57 - 0.79) 0.90 (0.86 - 0.94) 922.1 <0.001
Multivariable-adjusted** 1 (ref) 0.84 (0.72 - 0.98) 0.79 (0.67 - 0.93) 0.73 (0.62 - 0.87) 0.92 (0.88 - 0.97) 114 -48.4% 0.001
+ BMI 1 (ref) 0.85 (0.72 - 0.99) 0.80 (0.68 - 0.94) 0.74 (0.63 - 0.88) 0.93 (0.88 - 0.97) 103 -53.3% 0.001
+ Processed/red meat &
vegetable and fruit intake 1 (ref) 0.84 (0.72 - 0.99) 0.80 (0.68 - 0.94) 0.75 (0.63 - 0.90) 0.93 (0.88 - 0.98) 758 -65.8% 0.006
Total free sugars
Minimally-adjusted* 1 (ref) 1.09 (0.93 - 1.28) 0.98 (0.84 - 1.16) 0.90 (0.76 - 1.07) 0.97 (0.91 - 1.03) 1.13 0.29
Multivariable-adjusted** 1 (ref) 1.10 (0.93 - 1.28) 0.99 (0.84 - 1.16) 0.89 (0.76 - 1.06) 0.96 (0.91 - 1.02) 1.45 28.3% 0.23
+ BMI 1 (vef) 1.10 (0.94 - 1.29) 0.99 (0.84 - 1.17) 0.90 (0.76 - 1.07) 0.97 (0.91 - 1.03) 1.27 11.8% 0.26
+ Processed/red meat &
vegetable and fruit intake 1 (ref) 1.08 (0.92 - 1.27) 0.97 (0.82 - 1.14) 0.87 (0.73 - 1.04) 0.95 (0.90 - 1.02) 2.24 97.7% 0.13
Total non-free sugars
Minimally-adjusted* 1 (ref) 0.82 (0.71 - 0.96) 0.72 (0.62 - 0.85) 0.68 (0.57 - 0.80) 0.87 (0.82 - 0.92) 93.0 <0.001
Multivariable-adjusted** 1 (vef) 0.87 (0.74 - 1.01) 0.79 (0.67 - 0.93) 0.77 (0.65 - 0.92) 0.91 (0.86 - 0.97) 934 -59.4% 0.002
+ BMI 1 (ref) 0.87 (0.75 - 1.02) 0.79 (0.67 - 0.94) 0.78 (0.65 - 0.93) 0.92 (0.86 - 0.97) 857  -62.7% 0.003
+ Processed/red meat 1 (ref) 0.87 (0.75 - 1.02) 0.80 (0.68 - 0.94) 0.79 (0.66 - 0.94) 0.92 (0.87 - 0.98) 7.27 -68.4% 0.006
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Table 7.5 continued

Q1

Q2

Q3

Q4

Per 5% energy

increment

2

P-trend

Total starch
Minimally-adjusted*
Multivariable-adjusted**
+ BMI

+ Processed/red meat &
vegetable and fruit intake

Wholegrain starch
Minimally-adjusted*
Multivariable-adjusted**
+ BMI

+ Processed/red meat &
vegetable and fruit intake

Refined grain starch
Minimally-adjusted*
Multivariable-adjusted**
+ BMI

+ Processed/red meat &
vegetable and fruit intake

1 (ref)
1 (ref)
1 (ref)

1 (ref)

1 (ref)
1 (ref)
1 (ref)

1 (ref)

1 (ref)
1 (ref)
1 (ref)

1 (vef)

0.91 (0.78 - 1.07)
0.93 (0.79 - 1.09)
0.93 (0.80 - 1.09)

0.92 (0.79 - 1.08)

0.88 (0.75 - 1.03)
0.89 (0.76 - 1.05)
0.90 (0.77 - 1.06)

0.90 (0.77 - 1.06)

0.93 (0.80 - 1.10)
0.92 (0.78 - 1.08)
0.92 (0.78 - 1.08)

0.91 (0.77 - 1.06)

0.93 (0.80 - 1.09)
0.97 (0.83 - 1.14)
0.98 (0.83 - 1.15)

0.96 (0.82 - 1.13)

0.84 (0.71 - 0.98)

0.87 (0.74 - 1.02)
0.88 (0.75 - 1.04)

0.89 (0.76 - 1.05)

1.07 (0.91 - 1.25)
1.05 (0.89 - 1.23)
1.04 (0.89 - 1.22)

1.02 (0.87 - 1.20)

0.92 (0.78 - 1.08)
0.98 (0.83 - 1.16)
0.99 (0.84 - 1.17)

0.98 (0.82 - 1.16)

0.77 (0.66 - 0.91)
0.83 (0.70 - 0.97)

0.85 (0.72 - 1.00)

0.86 (0.73 - 1.02)

1.09 (0.93 - 1.29)
1.09 (0.92 - 1.28)
1.08 (0.91 - 1.27)

1.05 (0.89 - 1.25)

0.98 (0.93 - 1.03)
1.00 (0.95 - 1.06)
1.00 (0.95 - 1.06)

1.00 (0.94 - 1.06)

0.89 (0.83 - 0.95)
0.92 (0.85 - 0.99)

0.93 (0.87 - 1.00)

0.94 (0.87 - 1.01)

1.04 (0.99 - 1.09)
1.04 (0.99 - 1.09)
1.03 (0.98 - 1.08)

1.03 (0.98 - 1.08)

0.80
0.00
0.02

0.00

10.7
5.26
3.73

2.90

2.10
2.06
1.77

1.06

-100.0%
-97.9%

-99.6%

-51.1%
-65.3%

-73.0%

-1.6%
-15.4%

-49.7%

0.37
0.99
0.90

0.96

0.001
0.022
0.053

0.089

0.15
0.15
0.18

0.30

*Minimally-adjusted model stratified for sex, age at recruitment (<45, 45-49, 50-54, 55-59, 60-64, =65 years) and region (North-West England, North-Eastern England, Yorkshire & the Humber, West
Midlands, East Midlands, South-East England, South-West England, London, Wales, and Scotland)

**Multivariable adjusted model further adjusting for height, physical activity, Townsend deprivation index, education, employment, smoking, alcohol consumption measured at recruitment, ethnicity,

diabetes status, non-steroidal anti-inflammatory drug use, energy intake, female specific covariates: menopausal hormone therapy use and menopausal status.

-+ BMI further adjusting for body mass index categories to multivariable adjusted models.

-+ processed /red meat & total vegetable and fruit intake further adjusting for red and processed meat consumption reported at recruitment and fruit and vegetables intake measured by averaged 24-hour

dietary assessments to multivariable adjusted models + BMI.

X2 and p-trend represent improvement of fit obtained from likelihood ratio tests for including the carbohydrate type/source (modelled as a 5% energy increase).

X2 - % change calculated from the percentage difference in X2 value using the minimally adjusted X2 value as the reference group.

Abbreviations: CI, confidence intervals; BMI, body mass index; HR, hazard ratio; N, number of participants; Q, quartile; ref, reference group.

174



Carbohydrates Percentage Percentage
and sugars g/day of energy N Cases HR (95% CI) Starch g/lday ofenergy N Cases HR (95% CI)
Total carbohydrates Total starch
Q1 2101 39.9% 28,555 358 | 1 (ref) Q1 92.1 17.9% 28,555 326 7 1 (ref)
Q2 2481 A74% 28,554 295 — T 0.88 (0.75-1.03) Q2 1221 23.3% 28554 297 — 0.92 (0.79 - 1.08)
Q3 265.8  51.9% 28,555 292 —a— 0.92(0.78 - 1.08) Q3 1386 26.7% 28,554 296 —— 0.96 (0.82 - 1.13)
Q4 2841  58.3% 28,553 248 —=1 0.83 (0.70 - 1.00) Q4 159.9 32.0% 28,554 274 — 0.98 (0.82 - 1.16)
Per 5% energy intake 114,217 1193 ‘ 0.95 (0.91 - 0.99) Per 5% energy intake 114,217 1193 1.00 (0.94 - 1.06)
P-trend:0.02 P-trend:0.96
Total sugars Wholegrain starch
Q1 86.7 16.5% 28,555 357 | 1 (ref) Q1 3.5 0.6% 28,555 327 8 1 (ref)
Q2 1144  22.0% 28,554 301 — T 0.84 (0.72 - 0.99) Q2 18.0 3.5% 28,554 298 — 0.90 (0.77 - 1.06)
Q3 1329  26.0% 28,554 282 _'_,‘ 0.80 (0.68 - 0.94) Q3 304  6.0% 28,554 292 — e 0.89 (0.76 - 1.05)
Q4 160.5 32.9% 28,554 253 — 0.75 (0.63 - 0.90) Q4 52.5 10.9% 28,554 276 —=l 0.86 (0.73 - 1.02)
Per 5% energy intake 114,217 1193 ‘ 0.93 (0.88 - 0.98) Per 5% energy intake 114,217 1193 ‘v 0.94 (0.87 - 1.01)
P-trend:0.006 P-trend:0.09
Total free sugars Refined grain starch
Q1 28.7 5.8% 28,555 293 I 1 (ref) Q1 224  4.3% 28,555 318 g 1 (ref)
Q2 48.8 9.4% 28,554 327 T 1.08 (0.92 - 1.27) Q2 47.9 9.1% 28,554 284 —r 0.91 (0.77 - 1.06)
Q3 65.3 12.4% 28,554 301 _r_ 0.97 (0.82-1.14) Q3 69.5 13.1% 28,554 304 —— 1.02 (0.87 - 1.20)
Q4 95.0 17.9% 28,554 272 * ‘ 0.87(0.73-1.04) Q4 104.0 20.0% 28554 287 —:— 1.05 (0.89 - 1.25)
Per 5% energy intake 114,217 1193 0.95 (0.90 - 1.02) Per 5% energy intake 114,217 1193 1.03 (0.98 - 1.08)
P-trend: 0.13 P-trend:0.30
Total non-free sugars
Q1 36.7 6.8% 28,555 350 1 1 (ref)
Q2 55.5 10.6% 28,554 307 I 0.87 (0.75 - 1.02)
Q3 70.1 14.0% 28,554 277 | 0.80 (0.68 - 0.94)
Q4 944 20.5% 28,554 259 ‘ 0.79 (0.66 - 0.94)
Per 5% energy intake 114,217 1193 0.92 (0.86 - 0.98)
P-trend: 0.006
0.5 1 2 0.5 1 2

Hazard ratio (95% Cl)

Hazard ratio (95% ClI)

Figure 7.2 Multivariable-adjusted hazard ratios (95% CI) for percentage of energy intakes of carbohydrates, sugars and starches

with colorectal cancer risk.

All models are stratified by sex, age at recruitment and adjusted for region of recruitment, body mass index, height, physical activity, Townsend deprivation index,
education, smoking, alcohol consumption, ethnicity, diabetes status, non-steroidal anti-inflammatory drug use, red and processed meat intake, fruit and vegetables intake, energy

intake, and female specific covariates: menopausal hormone therapy use, and menopausal status.

Grams and percentage of energy from carbohydrate, sugars, and starch calculated as mean per day within each quartile.

Abbreviations: CI, confidence intervals; HR, hazard ratio; N, number of participants; Q, quartile; ref, reference group.
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Table 7.6 Multivariable adjusted hazard ratios and 95% confidence intervals for wholegrain and refined grain intake measured from

total food weight of wholegrain and refined grain sources.

Wholegrains N /Cases Grams HR (95% CI)

Q1 28,927 / 329 8.71 (10.8) 1 (ref)

Q2 28,184 / 301 52.0 (12.3) 0.93 (0.79 - 1.08)
Q3 28,604 / 294 101.2 (17.2) 0.88 (0.745- 1.03)
Q4 28,502 / 269 204.5 (61.8) 0.79 (0.67 - 0.94)
Per 50 g/day - - 0.95 (0.91 - 0.98)
p-value - - 0.004

Refined grains N /Cases Grams HR (95% CI)

Q1 28,560 / 299 54.9 (25.2) 1 (ref)

Q2 28,565 / 290 120.5 (16.3) 0.95 (0.81 - 1.12)
Q3 28,546 / 302 180.6 (19.5) 1.00 (0.85 - 1.19)
Q4 28,546 / 302 293.5 (70.8) 1.05 (0.87 - 1.26)
Per 50 g/day - - 1.02 (0.98 - 1.05)
p-value - - 0.37

Models stratified for sex and age at recruitment, and further adjusted for region, height, physical activity, Townsend deprivation index, education, employment,
smoking, alcohol consumption measured at recruitment, ethnicity, diabetes status, non-steroidal anti-inflammatory drug use, energy intake, BMI, processed and red

meat intake, total vegetable fruit intake, and female specific covariates: menopausal hormone therapy use and menopausal status.

Grams of wholegrains and refined grains is the mean and standard deviation of reported intakes in each quartile.

P-values represent the p for trend for wholegrains and refined grains modelled as 50 g/day increase in the model.

Abbreviations: CI, confidence intervals; g/day, grams per day; HR, hazard ratio; N, number of participants; Q, quartile; ref, reference group.
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Table 7.7 Sequential adjustment hazard ratios and 95% confidence intervals for intakes of fibre sources with colorectal cancer risk.

) Per 5 g/day s X - %

Fibre and fibre sources Q1 Q2 Q3 Q4 ) X P-trend
increment change

Total fibre
Minimally-adjusted* 1 (ref) 1.11 (0.94 - 1.30) 1.01 (0.86 - 1.19) 0.99 (0.84 - 1.17) 0.97 (0.92 - 1.02) 1.37 0.24
Multivariable-adjusted** 1 (ref) 1.07 (0.90 - 1.27) 0.96 (0.81 - 1.15) 0.92 (0.76 - 1.11) 0.94 (0.89 - 1.00) 3.98 189.3% 0.05
+ BMI 1 (ref) 1.08 (0.91 - 1.27) 0.98 (0.82 - 1.17) 0.95 (0.78 - 1.14) 0.95 (0.89 - 1.01) 2.81  104.2% 0.09
+ Processed /red meat intake 1 (ref) 1.08 (0.91 - 1.28) 0.99 (0.83 - 1.18) 0.97 (0.80 - 1.17) 0.96 (0.90 - 1.02) 1.81  32.0% 0.18
Total fibre from vegetables
& fruit
Minimally-adjusted* 1 (ref) 0.95 (0.81 - 1.12) 0.99 (0.84 - 1.16) 0.91 (0.77 - 1.07) 0.93 (0.85 - 1.01) 3.03 0.08
Multivariable-adjusted** 1 (ref) 0.97 (0.82 - 1.14) 1.01 (0.85 - 1.19) 0.92 (0.78 - 1.09) 0.93 (0.85 - 1.02) 2.59  -14.6% 0.11
+ BMI 1 (ref) 0.98 (0.83 - 1.15) 1.02 (0.86 - 1.20) 0.93 (0.79 - 1.11) 0.94 (0.86 - 1.02) 221 -27.1% 0.14
+ Processed /red meat intake 1 (ref) 0.98 (0.83 - 1.15) 1.02 (0.87 - 1.20) 0.94 (0.80 - 1.12) 0.94 (0.86 - 1.03) 1.82  -40.0% 0.18
Total fibre from vegetables
Minimally-adjusted* 1 (ref) 1.09 (0.92 - 1.28) 1.03 (0.87 - 1.21) 1.03 (0.87 - 1.21) 0.97 (0.86 - 1.11) 0.16 0.69
Multivariable-adjusted** 1 (ref) 1.09 (0.92 - 1.28) 1.02 (0.87 - 1.21) 1.01 (0.85 - 1.19) 0.96 (0.84 - 1.09) 0.45 186.4% 0.50
+ BMI 1 (ref) 1.09 (0.93 - 1.29) 1.03 (0.88 - 1.22) 1.02 (0.86 - 1.20) 0.96 (0.84 - 1.10) 0.35 121.8% 0.55
+ Processed /red meat intake 1 (ref) 1.09 (0.93 - 1.29) 1.04 (0.88 - 1.22) 1.02 (0.86 - 1.21) 0.96 (0.84 - 1.10) 0.31 93.9% 0.58
Total fibre from fruits
Minimally-adjusted* 1 (ref) 0.96 (0.82 - 1.13) 0.85 (0.72 - 1.00) 0.83 (0.70 - 0.97) 0.84 (0.73 - 0.97) 5.99 0.01
Multivariable-adjusted** 1 (ref) 0.99 (0.85 - 1.16) 0.89 (0.75 - 1.05) 0.87 (0.73 - 1.03) 0.87 (0.75 - 1.00) 3.70  -38.3% 0.05
+ BMI 1 (ref) 1.00 (0.85 - 1.17) 0.90 (0.76 - 1.06) 0.88 (0.74 - 1.04) 0.88 (0.76 - 1.01) 3.27  -45.4% 0.07
+ Processed /red meat intake 1 (ref) 1.00 (0.85 - 1.18) 0.90 (0.76 - 1.06) 0.89 (0.75 - 1.05) 0.89 (0.77 - 1.03) 2.62  -56.3% 0.11
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Table 7.7 continued

Q1 Q2 Q3 Q4 Per 5 g/day 2 X =% pend
increment change

Total fibre from

wholegrains

Minimally-adjusted* 1 (ref) 087 (0.74-1.02)  0.90 (0.77- 1.06)  0.77 (0.65 - 0.90)  0.87 (0.79 - 0.96)  7.82 0.01
Multivariable-adjusted** 1(ref) 088 (0.75-1.04)  0.93(0.79-1.08)  0.78 (0.66 - 0.92)  0.88 (0.80 - 0.97)  6.53 -16.5% 0.01
+ BMI 1(ref) 089 (0.76-1.05) 094 (0.80-1.10)  0.80 (0.68 - 0.95)  0.90 (0.81 - 0.99) 484 -38.1% 0.03
+ Processed /red meat & 1 (ref)  0.89 (0.76 - 1.05)  0.94 (0.81 - 1.11) 0.81 (0.69 - 0.96)  0.90 (0.82 - 1.00)  3.94 -49.6%  0.047

vegetable and fruit intake

*Minimally-adjusted model stratified for sex, age at recruitment (<45, 45-49, 50-54, 55-59, 60-64, =65 years) and region (North-West England, North-Eastern England, Yorkshire & the
Humber, West Midlands, East Midlands, South-East England, South-West England, London, Wales, and Scotland).

**Multivariable adjusted model further adjusted for height, physical activity, Townsend deprivation index, education, employment, smoking, alcohol consumption measured at

recruitment, ethnicity, diabetes status, non-steroidal anti-inflammatory drug use, energy intake, female specific covariates: menopausal hormone therapy use and menopausal status.

+ BMI further adjusted for body mass index categories to multivariable adjusted models.

+ processed /red meat & total vegetable fruit intake further adjusted for red and processed meat consumption reported at recruitment and fruit and vegetables intake measured by

averaged 24-hour dietary assessments to multivariable adjusted models + BMI.

XQ and p-trend represent improvement of fit obtained from likelihood ratio tests for including fibre source (modelled as a 5 gram/day increase) variable into the model.

XQ - % change calculated from the percentage difference in X2 value using the minimally adjusted X2 value as the reference group.

Abbreviations: g/day, grams per day; Q, quartile; ref, reference group.
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Grams

Fibre sources of fibre N Cases HR (95% CI)
Total fibre
Q1 11.33 28,555 269 | 1 (ref)
Q2 15.69 28,554 315 —+1+=———  1.08 (0.91-1.28)
Q3 19.12 28,554 300 —_—t 0.99 (0.83-1.18)
Q4 25.36 28,554 309 — L 0.97 (0.80-1.17)
Per 5 g/day 114,217 1193 ‘ 0.96 (0.90 - 1.02)
P-trend: 0.18
Fibre from fruit & vegetables
Q1 2.04 28,555 290 | 1 (ref)
Q2 4.25 28,554 292 —t— 0.98 (0.83 - 1.15)
Q3 6.3 28,554 316 —— 1.02 (0.87 - 1.20)
Q4 10.56 28,554 295 — 0.94 (0.80-1.12)
Per 5 g/day 114217 1193 N 0.94 (0.86 - 1.03)
P-trend: 0.18
Fibre from vegetables
Q1 0.73 28,555 277 | 1 (ref)
Q2 2.04 28,554 315 +—=——  1.09(0.93 - 1.29)
Q3 3.32 28,554 300 —— 1.04 (0.88 - 1.22)
Q4 6.12 28,554 301 . 1.02 (0.86 - 1.21)
Per 5 g/day 114,217 1193 ‘ 0.96 (0.84 - 1.10)
P-trend: 0.58
Fibre from fruit
Q1 0.56 28,594 304 | 1 (ref)
Q2 1.77 28,515 312 +—— 1.00 (0.85 - 1.18)
Q3 3 28,555 288 —_—— 0.90 (0.76 - 1.06)
Q4 5.61 28,553 289 — 0.89 (0.75 - 1.05)
Per 5 g/day 114,217 1193 ‘» 0.89 (0.77 - 1.03)
P-trend: 0.11
Fibre from wholegrains
Q1 0.4 28,655 318 | 1 (ref
Q2 2.29 28,454 284 S 0.89 (0.76 - 1.05)
Q3 4.25 29,291 319 ——— 0.94 (0.81-1.11)
Q4 7.91 27,817 272 — L 0.81 (0.69 - 0.96)
Per 5 g/day 114,217 1193 ‘ 0.90 (0.82 - 1.00)

P-trend: 0.047

0.5 1 1.5
Hazard ratio (95% CI)

Figure 7.3 Multivariable-adjusted hazard ratios (95% CI) for intakes of fibre and fibre sources
with colorectal cancer risk.

All models are stratified by sex, age at recruitment, and adjusted for region of recruitment, body mass index, height,
physical activity, Townsend deprivation index, education, smoking, alcohol consumption, ethnicity, diabetes status,
non-steroidal anti-inflammatory drug use, red and processed meat intake, fruit and vegetable intake (except for total
fibre, and fibre from fruits and/or vegetables), energy intake, and female specific covariates: menopausal hormone
therapy use, and menopausal status.

Grams of fibre calculated as mean intake per day within each quartile.

Abbreviations: CI, confidence intervals; g/day, grams per day; HR, hazard ratio; N, number of participants.
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7.4.4 Short-chain fatty acid genetic modifiers

In participants with a high PGS for butyrate, intake of wholegrain starch was inversely
associated with colorectal cancer risk (HR per 5% energy increase: 0.88, 95% CI: 0.78-0.99)
whereas no association was observed between intake of wholegrain starch and colorectal cancer
risk for individuals with low host butyrate PGS (HR: 1.09, 95% CI: 0.96-1.22; p-heterogencity —
0.023; Figure 7.4). Participants consuming higher amounts of total starch and having a low
butyrate PGS had a higher risk of colorectal cancer (HR per 5% energy increase: 1.14; 95% CI:
1.04-1.25) whereas no association was observed between starch intake and risk among
individuals with a high butyrate PGS (HR: 0.93, 95% CI: 0.85-1.02; p-heterogeneity = 0.012; Figure

7.4).

Replication in a larger UK Biobank sample

In additional analyses utilising the fibre from bread and cereals derived from dietary questions
asked in the touchscreen questionnaire completed by the larger UK Biobank sample
(n=343,621), there was evidence of heterogeneity observed by the butyrate PGS: a 5 g/day
higher intake of fibre from breads and cereals was inversely associated with colorectal cancer risk
for individuals with a high butyrate PGS (HR per 5 g/day increase: 0.88; 95% CI: 0.81-0.95)
whereas no association was observed for individuals in the low butyrate PGS (HR: 1.00 95% CI:
0.92-1.08; p-neterogencity—=0.021; Figure 7.5); similar associations observed for the butyrate PGS
were also observed for the propionate PGS, however the test for heterogeneity was non-

Signiﬁcaflt (p‘hctcrogcncity = 0.26; Figure 7.5)
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A Butyrate Genetic Score

HR (95% Cl)

B Propionate Genetic Score

HR (95% CI)

Per 5% energy increase

Total carbohydrates
< 50th percentile
2 50th percentile

Total sugars
< 50th percentile
2 50th percentile

Free sugars
< 50th percentile
> 50th percentile

Non-free sugars
< 50th percentile
= 50th percentile

Total starch
< 50th percentile
2 50th percentile

Wholegrain starch
< 50th percentile
2 50th percentile

Refined grain starch
< 50th percentile
2 50th percentile

Fibre (per 5 gram/day)
Total fibre

< 50th percentile

2 50th percentile

Fibre from fruit & vegetables

< 50th percentile
2 50th percentile

Fibre from vegetables
< 50th percentile
2 50th percentile

Fibre from fruit
< 50th percentile
2 50th percentile

Fibre from wholegrains
< 50th percentile
2 50th percentile

- 1.03(0.95 - 1.11)
- 0.90 (0.84 - 0.96)
Heterogeneity: xf=2.78 (p=0.095)
—t 0.93 (0.85 - 1.01)
—a 0.92 (0.85 - 1.00)
Heterogeneity: xf=0.04 (p=0.84)
—l 0.93 (0.84 - 1.04)
— 0.92 (0.83 - 1.02)

Heterogeneity: Xf:0.16 (p=0.70)

— 0.89 (0.81 - 0.99)
- 0.97 (0.88 - 1.06)
Heterogeneity: x2=0.35 (p=0.56)

—_— 1.14 (1.04 - 1.25)
—t 0.93 (0.85 - 1.02)
Heterogeneity: X3=6.28 (p=0.012)

4 . 1.09 (0.96 - 1.22)
] 0.88 (0.78 - 0.99)
Heterogeneity: xf=5.16 (p=0.023)

—l— 1.02 (0.94 - 1.11)
—a 0.99 (0.91 - 1.07)
Heterogeneity: Xf=0.15 (p=0.70)

—_— 0.97 (0.87 - 1.07)
— 1.00 (0.91 - 1.11)
Heterogeneity: Xf=0.00 (p=0.96)

0.85 (0.73 - 0.99)
4. 1.09 (0.95 - 1.24)
Heterogeneity: Xf=2.62 (p=0.11)

— 0.87 (0.70 - 1.10)
1.19 (0.97 - 1.45)
Heterogeneity: x?=1.92 (p=0.16)

0.75 (0.59 - 0.97)
1.03 (0.82 - 1.29)
Heterogeneity: x?=1.48 (p=0.22)

1.04 (0.88 - 1.21)
0.88 (0.75 - 1.03)
Heterogeneity: xf=1 .89 (p=0.17)

0.8 1 12 14

Hazard ratio (95% ClI)

IERY

i

—_—

|
|

]
|

0.6 0.8 1 12 14

Hazard ratio (95% Cl)

0.95 (0.88 - 1.02)
0.96 (0.90 - 1.04)
Heterogeneity: x3=0.03 (p=0.87)

0.92 (0.85 - 1.00)
0.92 (0.84 - 1.00)
Heterogeneity: xf=0.01 (p=0.92)

0.92 (0.83 - 1.02)
0.93 (0.84 - 1.04)
Heterogeneity: XE:O.OO (p=0.98)

0.94 (0.85 - 1.04)
0.92 (0.83 - 1.02)
Heterogeneity: x2=0.03 (p=0.86)

1.01 (0.93-1.11)
1.04 (0.95 - 1.15)
Heterogeneity: )&:0-10 (p=0.75)

1.05 (0.93 - 1.17)
0.91 (0.80 - 1.03)
Heterogeneity: xf=3.03 (p=0.08)

0.95 (0.87 - 1.03)
1.07 (0.98 - 1.16)
Heterogeneity: xf=3.70 (p=0.054)

1.02 (0.93-1.12)
0.96 (0.86 - 1.06)
Heterogeneity: xf=1.14 (p=0.29)

0.96 (0.84 - 1.11)
0.98 (0.85 - 1.14)
Heterogeneity: xf=0.01 (p=0.94)

1.06 (0.86 - 1.30)
1.02 (0.82 - 1.27)
Heterogeneity: x2=0.08 (p=0.77)

0.85 (0.67 - 1.07)
0.94 (0.74 - 1.20)
Heterogeneity: xf=0.21 (p=0.65)

1.03 (0.89 - 1.20)
0.87 (0.74 - 1.04)
Heterogeneity: x§=2.66 (p=0.10)

Figure 7.4 Multivariable-adjusted hazard ratios (95% CI) for intake of carbohydrates and fibre

and colorectal cancer risk by genetically predicted host short-chain fatty acid production for A)

butyrate and B) propionate and intake of carbohydrates and fibre (n=87,453).

All models are stratified by sex, age at recruitment, and adjusted region of recruitment, first 10 genetic principal components, body

mass index, height, physical activity, Townsend deprivation index, education, smoking, alcohol consumption, diabetes status, non-

steroidal anti-inflammatory drug use, red and processed meat intake, fruit and vegetable intake (except when fibre from vegetables

and/or fruits, and non-free sugar intake was the exposure), serum IGF-I concentrations, energy intake, and female specific

covariates: menopausal hormone therapy use, and menopausal status. Analyses are restricted to white British participants.

X2 and p-value represents improvement of fit obtained from likelihood ratio tests for including an interaction term between butyrate

or propionate polygenic score and carbohydrate type/source (modelled as a 5% energy increase) or fibre source (modelled as a 5

gram/day increase) into the model. Abbreviations: CI, confidence intervals; HR, hazard ratio.
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A Butyrate Genetic Score B Propionate Genetic Score

Touchscreen bread o o
and cereals N Cases HR (95% Cl) N Cases HR (95% CI)

Bread and cereal fibre
<50th percentile

Q1 30,557 359 1 (ref) 33,897 409 II 1 (ref)
Q2 32,509 386 0.97 (0.84-1.12) 36,244 448 | 0.99 (0.87-1.14)
Q3 32,971 395 0.96 (0.83-1.11) 36,864 433 —— 0.92 (0.80-1.06)
Q4 33,461 408 0.97 (0.84-1.13) 37,341 456 —*-— 0.96 (0.83-1.10)
Q5 34,202 425 0.99 (0.86-1.14) 38,060 452 —— 0.93 (0.81-1.07)
Per 5 g/day 163,700 1973 1.00 (0.92-1.08) 182,406 2198 ‘ 0.96 (0.89-1.04)
2 50th percentile
Q1 33,320 447 | [ -] 1 (ref) 29,980 397 , B 1 (ref)
Q2 35,816 463 —:—I—— 0.93 (0.82-1.06) 32,081 401 —II—— 0.90 (0.79-1.04)
Q3 36,283 441 —— 0.85 (0.74-0.97) 32,390 403 —— 0.87 (0.75-1.00)
Q4 36,681 422 —I—: 0.80 (0.70-0.92) 32,801 374 —&— 0.80 (0.69-0.92)
Q5 37,821 445 —m— 0.82 (0.72-0.94) 33,963 418 —— 0.86 (0.75-0.99)
Per 5 g/day 179,921 2218 ‘ 0.88 (0.81-0.95) 161,215 1993 ‘ 0.90 (0.83-0.97)
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Figure 7.5 Multivariable-adjusted hazard ratios (95% CI) between intake of fibre from breads and cereals from the touchscreen
questionnaire and colorectal cancer risk by genetically predicted host short-chain fatty acid production for A) butyrate and B)
propionate (n==343,621).

Models stratified for sex and age at recruitment, and further adjusted for region, first 10 principal components, height, physical activity, Townsend deprivation index, education,
employment, smoking, alcohol consumption measured at recruitment, diabetes status, non-steroidal anti-inflammatory drug use, body mass index, processed and red meat intake, and
female specific covariates: menopausal hormone therapy use and menopausal status.

X2 and p-value represents improvement of fit obtained from likelihood ratio tests for including an interaction term between butyrate or propionate polygenic score and fibre from breads
and cereals (modelled as a 5 gram/day increase) into the model. Abbreviations: CI, confidence intervals; HR, hazard ratio; ref, reference group.
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7.4.5 Subgroup and sensitivity analyses

No evidence of heterogeneity across sex and BMI categories was observed for the main analyses
(24-hour dietary assessments; Ancillary Figures 6.1 & 6.2). Some evidence of heterogeneity was
observed when looking at tumour sites (i.e., colon and rectal); non-free sugar intake was
inversely associated with rectal cancer risk (HR: 0.81, 95% CI: 0.73-0.90) but was not associated
with colon cancer risk (HR: 0.98, 95% CI: 0.91-1.05; p-heterogencity=0.003; Figure 7.6). Similarly,
evidence of heterogeneity was observed for intake of fibre from fruit, which was inversely
associated with rectal cancer risk (HR: 0.62, 95% CI: 0.47-0.83) but was not associated with
colon cancer risk (HR: 1.04 95% CI: 0.87-1.25; D-heterogeneity=0.003; Figure 7.6).

In sensitivity analyses restricting to participants who completed a minimum of three 24-
hour dietary assessments (total n=69,223 and n of cases=734) and removing the first two years
of follow-up (total N=111,724; and n of cases = 978), associations remained largely unchanged
with Cls widening probably due to a smaller number of cases and number of participants, thus

reduced statistical power (Ancillary Tables 7.1 & 7.2).
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Figure 7.6 Multivariable hazard ratios and 95% confidence intervals for intake of carbohydrates and fibre with colorectal cancer risk

separated by tumour site (colon and rectal).

Models stratified for sex and age at recruitment, and further adjusted for region, height, physical activity, Townsend deprivation index, education, employment,

smoking, alcohol consumption measured at recruitment, ethnicity, diabetes status, non-steroidal anti-inflammatory drug use, energy intake, body mass index,

processed and red meat intake, total vegetable fruit intake (except for total fibre, fibre from vegetables and/or fruit, or non-free sugars), and female specific

covariates: menopausal hormone therapy use and menopausal status.

X2 and p-value for heterogeneity represent Wald’s test for heterogeneity between tumour subgroups and carbohydrate types/sources (per 5% energy increase) or

fibre source (per 5 g/day increment).

Abbreviations: CI, confidence interval; g/day, grams per day; HR, hazard ratio; N, number of participants.
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7.5 Discussion

7.5.1 Main findings

In this analysis of 114,217 participants from the UK Biobank, intakes of carbohydrates, total
sugar, non-free sugars, total wholegrains, and fibre from wholegrains were inversely associated
with colorectal cancer risk. Moreover, suggestive evidence of effect modification was found by
host genetically predicted SCFA production, with higher intakes of wholegrain starch being
inversely associated with colorectal cancer risk only in those with a high host genetically
predicted butyrate PGS. Similar evidence of heterogeneity was observed for intake of fibre from
cereals and breads in the larger UK Biobank sample (n1=343,621) with less detailed dietary

assessment.

7.5.2 Carbohydrate types and sources

In this study, intakes of total and non-free sugars were inversely associated with colorectal
cancer risk. The majority of intake of total sugars in this cohort was from non-free sugar sources
and this is likely why an inverse association was also observed for total sugar intake.
Participants consuming a higher percentage of energy from non-free sugars in this cohort
consumed greater amounts of wholegrains as well as fruits and vegetables, for which limited
evidence has suggested that they are protective factors for colorectal cancer [20]. The association
of non-free sugars with colorectal cancer may also be partly due to intake of dairy products, a
source of non-free sugars (~23% of all non-free sugars) in this population [362|. Dairy product
consumption has been suggested as a probable factor for reducing the risk of colorectal cancer
[20, 441], potentially due to the high calcium content [409]. However, associations remained
when sugars from dairy products were removed from this exposure although the association were
of a smaller magnitude (data not shown). In contrast, there was no association between free
sugar intake and colorectal cancer risk, which is similar to previous findings from prospective
cohort studies looking at intake of sugar (fructose) and sugar sweetened beverages [442, 443|.

Evidence of heterogeneity was observed by tumour site with an inverse association for non-free
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sugars for rectal cancer, but not for colon cancer. Existing evidence does not suggest differences
in colorectal cancer risk by tumour sites for dietary factors such as fibre, wholegrains, and
processed meat [20] and mechanisms for any potential difference are unclear; therefore, these
results may be a result of chance. However, some evidence does suggest that certain risk factors
for colorectal cancer do vary by anatomical sites [21], with potential differences in risk being
attributable to microbial and physiological variation through the large intestine [444| but

whether this varies for dietary factors remains unknown.

Higher intakes of total carbohydrates were inversely associated with colorectal cancer risk,
however, the XQ value was reduced significantly from minimally adjusted models with additional
adjustment of confounders, which suggests residual confounding may operate [149]. Higher
intakes of carbohydrate sources of low nutritional quality, such as refined grains and free sugars,
have been associated with higher risks of hyperinsulinemia and obesity [428], which are well-
established risk factors for colorectal cancer [20, 108|. However, in this analysis no associations
between refined grain and free sugar intake and colorectal cancer risk were observed, for both
analyses that did and did not adjust for BMI. Previous prospective studies have assessed the
associations of intakes of refined grains and sugars with colorectal cancer risk, with some results
showing a positive association between sucrose or fructose intake and colorectal cancer risk (445,
446|, while meta-analyses and other prospective studies have found no associations between

refined grain or sugar intake and colorectal cancer risk [20, 443, 447-449].

In the latest WCRF meta-analysis from 2017, a higher intake of dietary fibre was associated
with a 7% lower risk of colorectal cancer per 10 g/day increment. Total fibre intake was not
associated with colorectal cancer risk in the main analyses, although an inverse association with
fibre from wholegrains was observed. Tests for heterogeneity also suggested differing associations
by tumour site and an inverse association for intake of fibre from fruit with risk of rectal cancer
but no association with the risk of colon cancer. In a meta-analysis of prospective studies, no

evidence of heterogeneity by anatomical site was observed for the association of intake of dietary
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fibre from fruit with risk [110]. The current WCRF meta-analysis assessing the intake of fibre
from fruit and colorectal cancer risk suggested a non-significant inverse association; however,
tumour site heterogeneity was not reported possibly due to the absence of studies examining

differences in risk by tumour site [20].

In these analyses participants with higher intake of fibre from wholegrains had a lower risk of
colorectal cancer, and there was also suggestion of an inverse association with wholegrain starch.
In the latest WCRF meta-analysis from 2017 that included six prospective cohort studies, intake
of wholegrain foods (per 90 g/day) was associated with a 17% reduction in colorectal cancer risk
[20]; a slightly weaker associations for intake of wholegrain foods (5% lower colorectal cancer
risk per 50 g/day intake, which is equivalent to 9% lower per 90 g/day) was observed. In a
previous analysis of the UK Biobank study using the short food frequency questionnaire (FFQ)
with broad questions and few food items that were completed by all participants, intake of fibre
from breads and cereals was associated with a 10% reduction of risk of colorectal cancer when
modelled as a 5 g/day increase [439]. In this subsample with 24-hour dietary assessment data,
fibre from wholegrains was infrequently consumed, which may introduce potential confounding if
individuals who are consuming the most were more health conscious. However, the intake of
wholegrains and fibre from wholegrains has been suggested to reduce the risk of colorectal
cancer through several potential mechanisms including reduced bowel transit time due to their
high fibre content, their hypothesised anti-carcinogenic bioactive compounds (such as phenolic

compounds and minerals), as well as the possible prevention of insulin resistance [20, 324].

7.5.3 Short-chain fatty acids genetic modifiers

One hypothesis that has garnered interest recently is the potential lower risk of colorectal cancer
due to the production of SCFAs from fibre and wholegrain fermentation by microbiota in the
colon. Butyrate may have an anti-carcinogenic effect [109, 430-432|, however, as well as diet,
other factors can regulate the gut microbiome and the production of SCFA [450-452], including

human genetic factors. In these analyses, heterogeneity by host genetically predicted butyrate
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production was observed where only participants with a high PGS for butyrate production and
consuming high amounts of wholegrain starch had a significant lower risk of colorectal cancer,
and there was a non-significant positive association between wholegrain starch and risk of
colorectal cancer for participants in the low butyrate PGS category. The non-significant positive
association in the low butyrate PGS category contributed to the significant heterogeneity
observed by wholegrains starch intake, which was unexpected as evidence has suggested that
higher wholegrain intake is inversely associated with colorectal cancer risk [20]. Evidence of
heterogeneity was not observed for fibre from wholegrains by the butyrate PGS, although
similar trends were observed as wholegrain starch. This discrepancy could be due to fibre intake
in the Nutrient Databank being calculated from non-starch polysaccharides, and resistant
starch, which produces SCFA via microbiota fermentation in the colon [453], is excluded from
this calculation. Thus, future work should examine the association between wholegrain fibre
calculated from the total amount of non-digestible polysaccharides and colorectal cancer by
butyrate PGS. When sensitivity analyses were performed using the larger UK Biobank cohort
with the fibre from bread and cereals estimated from the few relevant dietary questions
completed at recruitment, significant heterogeneity was observed by butyrate PGS, with an
inverse association between the intake of fibre from breads and cereals and colorectal cancer
only observed in those in the high butyrate PGS category. SCFAs, such as butyrate, may
modulate cell histone deacetylases in the colorectum, and function to reinforce cellular junctions,
which may reduce low-grade inflammation, and lead to a lower risk of colorectal cancer [92, 432,
454, 455]. Several studies have also shown that there is a lower abundance of butyrate producing
bacteria among individuals with colorectal cancer compared to control participants [109, 456].
Some RCTs have shown that a higher wholegrain intake is associated with a higher abundance
of SCFA-producing bacteria [429, 457] and higher levels of SCFA in fecal samples compared to
at recruitment to the trial [458|, however, other randomised trials have found no differences in
the gut microbiota composition with higher wholegrain intake [459, 460|, but have observed
higher levels of fecal butyrate [459]. Evidence from mouse models has suggested that fibre and

wholegrains are not protective against colorectal cancer without microbiota that can produce
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SCFA, such as butyrate [92, 461]. Thus, the heterogeneity observed for wholegrain intake and
colorectal cancer risk by butyrate PGS (which was shown to be associated with butyrate
producing bacteria) may underline the importance of butyrate production in reducing colorectal
carcinogenesis, and further research in humans is needed to confirm these findings.
Heterogeneity by the butyrate PGS was also observed for the association of total starch
intake and colorectal cancer risk; participants in the low butyrate PGS category and consuming
higher amounts of total starch had a higher risk of colorectal cancer, whereas no association was
observed for those in the high butyrate PGS. Higher intake of certain sources of starch, such as
potatoes, may promote a higher insulin response [462] and the butyrate PGS has been associated
with an improved insulin response [436]; however, it remains unclear if this is the reason why
there is a difference between butyrate PGS categories and starch intake, and these results may
be due to chance because of multiple comparisons. Future research is needed to attempt to
replicate these findings and better understand how SCFA production and human genetics may

interact with dietary intake and influence the risk of colorectal cancer.

7.5.4 Strengths and limitations

Strengths of this analysis include the use of multiple 24-hour dietary assessments to reduce
random measurement error and the prospective nature of this study using linkage to health
records, thus minimising loss to follow-up. As well, due to the design of the 24-hour dietary
assessments, analyses could include sources and types of carbohydrates in detail to assess if
associations with colorectal cancer risk differed. The UK Biobank also collected detailed
information from participants regarding socioeconomic and lifestyle factors and took
standardised physical measurements, allowing us to adjust for these potential confounders in the
analysis. In addition, genotyping was conducted in nearly the entire cohort allowing to separate

participants by host SCFA genetic factors.

Several limitations need to be considered. Numerous tests were performed, and if correction for

multiple testing was undertaken no significant findings would be observed, thus these results
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need to be interpreted cautiously. All self-reported dietary intake is subject to error and some
participants (~40,000) only completed two 24-hour dietary assessments and will therefore be
affected by random error which biases the results to the null. Although analyses adjusted for
multiple confounders, unmeasured and residual confounding may still influence the associations
observed. However, formal assessment of residual confounding using the change in X2 method did
not suggest residual confounding apart from total carbohydrate intake where the X2 value
decreased more than 73.6% in comparison to minimally adjusted models. Reverse causality is
also plausible due to colorectal cancer symptom onset potentially altering the consumption of
specific foods. However, in sensitivity analyses, the first two years of follow-up were removed,
and estimates remained the same although with wider CIs. The UK Biobank is generally a
healthy sample, with the subsample of participants completing the 24-hour dietary assessments
being healthier and due to this selection, results may be biased. Moreover, as the UK Biobank is
predominantly white, the results may not be generalisable to a wider UK population; however,
estimates are likely to be in the same direction [425]. As well, with just over 1,000 cases of
colorectal cancer in the main analyses, results may also be underpowered to detect modest
associations.

For analyses assessing modification by SCFA genetic variants, the genetic scores used
were derived from one sample of 952 individuals [436], limiting the power of these genetic
variants in predicting differences in SCFA. Moreover, the butyrate PGS was found to predict
the abundance of the PWY-5022 pathway in stool samples, which was deemed to act as a proxy
for butyrate production [436]; however, this PGS has not been assessed with regard to the
actual amount of butyrate produced in the colon or absorbed by the host, but was associated
with the abundance of butyrate producing bacteria (Eubacterium rectale and Roseburia
intestinalis) in faecal samples [436]. Nevertheless, further research including GWAS is needed to
confirm whether these genetic variants are reproducibly related to butyrate and propionate
production. Moreover, the genetic analyses were restricted to white British, individuals limiting

the generalisability and power of these analyses. Considering this, these results need to be

190



replicated using larger, more diverse samples to understand how genetics may interplay with

carbohydrate intake, SCFA production, and colorectal cancer risk.

7.6 Conclusions

In summary, in this analysis of participants from the UK Biobank, intakes of total
carbohydrates, total sugars, non-free sugars, wholegrain foods, and fibre from wholegrains were
inversely associated with colorectal cancer risk. Some evidence of heterogeneity was observed by
genetically predicted butyrate production, where the intake of starch from wholegrains was
inversely associated with colorectal cancer risk only in participants with high host genetically
predicted butyrate synthesis. Although these results may support the possible importance of

SCFA in these associations, further research in humans is needed to replicate these findings.
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Chapter 8

Risk of cancer among regular and low
meat-eaters, fish-eaters, and vegetarians:

a prospective analysis
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Chapter 8 Summary

Some evidence suggests that being vegetarian may be associated with a lower risk of cancer
overall. However, for specific cancer sites, the evidence is limited, and potential mechanisms are
unclear. This chapter investigates the prospective associations of vegetarian and non-vegetarian
diets with risks of all cancer, colorectal cancer, postmenopausal breast cancer, and prostate
cancer, as well as explores the role of potential mediators among 472,377 UK Biobank
participants. After an average follow-up of 11.4 years, 54,961 incident cancers were identified,
including 5,882 colorectal, 7,537 postmenopausal breast, and 9,501 prostate cancers. Compared
to regular meat-eaters, being a low meat-eater, fish-eater, or vegetarian were all associated with
a lower risk of all cancer (HR:0.98, 95% CI:0.96-1.00; 0.90, 0.84-0.96; 0.86, 0.80-0.93,
respectively). Being a low meat-eater was associated with a lower risk of colorectal cancer
compared to regular meat-eaters (0.91, 0.86-0.96); however, there was heterogeneity in this
association by sex (p=0.007), with an inverse association across diet groups in men, but not in
women. Vegetarian postmenopausal women had a lower risk of breast cancer (0.82, 0.68-0.99),
which was attenuated and non-significant after adjusting for BMI (0.87, 0.72-1.05); in mediation
analyses, BMI was found to possibly mediate the observed association. In men, being a fish-eater
or a vegetarian was associated with a lower risk of prostate cancer (0.80, 0.65-0.99 and 0.69,
0.54-0.89, respectively). The lower risk of postmenopausal breast cancer in vegetarian women
may be explained by their lower BMI. It is not clear whether the other differences observed for
all cancers and for prostate cancer, reflect any causal relationships or are due to other factors

such as residual confounding or differences in cancer detection.
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8.1 Introduction

Colorectal, breast, and prostate cancer collectively account for 39% of all new cancer diagnoses
in the UK [463], and it has been estimated that nearly 40% of cancer cases may be preventable
through modifiable factors [464, 465]. Although several dietary factors have been suggested to
influence cancer risk, it remains unclear whether dietary patterns are related to the risk of

developing cancer [386, 466.

It has been hypothesised that vegetarian diets, which exclude the consumption of all meat and
fish, may be associated with a lower cancer risk. In addition to excluding red and processed
meat, which are associated with an increased risk of colorectal cancer [386], vegetarians also
generally consume higher amounts of plant foods such as fruits, vegetables, and wholegrains
compared to meat-eaters [391, 467|, which might also lower the risk of some site-specific cancers
[386] and was suggested in analyses in Chapter 7 to be associated with the lower risk of
colorectal cancer. Dietary patterns, such as vegetarianism, may also offer insight into dietary
components associated with cancer risk as foods and nutrients are consumed together, which

may complicate identifying true associations between foods.

8.1.1 Previous studies

Evidence from two large cohorts, which include a large proportion of vegetarians, the EPIC-
Oxford and the AHS-2, has suggested that vegetarians may have a lower risk of developing
cancer (all types combined) compared to meat-eaters [117, 118], but the evidence remains
unclear for individual cancer sites [117, 119, 212, 297, 468|. Moreover, the risk of cancer in those
who do not consume meat but do eat fish (fish-eaters or pescatarians) may differ from that of
meat-eaters; some evidence has suggested that fish-eaters may have a lower overall risk of
cancer [117], and a lower risk of colorectal cancer [117, 119] than meat-eaters, but no differences
have been reported for breast [212] or prostate cancer risk [117, 297|. Despite the substantial
number of vegetarians and fish-eaters in these cohorts (18,000-25,000 vegetarian participants

and ~8,000 pescatarians), power to detect an association for specific cancer sites may be limited
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due to the relatively small numbers of cancer cases (~5000 total cases) in each of these

individual studies [117, 119, 212, 297, 468].

8.1.2 Mechanisms for cancer risk

Any difference in cancer risk between diet groups may be due to differences in physiological
characteristics, including adiposity. In western populations, vegetarians and fish-eaters have
been shown to have lower body mass indices compared to the BMI of meat-eaters [469-471],
which is important for cancer risk because obesity is a known risk factor for several cancer sites
[386]. Another hypothesized explanation for the lower risk of cancer observed among vegetarians
and fish-eaters is the possible differences in hormone levels [472], such as IGF-I and testosterone,
which may be related to their dietary intakes [298, 299, 472|. As described in Chapters 4 and 5,
different food groups and macronutrients were associated with IGF-I concentrations, and
vegetarians have been shown to consume less protein than meat-eaters and potentially less milk
[391, 467], which may confer a lower risk of IGF-I related cancers. As such, hormone differences
may be important as higher levels of IGF-I have been associated with higher risks of colorectal,
breast, and prostate cancer [407] and higher levels of free testosterone have been associated with

prostate cancer [14] and postmenopausal breast cancer [138].

8.2 Aim

To further understand these relationships, this chapter assesses the associations of diet groups
with risks of all, colorectal, postmenopausal breast, and prostate cancer in the UK Biobank,
which includes approximately 10,000 fish-eaters, 8,000 vegetarians, and nearly 55,000 total
incident cancer cases. This chapter additionally assesses the roles of BMI, circulating IGF-I, and
calculated free testosterone as potential mediators of the observed associations between diet

groups and cancer risk.
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8.3 Methods

8.3.1 Study design and participants
Details of recruitment, ethical approval, and methods of the UK Biobank are described in detail

in Chapter 3.

8.3.2 Exclusions

Participants were excluded from this analysis if they withdrew consent over the study period
(n=871), had a prevalent cancer diagnosis at recruitment reported in the cancer registry or in
hospital admission data (excluding non-melanoma skin cancer ICD-10 code: C44; n=29,504),
their genetic sex was different from their reported sex (n=321), or they did not contribute any
follow-up time (n=2; Figure 8.1). Participants who responded as ‘do not know’ or ‘prefer not
to say’ for all dietary questions regarding meat intake were also excluded from the analyses
(n=282). This left a total of 472,337 participants, of whom 217,937 were males and 254,400 were
females. For prostate cancer analyses women were excluded, and for postmenopausal breast
cancer analyses, women who were premenopausal at recruitment and did not reach the age of 55

over the follow-up time (n=16,222), and men, were excluded.
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Figure 8.1 Flow diagram of the study exclusion criteria.
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8.3.3 Diet group classification

Diet groups were categorised using the touchscreen questionnaire completed at recruitment,
which asked participants about their frequency of consumption of processed meat, beef, lamb or
mutton, pork, chicken, turkey or other poultry, and oily and non-oily fish. Participants chose a
frequency of intake ranging from “Never” to “Once or more daily”. From these responses,
participants were categorised into four diet groups (regular meat-eaters; low meat-eaters; fish-
eaters; and vegetarians). Regular meat-eaters were participants who said they consumed
processed, red meat (beef, pork, lamb), or poultry >5 times a week. Low meat-eaters were
participants who reported consuming processed, red meat, or poultry <5 times a week. Fish-
eaters were participants who reported that they never consumed red meat, processed meat, or
poultry but ate oily and/or non-oily fish. Vegetarians were defined as participants who reported
that they never consumed any meat or fish. The vegetarian group also included vegans who

reported not consuming any meat, fish, dairy, or eggs (n=446).

8.3.4 Covariates and biomarkers

The baseline touchscreen questionnaire also asked participants about sociodemographic,
reproductive, and lifestyle factors, which are explained in detail in Chapter 3. Additionally, all
participants had their blood drawn and anthropometric measurements, including height and

weight, taken by a trained professional.

Non-fasting blood samples were provided by 99.7% of participants at recruitment and were
shipped to the central processing laboratory at 4°C prior to serum preparation, aliquoting, and
cryopreservation in the central working archive. Biochemistry markers were measured including
IGF-I and testosterone, as well as SHBG which was used to calculate an estimate of free
testosterone [473|. Further description of the UK Biobank biomarker measurements can be
found online [474] and in Chapter 3 and further details of the calculation of free testosterone can

be found in Ancillary Methods A.2.
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8.3.5 Follow-up and outcome ascertainment

Data on cancer diagnosis were ascertained using a combination of records from the NHS Digital
(cancer registry) and Public Health England for participants from England and Wales, NHS
Central Register for participants from Scotland [353] as well as the HES data for English
participants and SMR for Scottish participants (please see details in the Additional File 1:
Supplementary Methods). Using the World Health Organization’s ICD-10 codes, participants
were classified as having an event if they had an incident diagnosis of cancer recorded as: all
cancer (C00-97 excluding non-melanoma skin cancer: C44), colorectal cancer (C18-C20), breast
cancer (C50), or prostate cancer (C61), or if no prior incident diagnosis was reported their
primary underlying cause of death was the respective cancer. Participants contributed follow-up
time from the date of recruitment until the date of the first cancer registration or cancer first
recorded on death certificate, date of death, or last day of follow-up available from HES and
SMR data (28“[l February 2021 for England & Scotland). Cancer registry data were available
until 31%" July 2019 for England and Wales, and 31% October 2015 for Scotland, after this time
only HES and SMR data were used for the follow-up of participants. For Welsh participants,
hospital episode data did not extend past the cancer registry censoring date and therefore were
not used. For breast cancer, analyses were restricted to postmenopausal breast cancer and
women contributed follow-up time beginning when they turned 55 years of age (for women who
were categorised as premenopausal or unknown menopause status at recruitment), or their date
at recruitment if they were categorised as being postmenopausal from questions asked at
baseline. The age of 55 was used as ~98% of females would have undergone menopause by this

age [145].

8.3.6 Statistical analyses
Baseline characteristics of UK Biobank participants were summarised across diet groups for all

participants, and separately for men and women.
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Cox proportional hazards regressions were used, with age as the underlying time variable, to
estimate HRs and 95% CIs. Minimally adjusted models were stratified by sex (for all cancer and
colorectal cancer analyses only) and age at recruitment (<45, 45-49, 50-54, 55-59, 60-64, =65
years) and adjusted for region at recruitment (North-West England, North-Eastern England,
Yorkshire & the Humber, West Midlands, East Midlands, South-East England, South-West

England, London, Wales, and Scotland).

Multivariable-adjusted Cox regression models for all analyses were further adjusted for height
(eight sex-specific categories increasing by 5 cm, and unknown/missing (0.51%)), physical
activity (low: 0-9.99, medium: 10-49.99, high: >50 excess MET-hours /week, and

unknown /missing (4.04%)), Townsend deprivation index (quintiles from most deprived to least
deprived, and unknown/missing (0.13%)), education (completion of national exam at 16,
completion of national exam at 17-18, college or university degree, or other/unknown/missing
(18.7%)), employment status (employed, retired, not in paid employment, or unknown (1.15%)),
smoking status (never, former, light smoker: <15 cigarettes/day, medium smoker: 16-29
cigarettes/day, heavy smoker: >30 cigarettes/day, or missing/unknown (0.65%)), alcohol
consumption (none drinkers, <1, 1-9.99, 10-19.99, >20 grams/day, or unknown /missing
(0.73%)), ethnicity (White, Mixed race or other, Asian or British Asian, and Black or Black

British, or missing/unknown (0.56%)), and diabetes status (no, yes, or unknown (0.53%)).

For colorectal cancer and for all cancer sites, multivariable models were further adjusted for
female specific covariates: MHT use (no, former, current, or unknown (0.58%)), and menopausal
status at recruitment (premenopausal, postmenopausal, or unknown (9.0%)). Moreover, for
colorectal cancer, multivariable models were adjusted for NSAID use (no reported use, irregular
use, regular use of aspirin/ibuprofen). For prostate cancer, models were additionally adjusted for
marital status (not living with a partner, living with a partner) [250]. For postmenopausal
breast cancer, models were additionally adjusted for MHT use (same as above), age at menarche

(<12 years, 13 years old, >14 years, or unknown (22.5%)), parity and age at first birth
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(nulliparous, 1-2 children <25 years old, 3+ children <25 years old, 1-2 children 25-29.9 years
old, 3+ children 25-29.9 years old, 1-2 children 30+ years old, 3+ children 30+ years old, or
missing (0.3%)). Further information on the classification of covariates can be found in the
Ancillary Methods A.1. In all models, the proportional hazards assumption was evaluated

using Schoenfeld residuals, and no violations were observed.

BMI was considered a potential confounder as well as a mediator. When BMI was considered as
a potential confounder, BMI measured at recruitment was added to multivariable models
(multivariable adjusted + BMI; <20, 20-22.49, 22.5-24.9, 25.0-27.49, 27.5-29.9, 30-32.49, 32.5-
34.9, =35 kg/m”, or unknown/missing (0.57%)). Models assessing BMI as a mediator are

explained below in the mediation analyses section.

To determine whether there was heterogeneity in the associations of diet groups with cancer
risk, and to assess the influence of confounder adjustments [149, 475], X2 statistics and p-values
for including the diet group in the model were estimated using LRTs comparing a model

without the diet groups variable to the model with the diet groups variable.

Absolute rate difference between diet groups and cancer incidence

The absolute rate differences were calculated for all cancer incidence and colorectal,
postmenopausal breast, and prostate cancer incidences across the diet groups from multivariable
adjusted HRs. Predicted incidence and absolute rate difference were calculated per 10,000
individuals over 10 years and were estimated using floating absolute risks [476|. Floating
absolute risks assign 95% CIs to all groups including the reference group allowing for an
estimate of uncertainty in the effect size in the reference group. For regular meat-eaters,
predicted 10-year cancer-free survival was calculated using the equation Survival (Sr) = (1-
observed incidence in regular meat—eaters)lo [477]. This was then used to determine the predicted
incidence over time by using (1-Sr) x 10,000, which equates to the incidence per 10,000

individuals over a 10-year time frame assuming a constant rate over time. For the other diet
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groups, predicted incidence was calculated by (1 — SrHR) where HR is the multivariable-adjusted
hazard ratio for each diet group for the cancer outcome and thus Sr''™ estimates the predicted
10-year cancer-free survival rate in each of the other diet groups. The absolute rate differences
were then calculated as the difference between the predicted incidence per 10,000 individuals
over 10 years between the other diet groups (low meat-eaters, fish-eaters, and vegetarians) and

regular meat-eaters.

Subgroup and sensitivity analyses

For all analyses, heterogeneity was assessed by BMI (~median: <27.5 and >27.5 kg/m’) and
smoking status (ever and never) by using a LRT comparing the main model to a model
including an interaction term between diet groups and the subgroup variable (BMI and smoking
status). For colorectal cancer heterogeneity, by sex was also assessed. For all cancer sites
combined, additional heterogeneity was explored by smoking status and censoring participants

at baseline who were diagnosed with lung cancer.

In sensitivity analyses, participants and cases were excluded who had less than 2 years of follow-
up and all participants with missing data on covariates. Associations were also examined
separately in white participants because a large proportion of the vegetarians in this cohort are
of South Asian ethnicity (~17.5%). Furthermore, fruit and vegetable intake was added to
multivariable adjusted models (<3 servings/day, 3-3.99 servings/day, 4-5.99 servings/day, =6
servings/day, unknown) to control for this component of dietary intake as a proxy for a healthy
diet. For prostate cancer analyses, PSA testing was included in the multivariable adjusted
model (no PSA testing, had PSA test, or unknown) reported at baseline in all men and during
follow-up from general practice records in a subsample (1=99,412 males; records available for
participants until 31" of May 2016 for England, 31* of March 2017 for Scotland, and 31% of

August 2017 for Wales).
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8.3.7 Mediation analyses

If a significant association was observed between a diet group and a cancer outcome in the main
analyses, potential mediators shown to be different across diet groups [470, 472| and were
previously related to the cancer site of interest (BMI, IGF-I, and free testosterone) [14, 13§]
were further explored. To determine whether differences in mediators were observed by diet
group, multivariable linear regression was used to compare the selected biomarker measurements
(IGF-I and free testosterone [473|) and BMI across dietary groups, adjusting for potential
confounders. Multivariable linear regression models comparing biomarkers or BMI with diet
groups were adjusted for age, sex, region of recruitment, height, physical activity, Townsend
deprivation index, education, employment status, smoking status, alcohol consumption,
ethnicity, diabetes status, MHT use, menopausal status, and BMI (except when BMI was the
outcome of interest). Mediation was not explored if there was no significant difference in cancer
risk between each diet group and regular meat-eaters, or if the biomarker concentrations were
not significantly different between diet groups. Potential mediation for all cancer risk for
vegetarians versus regular meat-eaters, fish-eaters versus regular meat-eaters, and low meat-

eaters versus regular meat-eaters was explored via BMI [386, 470).

For colorectal cancer risk, potential mediation via BMI was explored for low meat-eaters versus
regular meat-eaters. For postmenopausal breast cancer risk, mediation was explored for
vegetarians versus regular meat-eaters via BMI, IGF-I concentrations, and free testosterone
(estimated using a formula based on the law of mass action from measured total testosterone,
SHBG, and albumin concentrations [473]; Ancillary Methods A.2), among postmenopausal
women. If a woman was missing a value for testosterone due to a very low serum concentration
reported, the concentration for these participants was set to three-quarters of the minimum
reportable value (0.35 nmol/L; n=23,494) and free testosterone was calculated from this. For
prostate cancer risk, potential mediation for vegetarians versus regular meat-eaters was explored
via IGF-I and free testosterone, as these hormones have been associated with higher prostate

cancer risk [14]|. Mediation via free testosterone was also explored for the fish-eater versus
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regular meat-eater analysis but not IGF-I as no differences in IGF-I concentrations were
observed between fish-eaters and regular meat-eaters. BMI was not explored as a potential
mediator for prostate cancer as BMI is heterogeneously associated with prostate cancer risk
[268]. Specifically, BMI may be a risk factor for prostate cancer death and aggressive disease but
has been inversely associated with total prostate cancer and non-aggressive disease risk [262,
268| and data on stage and grade are not available in the UK Biobank. Biomarker mediation
was not explored for the all cancer - diet group associations as these biomarkers have not been

associated with all cancer risk.

To assess for mediation, the inverse odds ratio weighting (IORW) method was used [478, 479|.
This method is able to decompose associations between exposure and outcome that is (1)
mediated by the potential mediator (natural indirect effect [NIE]) and (2) not mediated by the
mediator of interest (natural direct effect [NDE]). The term “effect” is used here in concordance
with the causal mediation literature but should not be interpreted as implying causality. To
determine the proportion of the association between diet groups and cancer outcome mediated
by the mediator of interest (e.g., BMI) the log of the indirect effect HR was divided by the log
of the total effect HR. The IORW method was used as it is generally more flexible in estimating
mediation as it does not require specification of regression models for each mediator of interest
(like other traditional methods used for mediation [480, 481]), as well, it does not assume there
is no exposure-mediator interactions, and can easily be applied to survival analyses, specifically
Cox regression. The IORW evade these issues by condensing the relationship between exposure
and mediators of interest into a single odds ratio (OR), thus an OR for the exposure conditional
on all mediators is equivalent to the OR for the mediators, conditional on exposure. This OR
can then be applied as a weight to a regression of the outcome on the exposure, thus estimating
the natural direct effect (NDE) estimate as the pathway through which the mediators are
deactivated. As with all mediation analyses, key assumptions are made using the [ORW
method, namely 1) there is no unmeasured exposure — mediator confounding, 2) there is no

unmeasured mediator - outcome confounding, 3) there is no unmeasured exposure — outcome
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confounding, 4) there are no mediator-outcome confounders that is itself affected by the

exposure [480].

The weight of mediators was estimated from a logistic regression model where the binary diet
group (i.e. vegetarians — regular meat-eaters; fish-eaters — regular meat-eaters; or low meat-eater
— regular meat-eaters) was the response variable and mediators, and potential confounders were
the predictors. In each respective mediation model, the mediators of interest were modelled as
continuous variables. The estimated coefficients of this model were then used to predict the OR
of the binary diet group for each participant and constructed weights for binary diet groups as
the inverse of these predicted ORs. Here the reference category (regular meat-eaters) was
assigned the weight of 1 and the opposing diet group (vegetarians, fish-eaters, or low-meat
eaters) were assigned the value of the inverse odds of the logistic models modelled with the
mediators and adjusted confounders. Cox proportional hazards regressions were then conducted
using age as the underlying time variable with all cancer sites or specific cancer site, adjusting
for confounders, weighting each observation by the weights derived from the logistic regression.
From this Cox regression, the direct effect was obtained as the HR for the binary diet group
(e.g., vegetarians — regular meat-eaters) of interest in this model and the indirect effect was
calculated by taking the log HR of the total effect minus the log HR. of the direct effect and
then was exponentiated to obtain the indirect HR. For the total, direct, and indirect effects, the
resulting HRs were estimated and bootstrapped standard errors (300 replications) to determine
95% CIs. The IORW method was conducted separately for each outcome (all cancer, prostate
cancer, postmenopausal breast cancer, or colorectal cancer) and binary diet group of interest
and excluding participants not included in the binary diet group of interest, and women for the
prostate cancer analyses, and men for the postmenopausal breast cancer analyses. Participants
with missing values for the potential mediator (i.e., BMI, IGF-I, free testosterone) were excluded

from the respective mediation analyses.
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All analyses were conducted using Stata version 17.0 (Stata Corp LP, College Station, TX). P-

values were two-sided with p <0.05 being considered statistically significant.

8.4 Results

8.4.1 Participant characteristics

Of the participants included in the analysis, 247,571 (52.4%) were classified as regular meat-
eaters, 205,385 (43.5%) as low meat-eaters, 10,696 (2.3%) as fish-eaters and 8,685 (1.8%) as
vegetarians. After an average of 11.4 years of follow-up, 54,961 incident cases of any type of
cancer were diagnosed; 5,882 participants were diagnosed with colorectal cancer, 7,537 women
were diagnosed with postmenopausal breast cancer, and 9,501 men were diagnosed with prostate

cancer.

Table 8.1 presents participants’ baseline characteristics across diet groups. Vegetarians and
fish-eaters had a lower BMI, were younger, more likely to be never smokers, have a
university/college degree, report consuming less alcohol at recruitment, and were more likely to
be Asian compared to regular meat-eaters. Vegetarian men were also less likely to have had a
PSA test compared to meat-eaters (Table 8.1). Table 8.2 presents the baseline characteristics
across diet groups stratified by sex. Both men and women fish-eaters and vegetarians had lower

BMIs and were younger at recruitment compared to regular meat-eaters.
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Table 8.1 Baseline characteristics across diet groups in UK Biobank.

Diet groups

Regular meat-

Low meat-eaters Fish-eaters Vegetarians
eaters

Number of participants 247,571 205,385 10,696 8,685
A t it t-
(Sg]s)a Fecribients years, mean 56.0 (8.2) 56.9 (8.0) 54.0 (8.0) 53.0 (7.9)
Sex - female 114849 (46.4%) 126165 (61.4%) 7664 (71.7%) 5722 (65.9%)
BMI - kg/m? mean (SD) 27.9 (4.9) 27.0 (4.7) 95.3 (4.3) 95.7 (4.7)
Male height - cm, mean (SD) 175.7 (6.8) 175.4 (6.9) 176.4 (6.9) 175.5 (7.2)
Female height - cm, mean (SD) 162.4 (6.3) 162.5 (6.3) 163.5 (6.4) 162.1 (6.8)

Physical activity

Low

Moderate

High
Townsend deprivation index

Q1- Most affluent

Q5 - Most deprived
Ethnicity

White

Mixed other

Asian or British Asian

Black or Black British
Education

National exam at 16 years

National exam at 17-18 years

Degree or college
Employment

In paid employment

Retired

Not in paid employment
Living with a partner - Yes
Smoking status

Never

Previous

Light smoker <15 cig/day

Medium smoker 15-29 cig/day

Heavy smoker 30+ cig/day
Alcohol intake g/day, mean
(SD)
Diabetic - Yes
Prostate specific antigen test
reported at baseline or in follow-
up — Yes, Male only

72,811 (29.4%)
116,591 (47.1%)
48,012 (19.4%)

51,117 (20.6%)
48,227 (19.5%)

233,959 (94.5%)
3,576 (1.4%)
4,114 (1.7%)
4,218 (1.7%)

41,764 (16.9%)
13,750 (5.6%)
146,214 (59.1%)

146,078 (59.0%)
77,483 (31.3%)
21,068 (8.5%)

187,545 (75.8%)

132,294 (53.4%)
85,319 (34.5%)
7,594 (3.1%)
10,101 (4.1%)
10,418 (4.2%)

19.9 (21.3)
15,603 (6.3%)

51,555 (38.8%)

59,752 (29.1%)
98,692 (48.1%)
38,704 (18.8%)

40,433 (19.7%)
41,627 (20.3%)

193,033 (94.0%)
3,294 (1.6%)
5,054 (2.5%)
3,295 (1.6%)

34,271 (16.7%)
10,805 (5.3%)
119,791 (58.3%)

115,579 (56.3%)
70,640 (34.4%)
17,028 (8.3%)

141,711 (69.0%)

114,385 (55.7%)
69,642 (33.9%)
6,299 (3.1%)
6,644 (3.2%)
7,432 (3.6%)
(

14.9 (16.6)
10,748 (5.2%)

33,394 (42.2%)

2,430 (22.7%)
5,710 (53.4%)
2,273 (21.3%)

1,777 (16.6%)
2,385 (22.3%)

9,922 (92.8%)
172 (1.6%)
369 (3.4%)
167 (1.6%)

1,180 (11.0%)
578 (5.4%)
8,015 (74.9%)

7,338 (68.6%)
2,341 (21.9%)
877 (8.2%)
6,930 (64.8%)

6,075 (56.8%)
3,800 (35.5%)
290 (2.7%)
157 (1.5%
333 (3.1%

)
)
13.6 (14.5)
290 (2.7%)

1,125 (37.1%)

2,371 (27.3%)
4,346 (50.0%)
1,690 (19.5%)

1,258 (14.5%)
2,216 (25.5%)

6,903 (79.5%)
152 (1.8%)
1524 (17.5%)
48 (0.6%)

1,099 (12.7%)
551 (6.3%)
6,109 (70.3%)

6,065 (69.8%)
1,582 (18.2%)
921 (10.6%)
5,771 (66.4%)

5,561 (64.0%)
2,480 (28.6%)
210 (2.4%)
139 (1.6%
252 (2.9%

)
)
13.0 (16.1)
)

465 (5.4%

929 (31.4%)
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Table 8.1 continued

Diet groups

Regular meat-

eaters

Low meat-eaters

Fish-eaters

Vegetarians

Female specific covariates
Age at menarche — years, mean
(SD)

Menopausal status

12.6 (2.8)

Premenopausal 24,939 (21.7%)
Postmenopausal 78,626 (68.5%)
MHT use
Never 70,830 (61.7%)
Former 34,149 (29.7%)
Current 8,993 (7.8%)
Parity
Nulliparous 17,671 (15.4%)
1-2 children 67,306 (58.6%)
3+ children 29,343 (25.5%)
Age at first birth — years, mean
b 95.4 (4.6)

12.5 (2.9)

23,360 (18.5%)
92,413 (73.2%)

76,747 (60.8%)
38,960 (30.9%)
9,988 (7.9%)

25,569 (20.3%)
70,915 (56.2%)
29,526 (23.4%)

25.2 (4.6)

12.5 (2.9)

2,232 (29.1%)
4,717 (61.5%)

5,468 (71.3%)
1,590 (20.7%)
584 (7.6%)

2,330 (30.4%)
3,910 (51.0%)
1,415 (18.5%)

26.4 (5.1)

12.4 (3.3)

1,843 (32.2%)
3,342 (58.4%)

4,386 (76.7%)
966 (16.9%)
320 (5.6%)

1,736 (30.3%)
2,770 (48.4%)
1,203 (21.0%)

26.0 (4.9)

Values are N (%) unless otherwise indicated.

Percentages include missing values and therefore may not add up to 100%.

Abbreviations: BMI, body mass index; cig, cigarette; g/day, grams per day; Q, quintile; MHT, menopausal hormone therapy, SD,

standard deviation.
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Table 8.2 Baseline characteristics of UK Biobank participants across diet groups separated by sex.

Male

Female

Regular Low meat- Fish-eater Vegetarian Regular Low meat- Fish-eater Vegetarian
meat-eater eaters meat-eater eaters
Number of participants 132,722 79,220 3,032 2,963 114,849 126,165 7,664 5,722
Age — years, mean (SD) 56.2 (8.2) 57.3 (8.1) 54.3 (8.1) 53.1 (8.0) 55.9 (8.1) 56.6 (7.9) 53.9 (8.0) 53.0 (7.9)
BMI - kg/n[127 mean (SD) 28.2 (4.3) 27.5 (4.1) 25.8 (3.6) 25.9 (3.9) 27.7 (5.4) 26.7 (5.0) 25.1 (4.5) 25.6 (5.0)
Height - ¢cm, mean (SD) 175.7 (6.8) 175.4 (6.9) 176.4 (6.9) 175.5 (7.2) 162.4 (6.3) 162.5 (6.3) 163.5 (6.4) 162.1 (6.8)

Physical activity
Low
Moderate
High
Townsend deprivation
index
Q1- Most affluent
Qb5 - Most deprived
Ethnicity

White

Mixed or other

Asian or British Asian

Black or Black British
Education

National exam at 16
years

National exam at 17-18

Degree or college
Employment

In paid employment

Retired

Not in paid employment

36,801 (27.7%)
62,156 (46.8%)
28,947 (21.8%)

27,202 (20.5%)
26,819 (20.2%)

125,463
(94.5%)
1,776 (1.3%)
2,422 (1.8%)
2,092 (1.6%)

18,401 (13.9%)
6,811 (5.1%)
83,092 (62.6%)

83,026 (62.6%)
38,471 (29.0%)
9,691 (7.3%)

21,972 (27.7%)
37,698 (47.6%)
16,599 (21.0%)

15,766 (19.9%)
16,416 (20.7%)

74,035 (93.5%)
1,112 (1.4%)
2,615 (3.3%)
1,101 (1.4%)

10,397 (13.1%)
3,807 (4.8%)
48,766 (61.6%)

46,243 (58.4%)
26,228 (33.1%)
5,887 (7.4%)

628 (20.7%)
1,636 (54.0%)
704 (23.2%)

458 (15.1%)
740 (24.4%)

2,792 (92.1%)
45 (1.5%)
125 (4.1%)
46 (1.5%)

273 (9.0%)
145 (4.8%)
2,340 (77.2%)

2,145 (70.7%)
633 (20.9%)
206 (6.8%)

TTT (26.2%)
1,505 (50.8%)
610 (20.6%)

430 (14.5%)
827 (27.9%)

2,321 (78.3%)
45 (1.5%)
558 (18.8%)
12 (0.4%)

323 (10.9%)
188 (6.3%)
2,144 (72.4%)

2,146 (72.4%)
514 (17.3%)
274 (9.2%)

36,010 (31.4%)
54,435 (47.4%)
19,065 (16.6%)

23,915 (20.8%)
21,408 (18.6%)

108,496
(94.5%)

1,800 (1.6%)
1,692 (1.5%)
2,126 (1.9%)

23,363 (20.3%)
6,939 (6.0%)
63,122 (55.0%)

63,052 (54.9%)
39,012 (34.0%)
11,377 (9.9%)

37,780 (29.9%)
60,994 (48.3%)
22,105 (17.5%)

24,667 (19.6%)
25,211 (20.0%)

118,998
(94.3%)
2,182 (1.7%)
2,439 (1.9%)
2,194 (1.7%)

23,874 (18.9%)
6,998 (5.5%)
71,025 (56.3%)

69,336 (55.0%)
44,412 (35.2%)
11,141 (8.8%)

1,802 (23.5%)
4,074 (53.2%)
1,569 (20.5%)

1,319 (17.2%)
1,645 (21.5%)

7,130 (93.0%)
127 (1.7%)
244 (3.2%)
121 (1.6%)

907 (11.8%)
433 (5.6%)
5,675 (74.0%)

5,193 (67.8%)
1,708 (22.3%)
671 (8.8%)

1,594 (27.9%)
2,841 (49.7%)
1,080 (18.9%)

828 (14.5%)
1,389 (24.3%)

4,582 (80.1%)
107 (1.9%)
966 (16.9%)
36 (0.6%)

776 (13.6%)
363 (6.3%)
3,965 (69.3%)

3,919 (68.5%)

1,068 (18.7%)
647 (11.3%)
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Table 8.2 continued

Male

Female

Regular
meat-eater

Low meat-

eaters

Fish-eater

Vegetarian

Regular
meat-eater

Low meat-

eaters

Fish-eater

Vegetarian

Living with a partner - Yes

Smoking status
Never
Previous

Light smoker <15

102,443
(77.2%)

63,688 (48.0%)
50,320 (37.9%)

59,313 (74.9%)

39,608 (50.0%)
30,201 (38.1%)

2,163 (71.3%)

1,658 (54.7%)
1,096 (36.1%)

2,104 (71.0%)

1,727 (58.3%)
951 (32.1%)

67,306 (58.6%)

68,606 (59.7%)
34,999 (30.5%)

70,915 (56.2%)

74,777 (59.3%)
39,441 (31.3%)

3,910 (51.0%)

4,417 (57.6%)
2,704 (35.3%)

2,770 (48.4%)

3,834 (67.0%)
1,529 (26.7%)

cigarettes/day 3,887 (2.9%) 2,048 (2.6%) 72 (2.4%) 79 (2.7%) 3,707 (3.2%) 4,251 (3.4%) 218 (2.8%) 131 (2.3%)
med smoker 15-29
cigarettes/day 6,003 (4.6%) 2715 (3.4%) 51 (1.7%) 53 (1.8%) 4008 (3.5%) 3,929 (3.1%) 106 (1.4%) 86 (1.5%)
heavy smoker 30+
cigarettes /day 7738 (5.8%) 4,208 (5.3%) 141 (47%) 134 (4.5%) 2,680 (2.3%) 3,224 (2.6%) 192 (2.5%) 118 (2.1%)
Alcohol intake g/day, mean
(SD) 26.4 (24.7) 21.4 (21.1) 20.1 (18.9)  18.5 (21.1) 11.7 (11.9) 10.4 (10.6) 11.0 (11.3) 9.9 (11.2)
Diabetes - Yes 10,377 (7.8%) 5943 (7.5%) 121 (4.0%) 207 (7.0%) 5226 (4.6%) 4,805 (3.8%) 169 (2.2%) 258 (4.5%)
gfﬁntge?zﬁwl?ilel_”ie? 51,555 (38.8%) 33,304 (42.2%) 1,125 (37.1%) 929 (31.4%) ] _ _ )
Age-adjusted proportion of
PSA test at baseline or 39.5% 40.5% 41.6% 37.2% - - - -
during follow-up - Yes
Insulin-like growth factor-I
(nmol /L), mean (SD)l 21.9 (5.5) 21.9 (5.5) 22.0 (5.7) 21.2 (5.5) 21.1 (5.8) 21.0 (5.7) 20.6 (5.8) 19.7 (5.8)
Free testosterone (pmol/L),
220.0 (65.9) 219.7 (63.5) 218.7 (61.5)  217.4 (62.3) 15.3 (11.4) 14.9 (10.9) 14.0 (8.6) 14.4 (9.4)

mean (SD)"

Values are N (%) unless otherwise indicated.

Percentages include missing values and therefore may not add up to 100%.

! Biomarker levels are adjusted for age at recruitment, region of recruitment, height, physical activity, Townsend deprivation index, education, employment status,
smoking status, alcohol consumption, ethnicity, diabetes status, menopausal hormone therapy use and menopausal status, body mass index and season of blood
collection.

Abbreviations: BMI, body mass index; g/day, grams per day; Q, quintile; PSA, prostate specific antigen; SD, standard deviation.

210



8.4.2 Diet group and cancer risk associations

The minimally adjusted models and sequential adjustments for the associations between diet
groups and cancer risks are presented in Table 8.3, and Figure 8.2 shows the multivariable-
adjusted models. In multivariable-adjusted models there was evidence of heterogeneity across
diet groups for risk of all cancer (p-value for heterogeneity=<0.001), colorectal cancer (p-value
for heterogeneity=0.001), and prostate cancer (p-value for heterogeneity=0.003), but not
postmenopausal breast cancer (p-value for heterogeneity=0.084; Figure 8.2A). In the
multivariable-adjusted models (not including BMI), a vegetarian diet was associated with a
lower risk of all cancer (HR: 0.86, 95% CI: 0.80-0.93), postmenopausal breast cancer (0.82, 0.68-
0.99) and prostate cancer (0.69, 0.54-0.89; Figure 8.2A) compared to regular meat-eaters.
Furthermore, compared to regular meat-eaters, fish-eaters had a lower risk of all cancers (0.90,
0.84-0.96) and prostate cancer (0.80, 0.65-0.99), and low meat-eaters had a lower risk of
colorectal cancer (0.91, 0.86-0.96; Figure 8.2A). When including BMI as a potential
confounder, associations were slightly attenuated apart from prostate cancer, which did not
change (Figure 8.2B). For postmenopausal breast cancer, after adjustment for BMI, the risk
for vegetarians compared to regular meat-eaters was no longer statistically significant (0.87,

0.72-1.05; Figure 8.2B).

8.4.3 Absolute rate difference

Table 8.4 presents the absolute difference in cancer cases by diet groups. Being vegetarian or
fish-eater was associated with 135 (95% CI: 66-199) and 101 (95% CI: 42-156) fewer cases of any
cancer diagnosis per 10,000 population over 10 years compared to regular meat-eaters,
respectively. For colorectal cancer, being a low meat-eater was associated with 11 fewer cases
per 10,000 population over 10 years compared to regular meat-eaters (95% CI: 5-17). For
postmenopausal breast cancer, being a vegetarian was associated with 59 fewer cases of
postmenopausal breast cancer compared to regular meat-eaters (95% CI: 3-106). Vegetarians
and fish-eaters also had 117 (95% CI: 38-168) and 75 (5.2-132) fewer cases of prostate cancer per

10,000 population over 10 years compared to regular meat-eaters.
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Table 8.3 Hazard ratios and 95% confidence intervals for sequential adjustment between association of diet groups and risk of all cancer,

colorectal cancer, breast cancer, and prostate cancer.

Regular meat-

P-value for

Low meat-eaters Fish-eaters Vegetarians X2 .
All cancer eaters heterogeneity
Minimally adjusted model 1 (vef) 0.97 (0.95 - 0.99) 0.87 (0.82 - 0.93) 0.80 (0.74 - 0.86) 56.00 <0.001
Multivariable-adjusted model 1 (ref) 0.98 (0.96 - 1.00) 0.90 (0.84 - 0.96) 0.86 (0.80 - 0.93) 26.88 <0.001
Multivariable-adjusted model + BMI 1 (ref) 0.99 (0.97 - 1.01) 0.92 (0.86 - 0.99) 0.88 (0.82 - 0.96) 15.53 0.001
Colorectal cancer
Minimally adjusted model 1 (ref) 0.89 (0.84 - 0.94) 0.81 (0.66 - 1.00) 0.72 (0.56 - 0.93) 26.12 <0.001
Multivariable-adjusted model 1 (vef) 0.91 (0.86 - 0.96) 0.84 (0.68 - 1.03) 0.78 (0.61 - 1.01) 16.80 0.001
Multivariable-adjusted model + BMI 1 (ref) 0.92 (0.87 - 0.97) 0.86 (0.70 - 1.06) 0.81 (0.63 - 1.04) 12.69 0.005
Postmenopausal breast cancer
Minimally adjusted model 1 (vef) 0.97 (0.92 - 1.01) 0.92 (0.80 - 1.07) 0.80 (0.67 - 0.97) 7.43 0.059
Multivariable-adjusted model 1 (ref) 0.96 (0.92 - 1.01) 0.92 (0.79 - 1.06) 0.82 (0.68 - 0.99) 6.65 0.084
Multivariable-adjusted model + BMI 1 (ref) 0.99 (0.94 - 1.03) 0.97 (0.84 - 1.12) 0.87 (0.72 - 1.05) 2.46 0.483
Prostate cancer
Minimally adjusted model 1 (ref) 1.00 (0.96 - 1.04) 0.80 (0.65 - 0.98) 0.61 (0.48 - 0.79) 22.54 <0.001
Multivariable-adjusted model 1 (vef) 1.00 (0.96 - 1.05) 0.80 (0.65 - 0.99) 0.69 (0.54 - 0.89) 14.08 0.003
Multivariable-adjusted model + BMI 1 (vef) 1.00 (0.96 - 1.04) 0.80 (0.65 - 0.98) 0.69 (0.54 - 0.89) 14.28 0.003
Multivariable-adjusted + PSA test 1 (ref) 1.00 (0.96 - 1.04) 0.80 (0.65 - 0.98) 0.70 (0.55 - 0.90) 13.47 0.004

Regular meat-eaters: consumed red or processed meat or poultry >5 times a week. Low meat-eaters: consumed red and processed meat or poultry <5 times per week. Fish-eaters: do not consume red, processed

meat, or poultry but consumed fish. Vegetarians (including vegans): do not consume any meat or fish.

Minimally adjusted model used age as the underlying time variable and are stratified by sex (for all cancer and colorectal cancer), age groups, and controlled for region of recruitment. Models are restricted to only

men for prostate cancer and only women for postmenopausal breast cancer.

Multivariable-adjusted models for all cancer outcomes: Minimally adjusted model + height, physical activity, Townsend deprivation index, education, employment status, smoking status, alcohol consumption,

ethnicity, and diabetes status. Full details for each covariate are provided in the statistical analysis section in the main text.

For all cancer and colorectal cancer multivariable-adjusted model additionally adjust for menopausal hormone therapy (MHT) use and menopausal status. For colorectal cancer, multi-variable-adjusted was also

adjusted for NSAID use.

Postmenopausal breast cancer models additionally adjust for MHT use, age at menarche, and parity.

Prostate cancer multivariable-adjusted models additionally adjust for marital status.

Multivariable-adjusted model + BMI adds body mass index (<20, 20-22.49,22.5-24.9, 25.0-27.49, 27.5-29.9, 30-32.49, 32.5-34.9, =35 kg/m? or unknown) to multivariable models.
Multivariable-adjusted model + PSA test adds prostate specific antigen testing reported at baseline and from follow-up general practice records available in a subsample of men.
¥? (df=3) and p-values from likelihood ratio tests for model fit comparing a model without diet groups, to a model including diet groups.

Abbreviations: BMI:, body mass index; df, degrees of freedom; MHT, menopausal hormonal therapy; NSAID, non-steroid anti-inflammatory drugs; PSA, prostate specific antigen test; ref, reference group.
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A Multivariable adjusted B Multivariable adjusted + BMI

P-value for P-value for
Diet groups N Cases HR (95% Cl) heterogeneity HR (95% CI) heterogeneity
All cancer
Regular meat-eaters 247,571 29,398 1 (ref) <0.001 1 (ref) 0.001
Low meat-eaters 205,385 23,954 E 0.98 (0.96 - 1.00) = 0.99 (0.97 - 1.01)
Fish-eaters 10,696 940 —— 0.90 (0.84 - 0.96) ——| 0.92 (0.86 - 0.99)
Vegetarians 8,685 669 —— 0.86 (0.80 - 0.93) —— 0.88 (0.82 - 0.96)
Colorectal cancer
Regular meat-eaters 247,571 3,297 [ 1 (ref) 0.001 [ ] 1 (ref) 0.005
Low meat-eaters 205,385 2,430 -- 0.91 (0.86 - 0.96) - 0.92 (0.87 - 0.97)
Fish-eaters 10,696 92 —_— 0.84 (0.68 - 1.03) e 0.86 (0.70 - 1.06)
Vegetarians 8,685 63 S 0.78 (0.61 - 1.01) _— 0.81(0.63 - 1.04)
Postmenopausal breast cancer
Regular meat-eaters 107,097 3,429 [ 1 (ref) 0.084 L 1 (ref) 0.483
Low meat-eaters 119,134 3,802 - 0.96 (0.92 - 1.01) - 0.99 (0.94 - 1.03)
Fish-eaters 6,897 190 _ 0.92 (0.79 - 1.06) —1— 0.97(0.84-1.12)
Vegetarians 5,050 116 —_— 0.82 (0.68 - 0.99) — 0.87(0.72- 1.05)
Prostate cancer
Regular meat-eaters 132,722 5,655 B 1 (ref) 0.003 L 1 (ref) 0.003
Low meat-eaters 79,220 3,689 - 1.00 (0.96 - 1.05) - 1.00 (0.96 - 1.04)
Fish-eaters 3,032 93 _ 0.80 (0.65 - 0.99) E— 0.80 (0.65 - 0.98)
Vegetarians 2,963 64 _ 0.69 (0.54 - 0.89) —_— 0.69 (0.54 - 0.89)
1 -_—
0.5 1 1.2 0.5 1 12
Hazard ratio (95% CI) Hazard ratio (95% CI)

Figure 8.2 Multivariable adjusted hazard ratios (95% CI) for diet groups and risk of all cancer, prostate cancer, postmenopausal

breast cancer and colorectal cancer not adjusting for BMI (A) and adjusting for BMI (B).

All models used age as the underlying time variable and are stratified by sex (for only all cancer and colorectal cancer), age groups, and adjusted for region of recruitment, height,
physical activity, Townsend deprivation index, education, employment status, smoking status, alcohol consumption, ethnicity, and diabetes status. Full details for each covariate are
provided in the statistical analysis section in the main text. For all cancer and colorectal cancer analyses, models were further adjusted for menopausal hormone therapy use and
menopausal status and colorectal cancer models are adjusted for non-steroid anti-inflammatory drug use. Postmenopausal breast cancer models are further adjusted for menopausal
hormone therapy use, age at menarche, and age at first birth/parity. Prostate cancer models are further adjusted for marital status.

Multivariable + BMI models further adjusts for BMI.
P-value for heterogeneity from likelihood ratio tests for model fit comparing a model without diet groups, to a model including diet group.

Abbreviations: BMI, body mass index; CI, confidence intervals; HR, hazard ratio; N, number of participants; ref, reference group.
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Table 8.4 Absolute rate difference (per 10,000 individuals per 10 years) for all cancer incidence, colorectal,

postmenopausal breast, and prostate cancer across diet groups.

. Predicted incidence per Absolute rate difference per

Cancer and diet groups .
10,000 per 10 years 10,000 population per 10 years

All cancer
Regular meat-eaters 1,033 (1,015 to 1,050) 1 (ref)
Low meat-eaters 1,012 (995 to 1,029) -20.7 (-37.2 to -3.9)
Fish-eaters 931 (875 to 991) -101.2 (-157.5 to -41.5)
Vegetarians 898 (834 to 967) -134.5 (-198.7 to -65.7)
Colorectal cancer
Regular meat-eaters 120.9 (114.8 to 127.4) 1 (ref)
Low meat-eaters 109.8 (104.1 to 115.8) -11.1 (-16.8 to -5.2)
Fish-eaters 101.2 (82.2 to 124.5) -19.7 (-38.7 to 3.6)
Vegetarians 95.0 (73.9 to 122.1) -25.9 (-47.0 to 1.2)
Postmenopausal breast cancer
Regular meat-eaters 337.1 (323.1 to 351.7) 1 (ref)
Low meat-eaters 325.5 (310.9 to 340.7) -11.6 (-26.2 to 3.6)
Fish-eaters 309.0 (267.3 to 357.0) -28.2 (-69.8 to 19.9)
Vegetarians 277.9 (230.8 to 334.5) -59.2 (-106.3 to -2.6)
Prostate cancer
Regular meat-eaters 311.3 (254.2 to 380.9) 1 (ref)
Low meat-eaters 387.5 (371.9 to 403.7) 1.4 (-14.2 to 17.6)
Fish-eaters 311.3 (254.2 to 380.9) -74.8 (-131.9 to -5.2)
Vegetarians 269.6 (211.0 to 344.4) -116.5 (-175.1 to -41.7)

Regular meat-eaters: red or processed meat or poultry >5 times a week. Low meat-eaters: red and processed meat or poultry <5
times per week. Fish-eaters: do not consume red, processed meat, or poultry but consumed fish. Vegetarians (including vegans): do
not consume any meat or fish.

Incidence per 10,000 individuals per 10 years was calculated for regular meat-eaters by (1-Sr) x10,000, where Sr= (1-observed
incidence in regular mesut—eaters)]0 which represents the predicted 10-year survival rate in regular meat-eaters. Regular meat-eaters
95% CI were determined using floating absolute risks. For other diet groups, predicted incidence was determined by (1—SrHR)

%x 10,000, where the HR represents the hazard ratio or confidence interval of the hazard ratio for the diet group where st represents
the predicted 10-year survival (non-incidence) rate in the diet groups.

Absolute risk difference was calculated as the difference between the predicted incidence per 10,000 individuals over 10 years between
regular meat-eaters as the reference group and the other diet groups.
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8.4.4 Subgroup analyses

No evidence of heterogeneity was observed across BMI subgroups in the associations between
diet groups and risk of all cancer, colorectal, postmenopausal breast, and prostate cancer (Table
8.5 & Table 8.6; Ancillary Tables 8.1 & 8.2). For smoking status, some evidence of
heterogeneity was observed in the association between diet groups and all cancer risk
(pnet=0.056); among ever smokers, the low meat-eaters, fish-eaters, and vegetarians had lower
risks of all cancer sites than regular meat-eaters (0.97, 0.94-0.99; 0.86, 0.78-0.95; 0.79, 0.70-0.90,
respectively), whereas these associations were non-significant for non-smokers (Table 8.5).
However, when censoring participants who developed lung cancer during follow-up, the p-value
for heterogeneity by smoking status became greater (pnet=0.22; Table 8.5), although the
associations with diet group for all cancer sites was still only significant among smokers. For
colorectal cancer, there was evidence of heterogeneity by sex (Prnet=0.007), with male low meat-
eaters, fish-eaters, and vegetarians having a lower risk of colorectal cancer (0.89, 0.83-0.95; 0.69,
0.47-1.01; 0.57, 0.36-0.91, respectively) compared to regular meat-eaters, whereas no significant

association was observed across diet groups for females (Table 8.6).
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Table 8.5 Subgroup analyses for diet groups with risk of all cancers.

BMI
<27.5 kg/m” >27.5 kg/m”
N Cases HR (95% CI) N Cases HR (95% CI) x° P-value
Regular meat-eaters 127,785 14,174 1 (ref) 118,297 15,055 1 (ref) 1.07  0.79
Low meat-eaters 123,610 13,585  0.99 (0.97 - 1.02) 80,720 10,244  0.98 (0.95 - 1.00)
Fish-caters 8,001 690 0.94 (0.87 - 1.01) 2,644 241 0.85 (0.75 - 0.97)
Vegetarians 6,152 459 0.87 (0.80 - 0.96) 2,475 208 0.91 (0.79 - 1.04)
Smoking status
Never Ever
N Cases HR (95% CI) N Cases HR (95% CI) x° P-value
Regular meat-eaters 132,294 13,154 1 (ref) 113,432 15,995 1 (ref) 7.55  0.056
Low meat-eaters 114,385 11,699 1.01 (0.98 - 1.03) 90,017 12,102 0.97 (0.94 - 0.99)
Fish-caters 6,075 498 0.95 (0.87 - 1.04) 4,580 439 0.86 (0.78 - 0.95)
Vegetarians 5,561 405 0.94 (0.85- 1.04) 3,081 262 0.79 (0.70 - 0.90)
Smoking status — censoring lung cancer cases
Never Ever
N Cases HR (95% CI) N Cases HR (95% CI) X’ P-value
Regular meat-eaters 132,050 12,911 1 (ref) 111,542 14,110 1 (ref) 4.38  0.22
Low meat-eaters 114,105 11,419  1.00 (0.98 - 1.03) 88,648 10,735  0.98 (0.96 - 1.01)
Fish-caters 6,062 485 0.95 (0.87 - 1.04) 4,536 395 0.89 (0.80 - 0.98)
Vegetarians 5,550 394 0.93 (0.84-1.03) 3,057 238 0.82 (0.72 - 0.93)

All models used age as the underlying time variable and are stratified by sex and age groups, and adjusted for region of recruitment, height, physical activity, Townsend deprivation

index, education, employment status, smoking status (except when smoking status was the subgroup of interest), alcohol consumption, ethnicity, diabetes status, menopausal

hormone therapy use, and menopausal status. Full details for each covariate are provided in the statistical analysis section in the main text.

X2 and p-values from likelihood ratio tests for model fit comparing a model without an interaction term between subgroup and diet groups, to a model including an interaction

between subgroup and diet groups.

Abbreviations: BMI: body mass index; CI: confidence intervals; HR: hazard ratios; ref: reference group.
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Table 8.6 Subgroup analyses for diet groups with risk of colorectal cancer.

Sex
Female Male

N Cases HR (95% CI) N Cases HR (95% CI) X’ P-value
Regular meat-eaters 114,849 1,168 1 (ref) 132,722 2,129 1 (ref) 12.17 0.007
Low meat-eaters 126,165 1,280 0.96 (0.89 - 1.04) 79,220 1,150 0.89 (0.83 - 0.95)
Fish-eaters 7,664 66 0.97 (0.75 - 1.24) 3,032 26 0.69 (0.47 - 1.01)
Vegetarians 5,722 45 0.97 (0.72 - 1.31) 2,963 18 0.57 (0.36 - 0.91)

BMI
<27.5 kg/m” >27.5 kg/m”

N Cases HR (95% CI) N Cases HR (95% CI) X’ P-value
Regular meat-eaters 127,785 1,553 1 (ref) 118,297 1,728 1 (ref) 2.79 0.43
Low meat-eaters 123,610 1,358 0.90 (0.84 - 0.97) 80.720 1,058 0.92 (0.86 - 1.00)
Fish-eaters 8,001 69 0.87 (0.68 - 1.11) 2,644 20 0.69 (0.44 - 1.07)
Vegetarians 6,152 48 0.86 (0.64 - 1.15) 2,475 15 0.65 (0.39 - 1.09)

Smoking status
Never Ever

N Cases HR (95% CI) N Cases HR (95% CI) X’ P-value
Regular meat-eaters 132,294 1,472 1 (ref) 113,432 1,799 1 (ref) 2.17 0.54
Low meat-eaters 114,385 1,180 0.92 (0.85 - 0.99) 90,017 1,243 0.92 (0.86 - 1.00)
Fish-eaters 6,075 51 0.91 (0.69 - 1.21) 4,580 41 0.82 (0.60 - 1.11)
Vegetarians 5,561 31 0.68 (0.47 - 0.97) 3,081 32 0.99 (0.70 - 1.41)

All models used age as the underlying time variable and are stratified by sex (except when sex was the subgroup of interest) and age groups, and adjusted for region of recruitment,
height, physical activity, Townsend deprivation index, education, employment status, smoking status (except when smoking was subgroup of interest), alcohol consumption,
ethnicity, diabetes status, menopausal hormone therapy use, menopausal status, non-steroid anti-inflammatory drug use. Full details for each covariate are provided in the statistical
analysis section in the main text.

)(2 and p-values from likelihood ratio tests for model fit comparing a model without an interaction term between subgroup and diet groups, to a model including an interaction
between subgroup and diet groups.

Abbreviations: BMI: body mass index; CI: confidence intervals; HR: hazard ratios; ref: reference group.
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8.4.5 Sensitivity analyses

Associations remained largely the same when analyses were restricted to participants of white
European ancestry, and when participants with missing data were excluded (Ancillary Figure
8.1). When the participants who had an event or were censored in the first two years of follow-
up were excluded, results remained mostly the same except that being a fish-eater was more
strongly associated with a lower risk of prostate cancer (HR 0.69, 0.55-0.88) compared to regular
meat-eaters (Ancillary Figure 8.2). In analyses additionally adjusted for intake of fruit and
vegetables in the multivariable models, no changes in associations were observed (Ancillary
Figure 8.2). For prostate cancer risk, when PSA testing was added to multivariable models the

associations were not materially changed (Table 8.3).

8.4.6 Mediation analyses

Adjusted and relative means of BMI, IGF-I, and free testosterone across diet groups are shown
in Table 8.7. Explorations of potential mediators for significant diet-cancer associations are
shown in Table 8.8. When the potential of mediation via BMI in the associations of diet groups
and risk of all cancer was considered, this was not found to substantially mediate the observed
associations (Table 8.8). For colorectal cancer risk, BMI was not found to mediate the
observed lower risk in low meat-eaters compared with regular meat-eaters (Table 8.8);
hormonal biomarkers were not explored because no differences in concentrations were observed
between regular and low meat-eaters (Table 8.7). For postmenopausal breast cancer risk, BMI
was found to be a potential mediator for the observed difference in the risk between vegetarians
and regular meat-eaters, with a decomposed HR™ of 0.83 (95% CI: 0.63-1.08) implying that
BMI may explain nearly 93% of the lower risk observed in vegetarian women although this was
not statistically significant (Table 8.8). When IGF-I was explored independently and after
adjusting for BMI, a HRM™ of 0.91 (95% CI: 0.73-1.15) was observed. For prostate cancer risk,
IGF-I and free testosterone concentrations did not appear to mediate the observed difference in
risk between vegetarians and regular meat-eaters, and free testosterone was not found to

mediate the difference in risk between fish-eaters and regular meat-eaters (Table 8.8).
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Table 8.7 Adjusted and relative means (95% CI) of BMI, IGF-I, and free testosterone concentrations measured at recruitment across diet groups.

BMI (kg/m?) IGF-I (nmol/L) Free testosterone (pmol/L)
All Adjusted mean Relative Mean Adjusted mean Relative Mean Adjusted mean Relative Mean
Regular meat-eater 27.90 (27.88-27.92) 1 (ref) 21.49 (21.47-21.51) 1 (ref) 119.67 (119.47-119.87) 1 (ref)
Low meat-eater 27.03 (27.01-27.05) 0.97 (0.97 - 0.97) 21.43 (21.40-21.45) 1.00 (1.00 - 1.00) 119.19 (118.97-119.42) 1.00 (0.99 - 1.00)
Fish-eater 25.68 (25.60-25.77) 0.92 (0.92 - 0.92) 21.20 (21.10-21.31) 0.99 (0.98 - 0.99) 117.84 (116.85-118.82) 0.98 (0.98 - 0.99)
Vegetarian 25.87 (25.77-25.97) 0.93 (0.92 - 0.93) 20.29 (20.17-20.41) 0.94 (0.94 - 0.95) 117.69 (116.58-118.80) 0.98 (0.97 - 0.99)
Females
Regular meat-eater 27.71 (27.68-27.74) 1 (ref) 21.16 (21.12-21.19) 1 (ref) 15.28 (15.21-15.35) 1 (ref)
Low meat-eater 26.69 (26.66-26.72) 0.96 (0.96 — 0.96) 21.00 (20.97-21.03) 0.99 (0.99 - 0.99) 14.88 (14.81-14.95) 0.97 (0.97 - 0.98)
Fish-eater 25.43 (25.32-25.54) 0.92 (0.91 - 0.92) 20.66 (20.53-20.78) 0.98 (0.97 - 0.98) 13.98 (13.70-14.27) 0.92 (0.90 - 0.93)
Vegetarian 25.61 (25.48-25.74) 0.92 (0.91 - 0.93) 19.69 (19.54-19.84) 0.93 (0.92 - 0.94) 14.39 (14.05-14.73) 0.94 (0.92 - 0.96)
Males
Regular meat-eater 28.14 (28.12-28.17) 1 (ref) 21.91 (21.88-21.94) 1 (ref) 220.00 (219.65-220.36) 1 (ref)
Low meat-eater 27.47 (27.45-27.50) 0.98 (0.98 - 0.98) 21.92 (21.88-21.96) 1.00 (1.00 - 1.00) 219.77 (219.31-220.23) 1.00 (1.00 - 1.00)
Fish-eater 26.05 (25.91-26.20) 0.93 (0.93 - 0.93) 22.01 (21.81-22.20) 1.00 (1.00 - 1.01) 218.65 (216.32-220.99) 0.99 (0.98 - 1.00)
Vegetarian 26.10 (25.95-26.25) 0.93 (0.92 - 0.93) 21.17 (20.97-21.37) 0.97 (0.96 - 0.98) 217.41 (215.01-219.81) 0.99 (0.98 — 1.00)

All biomarkers are adjusted for: age groups, sex (for all participants), region of recruitment, height, physical activity, Townsend deprivation index, education, employment status,
smoking status, alcohol consumption, ethnicity, diabetes status, menopausal hormone therapy (except for males) use and menopausal status (except for males), and body mass index
(except when BMI was the outcome).

Abbreviations: BMI, body mass index; CI, confidence intervals; IGF-I, insulin-like growth factor-I; ref, reference group.
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Table 8.8 Summary of estimated direct effect, indirect effect, and total effect using potential mediators for the association of diet groups in

comparison to regular meat-eaters and risk of all cancer, colorectal cancer, postmenopausal breast cancer, and prostate cancer risk.

Potential mediators (Hazard ratio; 95% CI)

All cancer

Mediation through BMI

Mediation through IGF-I *

Mediation through free testosterone *

Low meat-eaters versus regular meat-eaters
Total effect
Natural indirect effect
Natural direct effect

Fish-eaters versus regular meat-eaters
Total effect
Natural indirect effect
Natural direct effect

Vegetarians versus regular meat-eaters
Total effect
Natural indirect effect
Natural direct effect

(n=450,412)
0.99 (0.96 — 1.00)
0.99 (0.98 — 1.00)
0.99 (0.95 — 1.00)

Mediation through BMI
(n=256,727)

0.90 (0.83 — 0.97)
0.99 (0.90 — 1.12)
0.90 (0.83 — 0.98)

Mediation through BMI
(n=254,709)

0.86 (0.78 — 0.96)
0.94 (0.81 — 1.08)
0.92 (0.77 — 1.09)

Colorectal cancer

Mediation through BMI
(n=450,412)

Low meat-eaters versus regular meat-eaters
Total effect
Natural indirect effect
Natural direct effect

0.91 (0.85 — 0.97)
1.00 (0.98 — 1.02)
0.91 (0.86 — 0.97)
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Table 8.8 continued

Postmenopausal breast cancer

Mediation through BMI
(n=111,574)

Mediation through IGF-I
(n=103,853)

Mediation through free testosterone
(n=93,662)

Vegetarians versus regular meat-eaters

Total effect
Natural indirect effect
Natural direct effect

0.82 (0.68 — 0.99)
0.83 (0.63 — 1.08)
0.99 (0.79 — 1.23)

0.86 (0.71 — 1.05)
0.91 (0.73 — 1.15)
0.94 (0.70 — 1.21)

0.86 (0.71 — 1.05)
1.06 (0.76 — 1.38)
0.81 (0.62 — 1.05)

b
Prostate cancer

Mediation through IGF-I
(n=126,538)

Mediation through free testosterone
(n=116,087)

Vegetarians versus regular meat-eaters

Total effect
Natural indirect effect
Natural direct effect

Fish-eaters versus regular meat-eaters

Total effect
Natural indirect effect
Natural direct effect

0.71 (0.56 - 0.92)
1.10 (0.77 - 1.56)
0.64 (0.50 - 1.01)

0.71 (0.56 - 0.92)
0.99 (0.67 - 1.48)
0.71 (0.51- 1.01)

Mediation through free testosterone
(n=116,186)

0.80 (0.65-0.99)
0.95 (0.70-1.29)
0.86 (0.56-1.32)

All models used age as the underlying time variable and are stratified by sex (for only all cancer and colorectal cancer) and age groups at recruitment, and adjusted for region of recruitment, height, physical

activity, Townsend deprivation index, education, employment status, smoking status, alcohol consumption, ethnicity, diabetes status, and body mass index (except when it was considered a potential

mediator). For all cancer and colorectal cancer, models are further adjusted for menopausal hormone therapy use and menopausal status. Colorectal cancer models are adjusted for non-steroid anti-

inflammatory drug use. Postmenopausal breast cancer models are further adjusted for menopausal hormone therapy use, age at menarche, and age at first birth/ parity. Full details for each covariate are

provided in the statistical analysis section in the main text. Prostate cancer models are further adjusted for marital status.

Mediation analyses restricted to significant associations between diet-cancer in the main analyses (Figure 8.2) and if there was a significant difference in biomarker concentrations between diet group (Table

8.7).

Natural indirect effect represents the estimated association of diet group and cancer outcome through the potential mediator.

Natural direct effect represents the estimated association of diet group and cancer outcome not through the potential mediator.

Models exclude participants with missing values for mediator(s).

# Models are adjusted for BMI.

® BMI not assessed as a mediator with total prostate cancer risk. Association of IGF-I and free testosterone presented as both hormones have been associated with prostate cancer risk. IGF-I concentrations

not assessed for fish-eaters as no difference in concentrations in comparison to regular meat-eaters was observed.

Abbreviations: BMI: body mass index; CI, confidence intervals; IGF-I, insulin like growth factor-I.
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8.5 Discussion

In this large British cohort, being a low meat-eater, fish-eater, or vegetarian was associated with
a lower risk of all cancer sites compared to regular meat-eaters. This study also observed a lower
risk of colorectal cancer among low meat-eaters, a lower risk of postmenopausal breast cancer
risk in vegetarian women, and a lower risk of prostate cancer among vegetarian men. The lower
risk of postmenopausal breast cancer in vegetarians may be largely a result of vegetarians
having a lower BMI than regular meat-eaters, with possibly some further impact due to

vegetarian women in this population having slightly lower circulating IGF-I concentrations.

8.5.1 All cancer

In this study, vegetarians, fish-eaters, and low meat-eaters all had a lower risk of developing all
cancer compared to regular meat-eaters. It is important to consider that although some cancers
may have similar aetiologies, some cancer sites may not be associated with dietary or nutritional
factors and that using all cancer incidence as an outcome may crudely capture other lifestyle
factors, external to diet, that may be associated with cancer risk and may confound the
associations observed; therefore, these results should be interpreted carefully. In the two largest
previous prospective studies following vegetarians, EPIC-Oxford and AHS-2 found that being a
vegetarian was associated with a 10% and 8% lower risk of all cancer than being a meat-eater,
respectively, after adjusting for lifestyle risk factors and BMI [117, 118]. Fish-eaters in EPIC-
Oxford had a lower risk of developing all cancer [117] but no association with risk for all cancer
was observed for fish-eaters compared to meat-eaters in AHS-2 [118]. In the current analysis,
there was potential evidence of heterogeneity by smoking status, and in analyses which removed
lung cancer from all cancer cases, significant associations were observed only across diet groups
within the ever smoker subgroup. Therefore, the differences observed between diet groups for all
cancer outcomes combined may not be due to diet and might be due to residual confounding by

differences in other lifestyle factors, such as smoking.
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8.5.2 Colorectal cancer

The risk of colorectal cancer was lower in low meat-eaters compared to regular meat-eaters
whereas there was no significant difference for fish-eaters and vegetarians, potentially due to
lack of power as the point estimates suggested lower risks in both these non-meat-eating diet
groups. In both EPIC-Oxford and AHS-2, being a fish-eater was associated with a lower risk of
colorectal cancer compared to meat-eaters, whereas no association was observed for being
vegetarian and risk of colorectal cancer compared to regular meat-eaters [117, 119].
Heterogeneity was also observed by sex, in that significant inverse associations were observed
with risk across diet groups in men, when compared to regular meat-eaters, but not for women.
This may in part be due to dietary differences between sexes, however, the number of colorectal
cancer cases in some diet groups was too small to draw a clear conclusion. The intake of
processed meat has been evaluated by the World Health Organization and WCRF to be a
definite cause of colorectal cancer [102] and red meat as a probable cause of colorectal cancer
[20, 102]. This is likely to, at least, in part explain the lower risk of colorectal cancer in low
meat-eaters, and mechanisms suggested include chemicals in processed meat such as nitrites
[102, 439]. Overweight and obesity also increase the risk of colorectal cancer [81, 482] but in
mediation analyses, BMI did not appear to mediate the difference observed between low meat-

eaters and regular meat-eaters.

8.5.3 Postmenopausal breast cancer

A borderline significantly lower risk of postmenopausal breast cancer was observed for
vegetarian women, which appeared to be largely due to their lower BMI as evidenced in
mediation analyses and the attenuation of estimates when analyses were adjusted for BMI. A
small potential effect for mediation for lower risk of postmenopausal breast cancer for
vegetarians through lower IGF-I concentrations was also observed, perhaps influenced by the
inclusion of vegans in this group [298]. To date, studies have reported a non-significantly lower
risk of breast cancer for women following a vegetarian or pescatarian diet with or without

adjustment for BMI [117, 212, 468, 483|, which may be due to the lack of power to detect
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modest associations in individual studies. Breast cancer is a heterogeneous disease, with differing
risk factors by menopausal status and hormone receptor status [130]. BMI is robustly associated
with higher postmenopausal breast cancer risk, probably due to higher circulating oestrogen
derived from aromatisation of androgens in the adipose tissue [130]|. As such, being vegetarian
would be expected to confer a lower risk of postmenopausal breast cancer compared to meat-
eaters because vegetarians generally have a lower BMI, but whether BMI is a confounder or a
mediator for this association is unclear; if vegetarians have a lower BMI because of their diet
then BMI would be a mediator, but if vegetarians have a lower BMI that is not due to their
dietary intake but rather due to other non-dietary lifestyle factors (e.g. physical activity), then

BMI would be deemed a confounder.

Previous research has also suggested that vegetarian women are less likely to use MHT or to
attend breast cancer screening [300]. In this analysis MHT use at baseline was adjusted for, but
residual confounding due to differences in use of MHT during follow-up is still possible. Data on
breast cancer screening during follow-up were not available in this cohort, therefore full
adjustment for screening attendance was not possible and differences between diet groups in

screening may have influenced these findings.

8.5.4 Prostate cancer

The risk of prostate cancer was lower in men who were vegetarians or fish-eaters compared to
regular meat-eaters, but no difference in risk was observed for low meat-eaters. Previous
analyses in the EPIC-Oxford cohort found a non-significantly lower risk of prostate cancer for
British vegetarians and fish-eaters compared to meat-eaters [117]. In the AHS-2 study, no
difference was found for vegetarians or fish-eaters, whereas being vegan was associated with a
35% lower risk of prostate cancer (based on 1079 cases in the cohort of which only 59 were in
vegans)[297]. To date, no established dietary risk factor has been found in relation to prostate
cancer risk, although some evidence suggests that higher intake of dairy products, and possibly

milk specifically, may increase the risk of prostate cancer [262]. This association has been
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proposed to be possibly mediated through IGF-I [5, 299], a hormone shown to be positively
associated with both milk intake and prostate cancer risk [11, 14]. In this cohort, slightly lower
IGF-I concentrations were observed in vegetarians compared to regular meat-eaters [472], and
IGF-I has also been associated with prostate cancer risk [14]; however, the difference in IGF-I
concentrations between these diet groups is small and may not confer a substantial difference in
prostate cancer risk. As might be expected, in mediation analyses, the estimates were imprecise
and there was no evidence that the difference in IGF-I concentrations between diet groups

mediates the observed associations with cancer risk.

In this cohort, vegetarian men were less likely than meat-eaters to have had a PSA screening
test at recruitment, therefore vegetarians may have a lower risk of having prostate cancer
diagnosed following a PSA test. Similarly, two other cohorts have also reported that vegetarian
men were less likely to have had a PSA test [300, 484]. When data at recruitment and available
general practice records during follow-up were assessed for PSA testing in the UK Biobank,
there was only a small difference with 40% of regular meat-eaters and 37% of vegetarians
reporting having had a PSA test (although general practice records were only available for half
of the participants) after adjusting for age differences. Adding PSA screening in the
multivariable-adjusted model did not attenuate the estimates, suggesting the differences in PSA
screening in vegetarians or fish-eaters compared to regular meat-eaters does not explain the
observed associations, but other differences in attendance for medical examinations could
possibly also contribute. Due to unavailable data in UK Biobank, analyses could not be
stratified to assess associations by tumour subtypes, which may be aetiologically different [268].
Considering the substantial difference in risk observed for vegetarian men, differences in
detection and residual confounding, as well as chance, may contribute to this observed

difference.
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8.5.5 Interpretation of results: role of confounding and mediation

The role of residual and unmeasured confounding must be considered when interpreting the
findings from this study. Vegetarians and fish-eaters differ from meat-eaters in many non-
dietary lifestyle factors such as lower smoking and alcohol consumption, and higher physical
activity [215]. Although relevant potential confounders were added to the multivariable models
to adjust for these differences, imperfect measurements and/or changes in these confounders
over time may have resulted in incomplete adjustment for these variables. For example, the
evidence of heterogeneity by smoking status when looking at all cancer as an outcome suggested

that residual confounding by smoking may be present.

Differences in BMI between diet groups have also been suggested to explain the lower cancer
incidence observed amongst vegetarians [469], however, when BMI was considered a potential
confounder and mediator, the difference between BMI by diet groups only slightly attenuated
the estimates, with the exception of postmenopausal breast cancer. Whether differences in BMI
by diet group is due solely to their diet or other lifestyle factors remains unclear, making it
difficult to tease out whether BMI mediates or confounds the associations between diet group

and cancer risk.

8.5.6 Strengths and limitations

The strengths of this study include the prospective nature and moderately long follow-up time
of participants. Data-linkage to health records was used to determine cancer diagnoses, which
minimises misclassification and loss to follow-up of participants. The UK Biobank study also
gathered data on an array of potential confounders and biochemical biomarkers among
participants; thus, the models could be adjusted for potential confounding as well as mediation
analysis exploring potential mediators between diet groups and cancer risk could be
investigated. When analyses excluded the first two years of follow-up, the results remained

largely the same, reducing the chance that these associations are due to reverse causality.

226



There are some limitations to consider in these analyses. Although there were many cancer cases
accrued during the follow-up period, these analyses may still be underpowered to detect
moderate associations due to the relatively small numbers of cancer cases among vegetarians
and fish-eaters in this cohort. Hospital admission data was also used to follow-up participants
after 2015 in Scotland and 2019 in England because cancer registry data were not available in
UK Biobank after this date, which may result in some missing cancer cases and relatively later
dates of diagnosis. Adjustment for total energy intake was not possible as this could not be
calculated due to the limited number of dietary questions asked at recruitment. As detailed
above, the results may be influenced by unmeasured and residual confounding, as well as chance
with numerous comparisons, and causality cannot be confirmed. Misclassification of diet may
also be possible, as participants may have underreported their intake or changed their diet over
the follow-up period, possibly resulting in attenuation of the risk estimates. Vegetarian diets are
characterised by not consuming meat; however, this does not necessarily mean that all
vegetarians follow a healthy diet, which may influence their risk of cancer and these results. The
mediation analyses only explored three potential mediators, and other possible mediating
factors, such as other biomarkers relevant for cancer (e.g., oestradiol), were not available.
Moreover, baseline BMI and biomarkers were used to assess mediation, and therefore these
measures may not represent BMI during the follow-up and long-term biomarker concentrations,
although correlations with repeat measures of BMI and biomarkers showed high agreement
[347]. As well, the IORW method was used to explore mediation and this method bootstraps Cls
and therefore may make the estimates less statistically efficient compared to parametric
methods. However, the IORW has the advantage that it can be applied in survival analysis and
provides estimates of the proportion mediated for the mediators of interest. The UK Biobank
has a healthier risk profile than the UK population [384] and only included British participants,
most of whom are of white European ancestry (94%); therefore, these results may be limited in
generalisability to other populations. However, the risks estimated may still be valid to estimate

relative differences for risk-factor disease associations [425].
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8.6 Conclusions

In conclusion, this analysis found that being a low meat-eater, fish-eater, or vegetarian was
associated with a lower risk of all cancer, which may be a result of dietary factors and/or non-
dietary differences in lifestyle such as smoking. Low meat-eaters had a lower risk of colorectal
cancer, vegetarian women had a lower risk of postmenopausal breast cancer, and men who were
vegetarians or fish-eaters had a lower risk of prostate cancer. BMI was found to potentially
mediate or confound the association between vegetarian diets and postmenopausal breast cancer.
It is not clear if the other associations are causal or a result of differences in detection between
diet groups or unmeasured and residual confounding. Future research assessing cancer risk in
cohorts with large numbers of vegetarians is needed to provide more precise estimates of the
associations and to explore other possible mechanisms or explanations for the observed

differences.
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Chapter 9

Summary and recommendations for

future research
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9.1 Summary of findings

In this thesis, several dietary factors were explored in relation to IGF-I concentrations and IGF-
I related cancers, namely, colorectal, breast, and prostate cancer, in the UK Biobank cohort.

The main results in each chapter are summarised below.

Chapter 4: Cross-sectional analyses exploring food group intakes in relation to IGF-I
concentrations showed that the intakes of oily fish and non-oily fish were positively associated
with circulating IGF-I concentrations. A weaker positive association between poultry intake and
IGF-I was also observed, whereas intakes of red meat, processed meat, and cheese were not

associated with IGF-I concentrations.

Chapter 5: Observational analyses assessing intakes of macronutrient types and sources in
relation to IGF-I concentrations showed that intake of protein from dairy products was
positively associated with IGF-I concentrations. However, sources of dairy protein related
differently to IGF-I; protein intakes from milk and yogurt were positively associated with IGF-I
concentrations, whereas there was no association for intake of protein from cheese. This analysis
also suggested that higher intakes of fibre and wholegrains were positively associated with

circulating IGF-I concentrations.

Chapter 6: Prospective analyses assessing intakes of protein from dairy products and risks of
colorectal, breast, and prostate cancer showed that higher intake of protein from dairy products,
mostly from milk, was inversely associated with colorectal cancer risk, although this may not be
due to protein content but other components of dairy products such as calcium. No associations
were observed between protein from dairy products and breast cancer risk, whereas a borderline
positive association with prostate cancer risk was observed for men in the highest quartile of
intake of protein from milk in comparison to men in the lowest quartile. When IGF-I
concentrations were added to multivariable adjusted models assessing the possible role of IGF-I

in this association, estimates were slightly attenuated.
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Chapter 7: Prospective analyses investigating the association of intakes of carbohydrate types
and sources with colorectal cancer risk suggested that intakes of total sugars, non-free sugars,
and fibre from wholegrains were inversely associated with colorectal cancer risk. When analyses
further explored if associations were modified by host SCFA genetic modifiers, some evidence of
heterogeneity was observed; an inverse association between wholegrain intake and colorectal
cancer was found in participants in the highest butyrate PGS but not those in the lowest

butyrate PGS category.

Chapter 8: Prospective analyses looking at diet groups, specifically regular meat-eaters, low
meat-eaters, fish-eaters, and vegetarians, in relation to cancer risk showed that low meat-eaters,
fish-eaters, and vegetarians all had a lower risk of overall cancer (all cancer sites combined)
compared to regular meat-eaters. For specific cancer sites, low meat-eaters had a lower risk of
colorectal cancer compared to regular-meat eaters. Vegetarian women had a lower risk of
postmenopausal breast cancer compared to regular meat-eaters, which may be due to their lower
BMI. Men who were vegetarians or fish-eaters had a lower risk of prostate cancer compared to

regular meat-eaters, however this may have been due to other non-dietary factors.

9.1.1 Findings across the analyses presented in this thesis
These analyses, taken together, contribute to further understanding dietary intake in relation to

IGF-I concentrations and risks of common cancers.

Protein intake, IGF-I concentrations, and cancer risk

Cross-sectional analyses in Chapter 5 provide corroborative evidence that intake of dietary
protein and protein from dairy products are positively associated with IGF-I concentrations.
However, dietary protein from different sources showed different associations with IGF-I
concentrations; intake of protein from both milk and yogurt was positively associated with IGF-

I whereas protein from cheese was not associated with IGF-I concentrations, which is in line
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with previous cross-sectional analyses |3, 370]. Additionally, Chapter 4 also suggested that there
was no association between cheese intake and IGF-I.

Despite positive associations between total dairy, milk and yogurt protein and IGF-I
concentrations, prospective associations for colorectal cancer showed that protein from dairy
products and milk were inversely associated with risk. Similarly, previous prospective and MR
evidence has suggested an inverse association with intake of dairy and milk with colorectal
cancer risk [20, 113], which may be due to the calcium content in dairy products. It is likely that
the beneficial effect of other compounds in dairy, such as calcium, may play a more important
role in preventing colorectal cancer than the potential harmful effect of increasing IGF-I
concentrations. Therefore, foods or dietary components that are associated with higher IGF-I
concentrations may not necessarily lead to higher cancer risk as there are many compounds in
foods, and thus potentially multiple mechanisms that interplay in the prevention or initiation of
carcinogenesis. There was, however, a suggestion of a positive association between protein from
milk and prostate cancer risk among men in the highest quartile of intake in prospective
analyses, which may suggest IGF-I concentrations are important mediators in this relationship.
However, minimal attenuation was observed when IGF-I concentrations were added to
multivariable models, potentially due to only using one measurement of IGF-1. Moreover,
circulating IGF-I concentrations are regulated partly through binding proteins [6] and these
were not measured in the UK Biobank. The bioactivity of circulating IGF-I may therefore differ
by dietary intake and this needs to be further characterised in future studies to determine if
associations change. Additionally, there may be other mechanisms external to the IGF-I
pathway that may mediate the milk protein — prostate cancer association, such as stimulation of
mTOR by branched-chain amino acids [305], and this should be explored further.

The changes in IGF-I concentrations observed in relation to dietary intake have led some
researchers to propose cancer prevention strategies by modifying IGF-I concentrations through
diet and other lifestyle factors [485|. However, as observed in this thesis, dietary factors that are
associated with higher IGF-I concentrations, such as intake of milk, may be inversely associated

with certain cancer types. As such, the potential adverse impact of intake of milk on higher
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IGF-I concentrations, and prostate cancer risk, may be in opposition to the beneficial influence
of milk intake on colorectal cancer risk. Moreover, considering the magnitude of the difference in
IGF-I concentrations associated with higher intake of protein from milk, the influence of milk
increasing cancer risk at specific cancer sites may be small, although this might be
underestimated due to measurement error in dietary intakes which is discussed in greater detail
below. Further research describing how different foods influence cancer risk at different sites is

needed to provide overall dietary recommendations for cancer prevention.

Carbohydrate intakes and colorectal cancer risk

The insulin-IGF axis may be particularly important for carcinogenesis as
hyperinsulinemia may result in greater bioavailability of IGF-I concentrations [324] and insulin
has downstream signalling (PI3BK-AKT-mTOR) common to that of IGF-I through the insulin
receptor |8, 78]. Previous RCTs have shown that intakes of carbohydrate types and sources have
different effects on insulin response [486], and results from Chapter 5 suggested that intake of
fibre and wholegrains were positively associated with IGF-I concentrations. SCFA production
through fibre fermentation has been implicated in lowering colorectal cancer risk [108, 431],
however, SCFAs may elevate IGF-I concentrations [397, 398| thus several mechanisms may
work simultaneously and the beneficial effect of SCFAs on the colon may be greater than the
slightly deleterious effect of elevated IGF-I concentrations.

Findings from these analyses suggested that sugars, mostly from non-free sugar sources
(i.e., fruit, vegetables, and dairy) and fibre from wholegrains were inversely associated with
colorectal cancer risk. However, exploring the potential role of host genetic factors for SCFA
production in modulating carbohydrate types and sources and colorectal cancer risk suggested
that wholegrain intake was more clearly inversely associated with risk among those who have
genetic variants for higher butyrate synthesis. This finding potentially suggests the importance
of butyrate production from wholegrain fermentation and the presence of butyrate producing
bacteria in modulating colorectal carcinogenesis, however further work is needed to replicate this

finding. Moreover, how intakes of wholegrain or fibre, and potentially SCFA, influence IGF-I
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concentrations needs to be further characterised as multiple mechanistic pathways may

interplay in influencing colorectal carcinogenesis.

Dietary groups, cancer risk, and potential mediators

Dietary patterns may better capture nutritional factors that are associated with cancer risk as
foods and nutrients are consumed together and may act synergistically on different metabolic
pathways. Vegetarians and vegans have been shown to have lower circulating IGF-I
concentrations compared to meat-eaters [298, 299, 472|, which may be due to differences in
dietary intake. However, previous evidence has not fully clarified why different dietary groups
that consume low, or no meat (i.e., fish-eaters or vegetarians) may have a lower risk of
developing any cancer, or whether these individuals have a lower risk of specific cancer sites. In
this thesis, vegetarians and fish-eaters were observed to have a lower risk of developing cancer
overall, which is in line with previous evidence [117, 118]. Differences in risks of colorectal,
postmenopausal breast, and prostate cancer by diet groups were also observed, and potential
mediators for these associations were explored. Mediation analyses did not suggest that IGF-I
concentrations measured at recruitment were a major mediator between diet group and cancer
risk associations; however, for the lower risk of postmenopausal breast among vegetarian women,
BMI was suggested to be an important mediator, or potentially a confounder, in this association.
For prostate cancer, inverse associations were observed for both vegetarians and fish-eaters,
however, neither IGF-I concentrations or free testosterone appeared to explain this association,
and these risk differences could be a result of differences in non-dietary factors such as PSA
testing.

Ultimately, understanding the mechanisms between dietary foods, nutrients, or patterns
and cancer risk remains difficult as the same foods contain different compounds that may be
involved in numerous and differing metabolic pathways modulating cancer risk. Although this
thesis potentially elucidated some novel associations, there are some methodological

considerations that must be contemplated regarding the findings.
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9.2 Methodological considerations

9.2.1 Sample size and statistical power

All analyses included in this thesis contained relatively large sample sizes, and in some
instances, the largest number of participants in a similar study to date (e.g., Chapters 4 & 5).
For prospective analyses, around 1,000-9,000 incident cancer cases were observed for each cancer
site over a relatively long follow-up period (>9 years). However, some of these analyses may still
remain under powered. For example, relatively few participants were vegetarians (and vegans)
and fish-eaters and although more than 5,000 cancer cases were ascertained for each site, in
some instances only 60-90 cases were observed for these diet groups, thus there may not be
sufficient power to observe modest associations (less than 10% difference in risk) between diet
groups and cancer risk. The limited statistical power may also apply to prospective analyses in
the subsample of participants who completed the 24-hour dietary assessments, as fewer cases of
colorectal cancer were observed over the follow-up period due to a smaller sample size and less
follow-up time. Many associations were borderline significant or non-significant in both Chapters
6 & 7, which may be due to the lack of cases and power.

Multiple testing also needs to be considered as numerous tests were conducted in each
chapter, which may result in a type I error. Although corrections for multiple testing were
conducted in Chapters 4 & 5 and all associations remained statistically significant, formal
correction for multiple testing was not undertaken in Chapters 6-8 but was considered when
interpreting the findings. Chapters 6-8 assessed prospective associations with cancer risk, thus
the number of cancer cases limited the power of each analysis. Moreover, in Chapter 6, multiple
testing was not corrected for as this would not change the conclusion of the results as significant
inverse associations between dairy or milk protein and colorectal cancer risk would remain even
after correcting for multiple testing whereas other findings from this chapter were borderline/not
significant (e.g., protein from milk and prostate cancer risk) without correcting for multiple
comparisons. In Chapter 7, if correction for multiple testing had been applied, none of the main
results would be significant, which may be due to the modest associations between carbohydrate

types and sources and colorectal cancer risk, and relatively few colorectal cancer cases. Taking
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multiple testing into consideration, results for Chapter 7 should be interpreted cautiously with
further work needed to assess these associations with a greater number of colorectal cancer
cases. Additionally, in Chapter 8, although multiple testing was not explicitly outlined, all
significant associations met Bonferroni correction and therefore, such correction would not alter

the conclusions of the results.

9.2.2 Selection bias

The UK Biobank consists of middle-aged individuals, among whom most participants (~94%)
are of white European ancestry. Evidence has also shown that participants in the UK Biobank
are generally healthier compared to the general UK population according to national statistics
[384]. Moreover, only 5.5% of participants who were invited to the UK Biobank participated in
the study, with only a quarter of these participants completing multiple 24-hour dietary
assessments therefore this subsample may be even healthier. Taking this into consideration,
selection bias must be acknowledged as a limitation of these analyses and could influence the
findings. Men included in the UK Biobank also have a greater incidence rate of prostate cancer
than the UK general population, which may be due to higher PSA testing [384|. This is
particularly important as this can introduce collider bias; if the exposure of interest and the
outcome are both associated with participating in the study, this can lead to spurious
associations between exposure and outcome [487]. However, recent analyses assessing risk factor-
disease associations in the UK Biobank as well as among a representative sample from the UK
have found directionally consistent results and similar magnitudes in associations between
explored cancer associations such as smoking and lung cancer risk, and obesity and risk of
obesity-related cancers [425]. One possibility to control for the potential selection bias in the UK
Biobank would be to include population weights based on the greater UK population. The use of
statistical methods such as inverse probability weighting can account for the unequal probability
of taking part in the study and thus adjust the sample to be more representative of the greater
population of interest [488]. Some researchers have recently developed inverse probability

weights for the UK Biobank and these should be potentially used for future analyses [489].
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Moreover, how generalisable findings are to other countries and individuals of other
ethnicities remains unclear. Further research including individuals from other countries and

diverse populations is needed to determine if associations remain similar.

9.2.3 Measurement error

Measurement error must be considered in all epidemiological studies. Random measurement
error (non-differential) will result in reduced precision of risk estimates and therefore reduce
power, which may attenuate findings towards the null, whereas systematic measurement error
(differential) can bias risk estimates in either direction, depending on the nature of the error.
These types of measurement errors and the implications in these findings are described in

greater detail below.

Dietary measurement error

Measurement error in dietary assessment remains the greatest challenge in nutritional
epidemiology. Measuring diet has been especially difficult due to methodological issues such as
reporting biases, limited number of foods in questionnaires, different participant interpretations
of questions (i.e., portion size, identity of foods), and not accounting for changes in diet over
time. To date, most epidemiological studies on diet-disease associations have measured dietary
intake using FFQs, which ask participants to report the frequency of intake of a limited number
of foods over the previous 12-month period. Limitations of FFQs include recall bias and under
or over reporting, which may result in greater systematic error, thus biasing estimates in either
direction from the true value. The analyses included in this thesis primarily used multiple web-
based 24-hour dietary assessments to estimate the dietary intake of macronutrients, and some
evidence has suggested that multiple 24-hour dietary assessments and internet based 24-hour
dietary assessments may provide more accurate estimates, particularly for protein intake, than
other forms of dietary measurements such as FFQs [490-492|. This may be particularly
important for milk intake, which is often consumed daily, and in these analyses, milk intake was

estimated from multiple sources such as added to coffee (including different types of coffee such
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as lattes), tea, and cereals, as well as consumed on its own, from each 24-hour dietary
assessment, and it is likely this more detailed dietary collection may decrease measurement error
and more accurately define intake. However, for foods that are consumed episodically, such as
fish, even multiple 24-hour dietary assessments may inadequately measure usual dietary intake.
This issue was observed in Chapter 6 for yogurt intake, where many participants reported not
consuming yogurt on the days they completed their 24-hour dietary assessments; however,
whether participants do not consume yogurt at all, or just did not consume it on the assessment
days remains unknown.

Advantages of this 24-hour dietary assessment include the multiple foods and beverages
included in the questionnaire, which are often greater than FFQs, as well as calculation of
amounts of specific nutrients and foods consumed daily. In contrast, FFQs are typically better
at assessing the composition of diet and foods consumed episodically rather than nutrient
amounts. However, it should be noted that the Oxford WebQ 24-hour dietary assessment does
differ from a typical 24-hour dietary recall and the way this questionnaire asks about specific
foods consumed the previous day is similar to a FFQ. Moreover, the Oxford WebQ is also
grouped by food groups, whereas a typical 24-hour recall allows a participant to report every
food they consumed (not specific food or food groups) and asks about meals separately. In the
biomarker validation study assessing estimated intake from the Oxford Web(@Q 24-hour dietary
assessment, the correlation between average protein intake estimated from two 24-hour dietary
assessments and a recovery biomarker for protein from nitrogen excretion was 0.47 (95% CI:
0.33-0.61) [359], whereas for FFQs correlation between estimated protein intake and the
biomarker for protein has been observed to be anywhere from 0.07 to 0.41 [492-498|. Similar
evidence has been observed for energy intake in which FFQs inadequately estimates energy
intakes [492-498|. Although the 24-hour dietary assessment is not a perfect measurement of
energy intake, some evidence has suggested that this assessment performs better compared to
FFQs [359]. Regardless, because of this imperfect measurement of dietary intake, estimates will

be partially biased towards the null.
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Due to the nature of the 24-hour dietary assessments, random measurement error is

inevitable due to the within-person day-to-day variation in dietary intake. Effort was made to
minimise random measurement error and thus regression dilution bias by excluding participants
who only completed one 24-hour dietary assessment from all analyses; however, as most
participants in prospective analyses only completed two 24-hour dietary assessments and dietary
intake does vary day-to-day, random measurement will still be present, particularly for foods
not consumed daily. In Chapter 5, analyses were further restricted to participants who
completed a minimum of four 24-hour dietary assessments to further minimize random
measurement error, however, this was not possible in prospective analyses due to the limited
number of participants who completed four or more assessments as this would have decreased
the statistical power significantly; thus, analyses were restricted to individuals who completed
two or more dietary assessments in prospective analyses using dietary intake estimates derived

from the Oxford WebQ as the exposure. Systematic error may also still be likely as some

individuals may under- or over-report their dietary intake or not report foods they consume and
if these foods or nutrients are related to the outcome of interest, this may bias the estimates in
either direction. To reduce measurement error related to under-or-over-reporting, nutrient
estimates were adjusted for energy intake, and nutrient densities were used thus, minimising
error associated with reporting biases.

For Chapters 4 and 8, food group intakes reported in the touchscreen baseline
questionnaire were used. Food group intakes reported at recruitment compared to intakes
reported by a subsample of participants who completed the repeat recruitment visits showed
moderate reproducibility in that 70-90% of participants reported the same or adjacent category
of intakes for the same food groups [383]. Moreover, when comparing the touchscreen to the
intakes reported in the 24-hour dietary assessments, the touchscreen was found to adequately
rank participants according to their reported intakes of the food groups [383]. Regardless, for
Chapters 4 & 8, misclassification of diet is possible, as participants may have under- or over-
reported their intake or changed their diet over the follow-up period possibly resulting in

attenuation of the risk estimates. However, using Chapter 8 as an example, 92% of participants
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with follow-up data (~10% of vegetarians) remained categorised as vegetarians during the repeat
recruitment assessment 5 years later, 83% remained categorised as fish-eaters, and 98% of
participants remained in the regular or low-meat category.

For the touchscreen analyses, due to the limited number of dietary questions, adjustment
for total energy intake was not possible, and therefore, results could not be at least partly
adjusted for over or under estimation of specific intakes of food groups. However, adjustment for
predictors of energy intake such as height, sex, physical activity, and BMI were made to try and
control for energy requirements, which should be similar to total energy intake in participants

with stable weight [360].

IGF-I concentration & other biomarkers

Although IGF-I concentrations were measured in a central laboratory (minimising differences in
processing and measurement between samples) and the UK Biobank used standardised methods
for blood collection and storage, random measurement error between batches may still be
possible due to laboratory drift; however, IGF-I concentrations were adjusted for the date of
assay, which may minimise any differences in concentrations. As described in Chapter 3, some of
the serum aliquots were inadvertently diluted and although most participants’ aliquots were not
affected (~92%), this may have resulted in further attenuation of results. However, this dilution
was corrected for, and aliquot 3 (aliquot most influenced by dilution) was used only for ~1% of
participants in analyses and thus is unlikely to materially influence the observed results. Only
one measurement of circulating IGF-I concentrations was used in most analyses, which may not
reflect long-term circulating concentrations. This also applies to the mediation analyses
conducted in Chapter 8, as only one measure was used for all biomarker measurements, which

will underestimate typical or long-term associations and the extent of mediation analyses.

9.2.4 Confounding
All observational findings are subject to residual and unmeasured confounding and analyses

included in this thesis are not immune to this. Residual confounding arises due to imperfect
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measurement of confounders, whereby including imperfectly measured confounders in statistical
models only partially adjusts for these factors rather than completely controlling for them.
Although the UK Biobank collected a large amount of data from participants on lifestyle,
socioeconomic, and anthropometric information, allowing for multiple variables to be adjusted
for in each analysis to reduce the influence of potential confounding, not every possible
confounder may be adjusted for (as data may not be available) and measurement error in
confounding variables may influence estimates. For example, in the analyses presented in
Chapter 7, the X2 statistics from the LRT decreased greatly (~72%) for some exposures when
additional confounders were added to the model, suggesting the estimates for the dietary
exposure of interest may be subject to residual confounding [149]. Although the UK Biobank
used standardised measurements and, in some instances, had trained professionals take
measurements, confounding factors can change over time resulting in imperfect adjustment. This
is particularly relevant for Chapter 8 as both vegetarians and fish-eaters are very different in
multiple ways (e.g., physical activity, alcohol intake, BMI, smoking, screening attendance) in
comparison to meat-eaters. Moreover, some participants were categorised into missing or
unknown categories if information on a specific confounding variable was not available. As such,
whether some associations observed in this thesis are due to confounding by other lifestyle

factors remains unknown because not all confounders may have been adequately adjusted for.

9.2.5 Reverse causality

For all analyses, results may be subject to reverse causality in which the outcome precedes and
causes the exposure, thus altering the temporality of the association. In Chapter 5, IGF-1I
concentrations were measured in blood samples collected before most dietary assessments were
completed, in which temporality cannot be considered; however, secondary analyses using the
repeat IGF-I measurement in a subsample (on average 0.6 years after the last 24-hour dietary
assessment was completed) showed similar associations to the main analyses, and it is unlikely
that IGF-I concentrations cause changes in dietary intake. Reverse causality may be particularly

important to consider in assessing the association between dietary intake and cancer risk. For
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example, a slow growing colorectal tumour can cause discomfort for numerous months and
sometimes years before it is diagnosed. During this time, an individual may stop consuming
certain foods, thus if they are to limit the intake of a specific food or nutrient, it may appear
that that food or nutrient is inversely associated with risk. To assess for reverse causality, all
analyses excluded individuals with a previous cancer diagnosis and sensitivity analyses for
prospective analyses removed individuals with a cancer diagnosis within the first two years of
follow-up to see whether results changed, and no noticeable differences were observed. All
prospective analyses included in this thesis had relatively long follow-up time (median 9.4-11.4

years), thus making reverse causality less plausible, but this still cannot be ruled out.

9.2.6 Follow-up of participants and cancer subtypes
Participants in the UK Biobank were followed via record linkage to national health records, thus
minimising the chance of loss to follow-up, which can bias associations and result in less
statistical power due to the loss of cases. In prospective analyses, cancer cases were ascertained
using multiple methods through the cancer registries and hospital admission data. This method
was employed to extend the follow-up time of participants as the cancer registry data generally
ended earlier than the hospital admission data. This method also allowed for a greater number
of cases, thus increasing statistical power in analyses. However, on average, the cancer registry
will contain the earliest possible date of cancer diagnosis as it utilises multiple sources of
information, including hospital admission data, to determine the date of diagnosis. Using only
the hospital admissions data may slightly bias estimates as cases of cancer could be missing,
particularly for cancers that may not require a hospital admission (e.g., early-stage prostate
cancer) and individuals defined as a case from only the hospital admission data may have a later
date of diagnosis than those from the cancer registry. However, analyses assessing cancer
ascertainment from hospital admissions and the cancer registry have found comparable results in
the number and types of cancers, and dates of diagnosis [499].

At the time of analyses and writing this thesis, the UK Biobank did not have

information on the stage and grade of cancer, nor any information on molecular subtypes. This
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may be particularly important as cancer subtypes can be heterogeneous, particularly for prostate
cancer, as detection via PSA testing may result in greater diagnosis of indolent non-aggressive
prostate cancers, which could influence the observed results. Previous evidence has indicated
that men with higher levels of education are generally more health conscious and more likely to
have a PSA test [424], and thus potentially be diagnosed with prostate cancer. Moreover,
vegetarians may be less likely to attend cancer screening (i.e., breast mammography) and have a
PSA test [300]. Considering this, detection bias in prospective analyses may bias estimates and

should be considered a potential limitation in this thesis.

9.3 Recommendations for future research

Understanding what dietary factors are causally related to cancer risk holds immense public
health importance. However, research assessing the effects of diet and nutrition on cancer risk is
difficult due to measurement error, reporting biases, correlations between foods and nutrients,
limited ranges of intakes within populations, and the observational nature of studies [500, 501].
To date, only a few dietary factors, such as processed meat and alcohol intake, have been
established as risk factors for specific cancer types and future research is needed to better
understand the dietary factors and mechanisms that may be causally associated with developing
different types of cancer. Future research would benefit by conducting studies among diverse
populations with better measurement of diet, including triangulation or results from different
study designs, exploring potential mechanisms, and tumour subtypes, as well as collaborating

and systematically analysing findings.

9.3.1 Diverse populations

Further research including diverse populations is needed to improve understanding of diet-
cancer associations. Dietary intake varies considerable between countries, and intake has been
shifting among countries as economies grow [502|. This thesis uses data among predominantly
health-conscious white British participants, and future cohorts must include participants from

different ethnocultural backgrounds and from different underrepresented countries to better
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understand if similar or different associations are observed among these populations. There are
already several large cohorts with more diverse populations, such as China Kadoorie Biobank
and Mexico City Prospective Study, but further extension of research to more populations
worldwide should be a priority. Continually advancing research knowledge amongst
predominantly white individuals may only exacerbate health disparities. This is particularly true
for genetic studies that have created PGS based on white populations to predict disease
outcomes or to assess for potential heterogeneity between risk factors and genetics, which have
the potential to be applied clinically [503]. In Chapter 7, genetic analyses were restricted to
white participants of British ancestry to control for population stratification and because the
SCFA PGS was derived from a sample of white participants. As such, analyses assessing genetic
variants with disease outcomes and possible mediators need to be replicated and conducted with

participants from other regions, such as Asia and Africa.

9.3.2 Better and repeated measurements of dietary intake

A major criticism that nutritional epidemiology has faced is inadequately measuring long-term
dietary intake. Future efforts should be made to measure intake of diet using multiple repeated
methods, such as FFQs and 24-hour dietary recalls as well as new tools during the follow-up
period, to adequately measure long-term diet. Leveraging current and future internet
technologies and assessments such as the Oxford WebQ (utilised in this thesis), Automated Self-
Assessment 24-hour dietary recall, and myfood24 [504], will allow for future cohorts to have
dietary intake well characterised and easily repeated during follow-up. These methods allow for
anyone with internet access to report their dietary intake multiple times over time therefore
estimating long-term dietary intake, which offers the potential to decrease random measurement
error in dietary intake and cancer associations. Although this may seem ideal, large attrition is
often observed with repeated measures of diet, thus future work may require incentives to retain
participants to complete numerous dietary assessments [505|. Moreover, new technologies that
leverage metabolomics and novel biomarkers of dietary intake may provide improved estimates

due to being less prone to self-reporting bias, which may therefore elucidate potential
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associations between diet and cancer risk; however, more research is needed as very few
biomarkers have been discovered that are related to dietary intake, and these are still prone to
confounding and reverse causality. Self-reported dietary intake can also be calibrated using
recovery biomarkers (e.g., doubly labelled water for energy and nitrogen excretion for protein),
which may correct for misreporting of intakes and provide more accurate estimates [501].

The analyses included in this thesis modelled estimates as a linear dose-response, and
although there was no evidence of departures from linearity, some dietary factors may not have
linear relationships with cancer sites [506]. Future analyses using restricted cubic spline
regression might show differing relationships between dietary factors and cancer risk and should
be considered when associations are not linear.

Some evidence has also suggested that early-life exposures have important consequences
for cancer risk later in life, and to date, most diet-cancer associations have measured dietary
intake in adulthood to determine if adult dietary intake is important for cancer risk [507].
Future research should focus on measuring diet and following participants throughout their life
course as dietary and nutrient intake during certain key developmental periods, such as puberty,
may be important in modifying cancer risk later in life [507]. For example, breast cancer is a
disease that is strongly associated with reproductive and hormonal factors, and dietary intake
may have a modest, if any, relationship with sex hormone levels in adulthood. However, breast
cancer is associated with age at menarche [145] and dietary intake may also be associated with
menarche timing [195] thus future research is needed to better characterise this. Following
participants throughout their lives would be financially costly, require multiple re-measurements
throughout timepoints, and would require decades of follow-up to obtain results on cancer
outcomes, therefore conducting these types of studies is challenging although in theory
increasingly feasible with modern electronic methods.

Dietary patterns, rather than individual components of dietary intake, may also be
better to capture diet-cancer associations as foods are consumed together and comprise of many
components which may interact, thus influencing cancer risk [501|. However, other lifestyle

factors such as physical activity, body weight, and smoking are often associated with following
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dietary patterns, therefore adequately controlling for these factors and teasing out the individual
components of dietary intake or pattern is often difficult [501]. Despite this, efforts should be
made to characterise dietary patterns that may be associated with lower cancer risk to better
understand what dietary factors may be beneficial in reducing risk of cancer types as well as be
more useful for policy makers.
9.3.3 Study designs
In this thesis, observational study designs, specifically cross-sectional and prospective analyses,
were utilised to assess dietary intake in relation to IGF-I concentrations and risk of common
cancers. Using different study designs, such as RCTs and MR, will be important in the
triangulation of findings to determine potential causal dietary associations [508]. Identifying
genetic variants that predict intakes of different foods or nutrients is needed to conduct MR
studies of dietary intake and nutrition status, which are less susceptible to limitations of
observational evidence such as confounding. However, finding variants associated with specific
foods or dietary intake has been proven difficult and may suffer from weak instrument bias. As
well, other drawbacks of utilising MR for diet - cancer associations include dietary intake
changing over time, food and nutrients being interconnected with other behaviours and the
environment, and increasing the consumption of one food will displace another, which may be
associated with risk [509]. Very few genetic variants have been identified as markers for dietary
intake thus making MR studies on diet difficult to conduct. Both the LCT gene and ALDH2
and ADHI1B genes have been found to be reliable genetic predictors of milk and alcohol intake,
respectively. However, even utilising these genetic variants in MR analysis has proven difficult
as other foods and nutrients have been determined to be associated with lactase persistence [408,
510], while genetic variants for alcohol intake have been associated with smoking [511], both
thus violating the key assumptions of MR [509, 512].

Relatively few RCTs, such as the Women’s Health Initiative [187] and another Canadian
trial [188], have been conducted to assess dietary changes and cancer risk as RCTs focused on
dietary intake face a unique set of challenges, including nonadherence to dietary interventions,

contamination from controls if they change their diet, and needing a large sample of participants
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following dietary interventions over a long follow-up time. Some trials have been conducted
assessing specific vitamin or mineral supplementation with cancer risk, however findings have
generally been null or inconclusive [513-515]; however, supplementation is not the same as
dietary intake of foods and may not reflect how specific foods or overall diet influences cancer
risk. As such, RCTs may not always be feasible to conduct to determine if there is an effect of a
dietary component or specific diet on cancer risk.

In contrast, RCTs that assess the effects of isocaloric intakes of different protein sources
on IGF-I may be helpful to determine how different intakes influence IGF-I concentrations over
weeks and months. RCTs would better characterise what protein sources are associated with
IGF-I concentrations and therefore provide more accurate and precise estimates for each food or
protein source while avoiding potential confounding factors. If there are true differences between
protein sources and IGF-I concentrations, as indicated in this thesis and other cross-sectional
studies [4, 5|, this will be important for determining the hypothetical effect estimate that the

protein source has on IGF-I related cancers based on the difference in concentration.

9.3.4 Exploration of mechanisms and tumour heterogeneity

Understanding the mechanisms behind diet - cancer associations remains a priority for nutrition
research [386]. There are many potential mechanisms in which foods and dietary intake influence
cancer risk and further research is needed to understand how multiple metabolic pathways work
concurrently. To do this, future cohorts must consider enhancing phenotyping of participants,
including genetic and epigenetic markers, and information on the gut microbiome, metabolic
profiles, as well as other biological measures to better understand and characterise associations
and potential mechanisms.

Tumours are aetiologically and clinically heterogeneous with different molecular and
hormone markers as well as potential for progression and metastasis. Heterogeneity in tumour
subtypes may be a result of different aetiological factors and carcinogenesis pathways,
underscoring the importance of looking at different subtypes of cancer separately with dietary

intake. This may be particularly important for anatomical location in colorectal cancer, ER
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receptor and menopausal status for breast cancer, and stage and grade of prostate cancer
tumours. As some subtypes are less common than others, large studies with long duration are
needed to accrue enough cases to obtain sufficient statistical power. To date, some evidence does
suggest that dietary factors differ by tumour subtypes [386] and future efforts must be made to

characterise tumours and assess if associations differ.

9.3.5 Collaboration and systematic analyses of existing studies

Researchers must work collectively to bring together all individual level data from prospective
cohort studies to systematically analyse potential diet - cancer associations. Using individual
level data offer advantages over aggregating data from publications, such as standardising
analyses across studies, using the most up-to-date data regarding follow-up and cancer cases,
standardised adjustment for confounders, and including unpublished data, thus limiting the
chance of publication bias [516]. Bringing together data from all existing studies may be
particularly important for studies assessing associations with unusual diet groups such as
vegetarians and vegans, as most cohorts contain relatively few numbers of participants who
follow these dietary patterns and thus limit the power to detect modest associations in
individual studies. As well, for uncommon cancer sites, individual cohorts may not have the

power to assess these associations due to very few number of cancer cases.

9.4 Conclusion

This thesis adds important findings to existing research on dietary factors in relation to the risk
of common cancers by providing large-scale studies on dietary intake in relation to IGF-I
concentrations, and risks of colorectal, breast, and prostate cancer. The main findings from the
cross-sectional analyses suggested that foods and macronutrients from different sources, namely
milk and yogurt protein and fibre, were positively associated with IGF-I concentrations.
However, milk may be differently associated with risks of common sites of cancer having an
inverse association with colorectal cancer risk and potentially a positive association with

prostate cancer risk. The relationship between wholegrain intake and colorectal cancer risk may
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also be modified by genetic factors for butyrate production and future work is needed to
replicate this finding. As well, following different dietary patterns, which include little or no
meat may be inversely related to the risk of colorectal, postmenopausal breast, and prostate
cancer, and this may be due to other factors external to the IGF pathway; the lower risk of
postmenopausal breast cancer in vegetarian women may be explained by their lower BMI, but it
remains unclear whether differences observed for prostate cancer reflect any causal relationships
or are due to other factors such as residual confounding or differences in cancer detection.
Future research assessing dietary intake and cancer risk can be advanced with enhanced
measurement of diet and phenotyping of participants, conducting large prospective studies in
underrepresented populations, as well as collaborative efforts to combine all existing studies to

be able to assess if associations vary by tumour characteristics.
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Ancillary Methods

A.1 Covariate classification

Region

The region of participants was grouped based on the recruitment centre they attended. A total
of 10 regions were used corresponding approximately to the areas covered by the assessment
centre: London (assessment centres: St Bartholomew’s Hospital, Hounslow, Croydon), Wales
(assessment centres: Swansea, Wrexham, Cardiff), North-West England (assessment centres:
Stockport, Manchester, Liverpool, Bury), North-East England (assessment centres: Newcastle,
Middlesbrough), Yorkshire (assessment centres: Leeds, Sheffield), West Midlands (assessment
centres: Stoke, Birmingham), East Midlands (assessment centre: Nottingham), South-East
England (assessment centres: Oxford, Reading), South-West England (assessment centre:

Bristol), Scotland (assessment centres: Glasgow, Edinburgh).

Height

Participants were grouped into eight sex-specific categories for height. For females, categories
were: <150, 150-154.9, 155-159.9, 160-164.9, 165-169.9, 170-174.9, 175-179.9, =180 cm. For
males, categories were: <160, 160-164.9, 165-169.9, 170-174.9, 175-179.9, 180-184.9, 185-189.9,
=190 cm. From this, males and females were combined into one height variable with categories

going from 1 to 8, and a missing category for participants with missing data.

Body mass index (BMI)

Both height and weight were measured at the baseline visit and were used to determine
participant’s BMI. BMI was calculated by taking the participants measured weight in kilograms
and dividing it by the participants squared standing height in metres. Individuals with missing
data were coded into a missing category. Participants were categorised as follows: <20, 20-22.49,
22.5-24.99, 25.0-27.49, 27.5-29.99, 30-32.49, 32.5-34.99, =35 kg/m2 and unknown /missing

category.
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Alcohol intake reported from the touchscreen questionnaire

Participants were asked on the baseline questionnaire at recruitment how often they drank
alcohol with the possible responses being: “daily or almost daily”, “three or four times a week”,
“once or twice a week”, “one to three times a month”, “special occasions only”, “never”, or “prefer
not to answer”. Participants were also asked about their weekly and monthly intake of pints of
beer, glasses of red wine, glasses of white wine/champagne, glasses of fortified wine, measures of
spirits/liqueurs and glasses of other alcohol. A pint of beer was assumed to contain 20 grams of
alcohol, and all other drinks contained 10 grams of alcohol. Participants total weekly and
monthly consumption of alcohol was then summed accordingly. If the participant reported “do
not know” or “prefer not to answer” to one of these questions on weekly or monthly
consumption, they were coded as missing, except for “other alcohol”, in which case participants
were assigned 0 grams from other alcohol. Participants reported weekly consumption of alcohol
was used, if this was unknown (due to the participant reporting “do not know” or “prefer not to
answer” for one or more of the relevant questions, except for “other alcohol”) monthly
consumption was used, if available. To get an estimated daily total, weekly consumption was
divided by 7 (or monthly consumption by 30.4375). Alcohol consumption was categorised as <1
g/day, 1-9.99 g/day, 10-19.99 g/day, and >20 g/day, never or unknown. Participants who had

unknown grams/day of alcohol intake but reported consuming alcohol intake on “special

occasions” were assigned to the category of “<1 g/day”.

Physical activity

Physical activity was determined from questions on the touchscreen questionnaire which asked
about walking, moderate physical activity, and vigorous physical activity. These were used to
estimate excess metabolic equivalent (MET)-hours/week of physical activity during work and
leisure time. For each of the three activity categories (walking, moderate physical activity and
vigorous physical activity), participants were asked how many days in a typical week they did
each of the activities for 10 minutes or more. For each category, participants who entered one or

more days were then asked how many minutes they spent doing those activities on a typical
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day. For each activity category, the number of reported days was multiplied by the number of
reported minutes on a typical day to generate duration of activity in minutes per week. Activity
on a typical day of 1260 min per week (equivalent to an average of 3 hours per day) were
truncated at 1260. Total MET values for each category from the International Physical Activity
Questionnaire short form were: 3.3 for walking, 4.0 for moderate physical activity and 8.0 for
vigorous physical activity. Excess MET values were therefore 2.3 for walking, 3.0 for moderate
physical activity and 7.0 for vigorous physical activity. Excess MET-hours per week were
calculated by multiplying the excess MET value for each activity by the duration of activity in

hours per week.

Townsend deprivation index

Townsend deprivation index was based on the preceding national census output areas. Each
participant was assigned a score in correspondence to the output area in which their postcode
was located. From this, participants were categorised into quintiles from most deprived to least

deprived and a missing category where postcode information was not provided.

Smoking status

Smoking was determined from questions from the recruitment questionnaire. Participants were
asked “Do you smoke tobacco now?” and “in the past, how often have you smoked tobacco?” to
determine their smoking status. Smokers were further divided based on how many cigarettes
they said they smoked on average per day from the question “About how many cigarettes do
you smoke on average each day?”. If participants did not respond to how many cigarettes they
had on average each day, they were categorised into the missing group as they could not be

accurately categorised.

Ethnicity

Ethnicity of participants was determined from questions in the touchscreen questionnaire “What

is your ethnic group?”. Options included: White, mixed race or other, Asian or Asian British,
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Black or Black British, Chinese, and other ethnic group. From this, participants were grouped
into five categories: White, Mixed race or other, Asian or British Asian, and Black or Black

British, or missing/unknown.

Education

For education, participants were asked “Which of the following qualifications do you have?”
being able to select more than one. Possible answers were: College or University degree; A
levels/AS levels or equivalent (General Certificate of Education (GCE) Advanced Level); O
levels/ General Certificate of Secondary Education (GCSEs) or equivalent; Certificate of
Secondary Education (CSEs) or equivalent; National vocational qualification (NVQ) or Higher
National Diploma (HND) or Higher National Certificate (HNC) or equivalent; Other
professional qualifications example: nursing, teaching; None of the above; Prefer not to answer.
Participants were grouped into the following categories, based on their highest reported level of
education: (College or University degree, vocational qualifications (other professional
qualifications/NVQ or HND or HNC), optional national exams at ages 17 to 18 years (A
levels/AS levels), national exams at age 16 years (O levels/GCSEs/CSEs), none of the above,

unknown (prefer not to answer)).

Employment status

Employment status at recruitment was assessed by asking participants “Which of the

following describes your current situation?” in which they selected answers which were
applicable to them including “In paid employment or self-employed”, “retired”, “looking after
home and/or family”, “unable to work because of sickness or disability”, “unemployed”, “doing
unpaid or voluntary work”, “full or part time student”, “none of the above” or “prefer not to
answer’. Participants were defined as being “in paid employment” if they responded they were in
paid employment or self-employed, “retired” if they responded they were retired, and “not in

paid employment” if they reported being unemployed, inability to work, being a student, or

having caring responsibilities for their family. Finally, an unknown/missing category consisted of
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participants who did not respond, said they prefer not to answer, or answered none of the above

to the options in the question.

Diabetes status

Participant’s diabetes status was determined using multiple variables from recruitment. First,
from the question “Has a doctor ever told you that you have diabetes?” participants were
classified as “yes”, “no” or “unknown” based on their response. As well, participants who reported
using metformin or insulin at recruitment were considered having diabetes and included in the
“yes” category. Finally, if a participant had a measured glycated hemoglobin (HbAlc) of > 48

mmol/mol at recruitment, they were defined as having diabetes and included in the “yes”

category.

Marital status

Living with a partner was derived from a question asked at recruitment in which participants
answered if they lived with anyone else in their household. If the participants reported to be
living with a husband, wife, or partner in their household they were classified as “living with a
partner” if the participant reported to be living with any other person or alone, they were

categorised as “not living with a partner”.

Non-steroid anti-inflammatory drugs

Non-steroid anti-inflammatory drug (NSAID) use was determined based on the medications
reported at recruitment. Participants were categorised into three groups “Non-users”, “irregular
NSAID users”, and “regular users of aspirin or ibuprofen”. Participants were categorised as
“regular users of aspirin or ibuprofen” if they responded to taking ibuprofen or aspirin regularly.
Participants were categorised into irregular users if they responded to taking any classification

of NSAID at recruitment. If no use of NSAIDs were reported at recruitment, participants were

categorised as non-users.
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Vegetable and fruit intake from the touchscreen questionnaire (Chapter 8)

For total vegetable intake, participants were asked to enter the number of heaped tablespoons of
cooked vegetables and salad /raw vegetables eaten per day or select “less than one”, “do not
know” or “prefer not to answer”. Two heaped tablespoons of vegetables were counted as a
serving. For fresh fruit, participants were asked to enter the number of pieces of fresh fruit and
dried fruit (with examples given as to what constitutes a piece eaten per day) or select “less
than one”, “do not know” or “prefer not to answer”. One piece of fresh fruit (one apple, one
banana, 10 grapes etc.) was counted as a serving. From this, servings of both vegetables and
fruit were combined and participants were categorised as consuming <3 servings/day, 3.00-3.99

servings/day, 4.00-5.99 servings/day, =6.00 servings/day.

Prostate specific antigen testing (Chapter 8)

Prostate specific antigen (PSA) testing was determined from baseline reports from male
participants as well as follow-up through general practice records. At recruitment men were
asked if they ever had a PSA test in the past. From this, they answered “yes”, “no” and “do not
know”. Additionally, 99,412 men had information from general practice records during follow-up
(records available for participants until 31%" of May 2016 for England, 31" of March 2017 for
Scotland, and 31% of August 2017 for Wales). From the general practice records, men with a
recorded PSA test in the general practice record were coded as having a PSA test. From both
reported at baseline and the subsample of men with follow-up general practice records, men

were coded as “no record of having a PSA” test, “had a PSA test”, or “unknown” if men reported

“do not know” at recruitment and no general practice records were available.

Other dietary covariates

Red and processed meat intake
Total red and processed meat intake was estimated from participants’ responses to how often
they consumed beef, lamb/mutton, pork, and processed meat from the options of: ‘never, ‘<once

a week’, ‘once a week’, ‘2-4 times a week’, ‘5-6 times a week’ in the baseline questionnaire. This
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was estimated from the recruitment questionnaire rather than the 24-hour dietary assessment
due to red and processed meat being consumed more episodically by these participants. The
frequency of consumption of beef, pork, lamb, and processed meat were summed by assigning
participants’ intakes as never as a 0, less than once a week a 0.5, once a week 1.0, 2-4 times a
week a value of 3, and 5-6 times a week a value of 5.5. From this, intake of red and processed
meat was categorised as <2.0 times per week, 2.0-2.9 times per week, 3.0-3.9 times per week,
and >4.0 times per week and an unknown/missing category if participants reported ‘do not

know’ or ‘prefer not to say’.

Intake of fruit and vegetables

Intake of fruit and vegetables were derived from each 24-hour dietary assessment. Intake of all
fruits and vegetables in grams from: apples/pears, berries, citrus, dried fruit, other fruit, stewed
fruit, allium vegetables, leafy greens, raw salad, root vegetables, tomatoes, other vegetables, and
peas and corn were summed, and participants were categorised into quintiles of total grams of

fruit and vegetables estimated from the average of all available 24-hour dietary assessments.

Intake of fibre

Fibre intake was estimated from each 24-hour dietary assessment using nutrient profiles from
the reported foods consumed. The mean of fibre intake was determined across all available 24-
hour dietary assessments and from this, participants were categorised into sex-specific quintiles

of fibre intake.

Women specific covariates

All men were put into a separate category for all women-specific covariates when analyses

included both men and women.
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Menopausal hormone therapy

For women, use of menopausal hormone therapy (MHT) was categorised as “current user”,
“former user” and “never user” or “unknown/missing” based on the questions asked about MHT
use in the touchscreen questionnaire at recruitment. Women were asked “Have you ever used
hormone replacement therapy?” and if they answered yes: “How old were you when you last
used HRT?”. Women were asked to enter their age when they last used HRT or could choose

“Still taking HR'T”, or they could select “prefer not to answer” or “do not know”.

Menopausal status at recruitment
Menopausal status was first determined by multiple questions asked in the baseline
questionnaire. Women were defined as being pre-menopausal if they:
e Answered “no” to the question regarding having gone through menopause, or
e Reported they were “not sure” or did not respond to if they had gone through
menopause and:
o Were <50 years of age, did not have a bilateral oophorectomy /hysterectomy,
and reported they were not using menopausal hormone therapy.
o Were <50 years of age, reported they were menstruating today, and did not
have a bilateral oophorectomy /hysterectomy.
Women were defined as postmenopausal if they:
e Answered “yes” to having gone through menopause
e Answered “not sure” or did not answer if they had gone through menopause and:
o were =55 years of age, or

o had a bilateral oophorectomy

Women were defined as their menopausal status being unknown if:
e Answered “no” to having gone through menopause and:
o Did not answer no to using HRT, or

o Did not answer no to having a bilateral oophorectomy, or
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o Did not answer no to having a hysterectomy, or

o Were 50-54.9 years of age.

Menopause status defined at recruitment was used as the covariate in models for all cancer and

colorectal cancer analyses.

Parity and age at first birth

Parity was defined by the recruitment question of “how many children have you given birth
to?”. Women who said they had given birth were asked how old they were in years when they
gave birth to their first child. Based on these responses, women were categorised into groups of
0 children, 1-2 children <25 years of age, or 3+ children <25 years of age, 1-2 children 25-29.9
years of age, or 3+ children 25-29.9 years of age, 1-2 children 30+years of age, or 3+ children
30+ years of age or unknown if the participants responded, “do not know” or “prefer not to

answer’.

Age at menarche

Women were categorised based on the recruitment question “How old were you when your
period started”. From this, women were categorised into age groups as: <12 years, 13 years old,
=14 years old. If a participant responded “prefer not to answer” or “do not know” they were

categorised into an unknown group.

Breast cancer analyses (Chapter 6):

Interaction between BMI and menopause status

To account for the heterogeneity between BMI and menopause on breast cancer risk, women
were categorised into 6 categories. Women who were categorised as premenopausal: <25, 25-29.9,
>30 kg/ m” and postmenopausal: <25, 25-29.9, >30 kg/ mz; due to the limited number of

premenopausal women, only three categories were made. If a woman had an unknown
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menopause status and/or BMI they were categorised into an unknown category. This variable

replaced menopause in the model for breast cancer analyses.
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A.2 Free testosterone calculation

Free testosterone (pmol/L) [473, 517]:

[FT] = 1.0><1012><(/((N/ks—ks+ [S])2/(4N2)+ks/(Nks))—(N/ks— [T]+ [S])/(2N))

Where:

N =1+ [AkA

|T] = total testosterone concentration (mol/L)

[S] = SHBG concentration (mol/L)

[A] = albumin concentration (assuming 6.2 x 10™* mol /L)

ks = association constant of testosterone to SHBG (assuming 1.0 x 10%)

kA= association constant of testosterone to albumin (assuming 3.6 x 104)
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Ancillary Tables

Ancillary Table 4.1 List of medications and UK Biobank codes used to exclude participants

taking medication at recruitment which may modify insulin-like growth factor-I concentrations.

Medication code Medication
1140868644 somatropin
1140857838 somatrem
1140857840 somatonorm 4iu injection
1141167490 somatuline la 30mg injection (pdr)+diluent+syringe
1140857748 genotropin 12iu multidose injection
1140857750 somatropin 12iu injection
1140868646 humatrope(rbe) 4iu(1.3mg) injection (pdr for recon)+diluent
1140868648 saizen(rmc) 4iu(1.33mg) injection (pdr for recon)-+diluent
1140868650 norditropin(epr) 12iu(4mg) injection (pdr for recon)-+diluent
1140884544 leuprorelin
1141157394 goserelin product
1140870194 goserelin
1140870196 zoladex 3.6 mg implant
1140921100 triptorelin
1141189852 decapeptyl sr 3mg injection (pdr for recon)+diluent
1141189772 gonapeptyl depot 3.75mg inj (pdr for recon)+solv p/f syringe
1140870248 buserelin
1141157392 buserelin product
1140870252 suprefact 100micrograms nasal spray
1140868490 gestanin Hmg tablet
1140870084 depostat 200mg/2ml oily injection
1140876638 cyproterone acetate+ethinyloestradiol
1141192344 cyproterone acetate+ethinylestradiol
1140884634 cyproterone
1140868524 androcur 50mg tablet
1140869270 medroxyprogesterone
1141190580 conjugated oestrogens 0.3mg / medroxyprogesterone 1.5mg tab
1140864232 provera 2.5mg tablet
1140857620 depo-provera 50mg/1ml injection
1140870274 flutamide
1140917306 bicalutamide
1140917310 casodex 50mg tablet
1141179886 propecia 1mg tablet
1140928222 andropatch 2.5mg/24hours transdermal patch
1140910802 androstanazol
1141193272 testogel 50mg gel 5g sachet
1141166354 testoderm 6mg/24hours transdermal patch
1140868534 primoteston depot 250mg/1ml oily injection
1140868536 restandol 40mg capsule
1140868538 sustanon 100 oily injection
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Ancillary Table 4.1 continued

Medication code

Medication

1140864502
1141167430
1140870200
1140870208
1141195128
1141195032
1140857656
1140857668
1140857736
1140865136
1140868532
1140868528
1140868526
1140868524
1140868534
1140868536
1140868538
1140868550
1140868608
1140868614
1140868618
1140868620
1141179886
1141192000
1141192004
1140868968
1140870284
1141201718
1140923018
1141171100
1141145896
1140870164
1140888684
1140928276
1141189090
1140874686
1141190802
1140923890
1140868810
1140909918
1140882976

testotop tts 15mg transdermal patch
lanreotide

octreotide

sandostatin 50micrograms/1ml injection
pegvisomant

somavert 10mg injection (pdr for recon) +solvent
methyltestosterone product

virormone-oral 5mg tablet

virormone 10mg/1ml injection
yohimbine/pemoline/methyltestosterone
testosterone product

pro-viron 25mg tablet

mesterolone

androcur 50mg tablet

primoteston depot 250mg/1ml oily injection
restandol 40mg capsule

sustanon 100 oily injection

finasteride

proscar bmg tablet

deca-durabolin 25mg/1ml oily injection
stanozolol

stromba bmg tablet

propecia 1mg tablet

dutasteride

avodart 500micrograms capsule

danazol

prostap sr 3.75mg injection (pdr for recon)+diluent+kit
nebido 1000mg/4ml solution for injection
anastrozole

exemestane

letrozole

tamoxifen

diazoxide

humatrope(rbe) 18iu(6mg) inj cartridge(pdr for recon)+dil
rosiglitazone 1mg

glucophage 500mg tablet

nutropinaq 10mg(30iu)/2ml injection cartridge
zomacton(rbe) 12iu(4mg) injection (pdr for recon)+diluent
geref 50 injection (pdr for recon)+solvent
biosynthetic human growth hormone

growth hormone product
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Ancillary Table 6.1 Hazard ratios (95% CI) for intake of protein from dairy and dairy sources with risk of
prostate, breast, and colorectal cancer for participants who completed a minimum of three 24-hour dietary

assessments.

Colorectal cancer (734 cases, 69,223 participants)

Per 2.
a1 Q2 3 Y er : 5% energy
increase

Protein from dairy 1 (ref) 0.88 (0.72-1.08) 0.89 (0.73-1.09) 0.75 (0.61 - 0.94) 0.79 (0.68 - 0.92)
Protein from milk 1 (ref) 0.85 (0.69 - 1.03) 0.74 (0.61 - 0.91) 0.79 (0.64 - 0.98) 0.75 (0.59 - 0.95)
Protein from cheese 1 (ref) 0.96 (0.79 - 1.18)  0.91 (0.74 - 1.11) 0.92 (0.74 - 1.13) 0.87 (0.69 - 1.10)

Breast cancer (1,187 cases, 38,282 participants)

Per 2.
a1 Q2 3 Y er 2.5% energy

increase

Protein from dairy 1 (ref) 1.06 (0.90 - 1.25)  1.01 (0.86 - 1.19) 0.99 (0.84 - 1.17) 0.97 (0.87 - 1.08)
Protein from milk 1 (ref) 0.99 (0.85-1.17)  0.93 (0.79 - 1.10) 0.96 (0.81 - 1.13) 0.91 (0.77 - 1.08)
1(

Protein from cheese ref) 0.94 (0.79-1.11)  1.08 (0.92 - 1.26) 1.03 (0.88 - 1.21) 1.03 (0.87 - 1.22)

Prostate cancer (1,451 cases, 30,941 participants)

Per 2.5
a1 Q2 3 o7 er : % energy
increase

Protein from dairy 1 (ref) 0.99 (0.85- 1.15)  1.05 (0.90 - 1.22)  1.06 (0.91- 1.23)  1.07 (0.96 - 1.19)
Protein from milk 1 (ref) 1.04 (0.89-1.21) 1.05 (0.90 - 1.22) 1.11 (0.95 - 1.29) 1.12 (0.95 - 1.32)
Protein from cheese 1 (ref) 0.90 (0.77 - 1.04)  0.99 (0.86 - 1.15) 0.96 (0.83 - 1.12) 0.99 (0.84 - 1.17)

Estimates in bold indicate statistically significant results.

All models used age as the underlying time variable and were stratified by age groups at recruitment, and further adjusted for height,
physical activity, Townsend deprivation index, education, employment status, smoking status, alcohol intake, ethnicity, diagnosis of
diabetes, BMI, and energy intake.

For colorectal cancer analyses: all models stratify by sex and adjust for menopause status (women only), menopausal hormone therapy use
(women only), red and processed meat intake, and non-steroidal anti-inflammatory drug use.

For breast cancer analyses: models adjusted for menopausal hormone therapy use, oral contraceptive use, parity and age at first birth, age
at menarche, BMI and menopause status.

For prostate cancer analyses: models further adjusted for marital status.

Abbreviations: BMI, body mass index; Q, quantile; ref, reference group.
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Ancillary Table 6.2 Hazard ratios (95% CI) for intake of protein from dairy products and dairy sources with risk of colorectal,

breast, and prostate cancer removing the first two years of follow-up.

Colorectal cancer (978 cases, 111,724 participants)

Q1 Q2 Q3 Q4 Per 2.5% energy increase
Protein from dairy 1 (ref) 0.89 (0.75 - 1.05) 0.87 (0.73- 1.04)  0.80 (0.66 - 0.96) 0.83 (0.74 - 0.94)
Protein from milk 1 (ref) 0.89 (0.75 - 1.05)  0.78 (0.66 - 0.94) 0.80 (0.66 - 0.96) 0.76 (0.62 - 0.92)
Protein from cheese 1 (ref) 0.89 (0.75-1.07)  0.93 (0.78 - 1.11)  0.90 (0.75 - 1.07) 0.92 (0.76 - 1.11)
Breast cancer (1,598 cases, 61,756 participants)
Q1 Q2 Q3 Q4 Per 2.5% energy increase
Protein from dairy 1 (ref) 1.04 (0.91 - 1.20)  0.99 (0.86 - 1.14)  0.95 (0.82 - 1.09) 0.95 (0.87 - 1.04)
Protein from milk 1 (ref) 0.95 (0.83 - 1.10)  1.02 (0.89 - 1.18)  0.93 (0.81 - 1.08) 0.92 (0.80 - 1.06)
Protein from cheese 1 (ref) 0.99 (0.86 - 1.15)  1.05 (0.92-1.21) 1.07 (0.93 - 1.23) 1.05 (0.91 - 1.21)
Prostate cancer (1,976 cases, 49,968 participants)
Q1 Q2 Q3 Q4 Per 2.5% energy increase
Protein from dairy 1 (ref) 0.97 (0.85-1.10)  1.07 (0.94 - 1.21) 1.02 (0.90 - 1.16) 1.04 (0.95 - 1.13)
Protein from milk 1 (ref) 1.02 (0.90 - 1.16)  0.99 (0.87-1.13) 1.12 (0.98 - 1.27) 1.09 (0.95 - 1.26)
Protein from cheese 1 (ref) 0.99 (0.87-1.13) 1.02 (0.91-1.16) 0.96 (0.85 - 1.09) 0.95 (0.83 - 1.09)

Estimates in bold indicate statistically significant results.

All models used age as the underlying time variable, were stratified by age groups at recruitment, and further adjusted for height, physical activity,
Townsend deprivation index, education, employment status, smoking status, alcohol intake, ethnicity, diagnosis of diabetes, BMI, energy intake.

For colorectal cancer analyses: all models were stratified by sex and adjusted for menopause status (women only), menopausal hormone therapy use (women
only), red and processed meat intake, and non-steroidal anti-inflammatory drug use. For breast cancer analyses: models were further adjusted for
menopausal hormone therapy use, oral contraceptive use, parity and age at first birth, age at menarche, BMI and menopause status. For prostate cancer

analyses: models were further adjusted for marital status.

Abbreviations: BMI, body mass index; Q, quantile; ref, reference group.
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Ancillary Table 7.1 Multivariable hazard ratios and 95% confidence intervals for carbohydrate and fibre sources with colorectal cancer risk

restricting to participants who completed >3 24-hour dietary assessments (N= 69,223; n cases = 734).

Carbohydrates, sugars, &

Per 5% energy

Q1 Q2 Q3 Q4 ] P-trend

starch increment
Total carbohydrates 1 (ref) 0.89 (0.72-1.08) 0.90 (0.73 - 1.11) 0.88 (0.69 - 1.11) 0.95 (0.89 - 1.01) 0.079
Total sugars 1 (ref) 0.82(0.67-1.00) 0.87 (0.71-1.07) 0.67 (0.53 - 0.86) 0.90 (0.84 - 0.96) 0.002
Total free sugars 1 (ref) 1.12(0.91-1.36) 0.87 (0.70 - 1.08)  0.78 (0.62 - 0.97) 0.90 (0.82 - 0.98) 0.01
Total non-free sugars 1 (ref) 1.00 (0.82-1.22) 0.86 (0.69 - 1.07) 0.87 (0.69 - 1.10) 0.92 (0.85 - 1.00) 0.04
Total starch 1 (ref) 0.98 (0.80 - 1.21)  1.03 (0.84-1.27)  1.14 (0.92 - 1.42) 1.04 (0.97 - 1.13) 0.26
Wholegrain starch 1 (ref)  0.90 (0.73 - 1.10)  0.93 (0.76 - 1.14)  0.84 (0.68 - 1.04) 0.93 (0.84 - 1.03) 0.15
Refined grain starch 1 (ref) 0.96 (0.78 -1.18) 1.04 (0.84 - 1.28) 1.22 (0.99 - 1.51) 1.07 (1.00 - 1.14) 0.070
Fibre Q1 Q2 Q3 Q4 Per 5 g/day P-trend

Increment
Total fibre 1 (ref) 108 (0.87-1.33) 0.94 (0.75- 1.17)  0.89 (0.70 - 1.14) 0.96 (0.88 - 1.04) 0.33
Total fibre from vegetables & fruit 1 (ref) 1.02 (0.83 - 1.25)  0.91 (0.74 - 1.13) 0.93 (0.75 - 1.15) 0.94 (0.83 - 1.05) 0.26
Total fibre from vegetables 1 (ref) 1.10 (0.90 - 1.35)  0.91 (0.74 - 1.13) 0.91 (0.74 - 1.14) 0.89 (0.74 - 1.07) 0.20
Total fibre from fruit 1 (ref) 1.07 (0.87-1.31) 1.01 (0.82 - 1.25) 0.92 (0.74 - 1.15) 0.95 (0.79 - 1.15) 0.63
Total fibre from wholegrains 1 (ref) 0.94 (0.76 - 1.15)  0.92 (0.75 - 1.13) 0.85 (0.69 - 1.06) 0.89 (0.78 - 1.02) 0.09

Models stratified for sex and age at recruitment, and further adjusted for region, height, physical activity, Townsend deprivation index, education, employment, smoking, alcohol

consumption measured at recruitment, ethnicity, diabetes status, non-steroidal anti-inflammatory drug use, energy intake, BMI, processed and red meat intake, total vegetable fruit

intake (except for total fibre, fibre from vegetables and/or fruit, or non-free sugars is the exposure), and female specific covariates: menopausal hormone therapy use and menopausal

status.

P-trend values represent the p-values for carbohydrate types/source modelled as 5% energy increase per day in the model and fibre by 5 g/day increase in the model.

Abbreviations: BMI, body mass index; g/day, grams per day; Q, quartile; ref, reference group.
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Ancillary Table 7.2 Multivariable hazard ratios and 95% confidence intervals for carbohydrate and fibre sources with colorectal cancer risk

removing participants with <2 years of follow-up (N=111,724; n cases = 978).

Carbohydrates, sugars, &

Per 5% energy

Q1 Q2 Q3 Q4 ] P-trend

starch increment
Total carbohydrates 1(vef)  0.89(0.75-1.06) 093 (0.78-1.12)  0.83 (0.67 - 1.01) 0.94 (0.90 - 0.99) 0.02
Total sugars 1 (ref)  0.84(0.70-1.00)  0.83 (0.69 - 0.99) 0.72 (0.59 - 0.89) 0.94 (0.88 - 0.99) 0.02
Total free sugars 1 (ref)  1.08(0.91-129) 0094 (0.78-1.13)  0.87 (0.72 - 1.06) 0.96 (0.90 - 1.03) 0.28
Total non-free sugars 1 (ref) 0.87 (0.73 - 1.04) 0.79 (0.66 - 0.95) 0.78 (0.64 - 0.95) 0.91 (0.85 - 0.98) 0.008
Total starch 1 (ref) 0.90 (0.75 - 1.07) 0.96 (0.81 - 1.15) 0.94 (0.78 - 1.14) 0.99 (0.93 - 1.05) 0.64
Wholegrain starch 1 (vef)  0.90(0.75-1.07) 0091 (0.77-1.09)  0.84 (0.70 - 1.01) 0.94 (0.86 - 1.02) 0.12
Refined grain starch 1 (ref)  0.91 (0.76 - 1.09) 1.02 (0.85 - 1.21) 1.04 (0.86 - 1.25) 1.01 (0.96 - 1.07) 0.68

Per 5 g/day

Fibre Q1 Q2 Q3 Q4 increment P-trend
Total fibre 1 (vef)  1.07 (0.89 - 1.29) 1.00 (0.82 - 1.21) 0.95 (0.77 - 1.17) 0.95 (0.89 - 1.02) 0.13
Total fibre from vegetables & fruit 1 (ref)  0.95 (0.79 - 1.14) 1.02 (0.85 - 1.22) 0.92 (0.76 - 1.11) 0.93 (0.84 - 1.02) 0.13
Total fibre from vegetables 1 (ref) 1.10 (0.91 - 1.31) 1.04 (0.87 - 1.25) 1.01 (0.84 - 1.22) 0.94 (0.82 - 1.09) 0.44
Total fibre from fruit 1(vef) 094 (0.79-1.12)  0.86 (0.72-1.04)  0.83 (0.69 - 1.00) 0.88 (0.75 - 1.03) 0.10
Total fibre from wholegrains 1(ref)  0.90 (0.75-1.08) 097 (0.81-1.15)  0.78 (0.65 - 0.94) 0.89 (0.80 - 1.00) 0.04

Models stratified for sex and age at recruitment, and further adjusted for region, height, physical activity, Townsend deprivation index, education, employment, smoking, alcohol
consumption measured at recruitment, ethnicity, diabetes status, non-steroidal anti-inflammatory drug use, energy intake, BMI, processed and red meat intake, total vegetable
fruit intake (except for total fibre, fibre from vegetables and/or fruit, or non-free sugar), and female specific covariates: menopausal hormone therapy use and menopausal status.

P-trend values represent the carbohydrate types/source modelled as 5% energy increase per day in the model and fibre by 5 g/day increase in the model.

Abbreviations: BMI, body mass index; g/day, grams per day; Q, quartile; ref, reference group.
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Ancillary Table 8.1 Subgroup analyses for diet groups on risk of postmenopausal breast cancer in women.

BMI
<27.5 kg/m” >27.5 kg/m’

N Cases HR (95% CI) N Cases HR (95% CI) X P-value
Regular meat-eaters 59198 1735 1 (ref) 47360 1680 1 (ref) 5.23 0.156
Low meat-eaters 75163 2198 0.96 (0.90 — 1.02) 43399 1583 1.00 (0.94 — 1.08)
Fish-eaters 5201 148 1.03 (0.87 — 1.22) 1663 42 0.75 (0.55 — 1.01)
Vegetarians 3560 79 0.85 (0.68 — 1.07) 1456 37 0.86 (0.61 — 1.20)

Smoking status
Never Ever

N Cases HR (95% CI) N Cases HR (95% CI) X P-value
Regular meat-eaters 63753 1909 1 (ref) 42559 1501 1 (ref) 1.32 0.725
Low meat-eaters 70440 2159 0.98 (0.93 — 1.05) 48173 1631 0.94 (0.88 — 1.01)
Fish-eaters 3993 104 0.93 (0.77 — 1.14) 2879 86 0.90 (0.72 — 1.12)
Vegetarians 3401 76 0.86 (0.68 — 1.09) 1625 39 0.75 (0.55 — 1.04)

All models used age as the underlying time variable and are stratified, age groups, and adjusted for region of recruitment, height, physical activity, Townsend

deprivation index, education, employment status, smoking status (except when smoking status was the subgroup of interest), alcohol consumption, ethnicity,
diabetes status, menopausal hormone therapy use, age at menarche, and age at first birth/parity. Full details for each covariate are provided in the statistical
analysis section in the main text.

Models are restricted to only women.

X* and p-values from likelihood ratio tests for model fit comparing a model without an interaction term between subgroup and diet groups, to a model including

an interaction between subgroup and diet groups.

Abbreviations: BMI: body mass index; CI: confidence intervals; HR: hazard ratios; ref: reference group.
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Ancillary Table 8.2 Subgroup analyses across diet groups on risk of prostate

cancer in men.

BMI
<27.5 kg/m” >27.5 kg/m”

N Cases HR (95% CI) N Cases HR (95% CI) X’ P-value
Regular meat-eaters 63771 2750 1 (ref) 68053 2873 1 (ref) 4.02 0.260
Low meat-eaters 43570 2098 1.02 (0.96 - 1.08) 35201 1583 0.98 (0.92 - 1.05)
Fish-eaters 2174 60 0.70 (0.54 - 0.91) 844 32 1.04 (0.73 - 1.48)
Vegetarians 2087 49 0.72 (0.54 - 0.95) 858 15 0.62 (0.37 - 1.04)

Smoking status
Never Ever

N Cases HR (95% CI) N Cases HR (95% CI) X’ P-value
Regular meat-eaters 63688 2593 1 (ref) 68038 3009 1 (ref) 0.99 0.804
Low meat-eaters 39608 1809 1.00 (0.95 - 1.07) 39172 1861 1.00 (0.94 - 1.06)
Fish-eaters 1658 93 0.83 (0.63 - 1.09) 1360 40 0.79 (0.58 - 1.08)
Vegetarians 1727 40 0.76 (0.56 - 1.05) 1217 24 0.61 (0.41 - 0.92)

All models used age as the underlying time variable and are stratified by age groups, and adjusted for region of recruitment, height, physical activity, Townsend

deprivation index, education, employment status, smoking status (except when smoking status was the subgroup of interest), alcohol consumption, ethnicity,

diabetes status, and marital status. Full details for each covariate are provided in the statistical analysis section in the main text.

Models are restricted to only men.

)(2 and p-values from likelihood ratio tests for model fit comparing a model without an interaction term between subgroup and diet groups, to a model including

an interaction between subgroup and diet groups.

Abbreviations: BMI: body mass index; CI: confidence intervals; HR: hazard ratios; ref: reference group.
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Ancillary Figures

Female (N=6,686) Male (N=5,129)
Absolute change Percentage Absolute change Percentage 5
Per 2.5% energy increase in nmol/L (95% CI) change (95% CI) in nmol/L (95% CI) change (95% CI) % p-value

Total protein 0.63 (0.50 to 0.75) 3.09 (2.50 to 3.68) - 0.52 (0.36 to 0.67) 2.30 (1.60 to 3.00) - 0.00. 0.977
Protein from plant sources 0.45(0.19t0 0.71) 2.23 (1.00 to 3.47) —- 0.72 (0.42 to 1.03) 3.17 (1.80 to 4.55) — 1.79 0.181
Protein from animal sources 0.41 (0.29 to 0.52) 2.00 (1.47 to 2.52) [ ] 0.26 (0.12 to 0.40) 1.18 (0.55 to 1.80) - 0.44 0.508
Protein from dairy sources 0.64 (0.37 to 0.91) 3.01 (1.75t0 4.28) —-— 0.91 (0.58 to 1.24) 4.33 (2.84 t0 5.82) —_ 3.68 0.055
Protein from milk 1.34 (0.95 t0 1.73) 6.23 (4.41 to 8.05) —_ 1.03 (0.53 to 1.53) 4.96 (2.73107.18) —_ 0.00.  0.991
Protein from yogurt 1.15(0.51 to 1.78) 5.74 (2.75 10 8.72) _— 2.08 (1.09 to 3.06) 9.32 (4.93t0 13.71) _— 3.37 0.066
Protein from cheese -0.54 (-0.98t0-0.10)  -2.59 (-4.65 to -0.52) —_ 0.45 (-0.04 to 0.94) 2.22 (-0.02 to 4.41) — 8.00.  0.005
Protein from animal products (not dairy) 0.30 (0.19 to 0.42) 1.51 (0.98 to 2.04) - 0.10 (-0.04 to 0.24) 0.42 (-0.20 to 1.05) - 2.35 0.125
Total carbohydrate 0.05 (0.00 to 0.11) 0.24 (0.00 to 0.50) 0.11 (0.05 t0 0.17) 0.48 (0.19 t0 0.76) 2.62 0.106
Total sugars 0.02 (-0.04 to 0.07) 0.08 (-0.19 to 0.35) 0.03 (-0.04 to 0.09) 0.07 (-0.24 to 0.38) 0.05 0.825
Free sugars -0.20 (-0.28 to -0.12) -0.99 (-1.37 to -0.62) = -0.18 (-0.26 to -0.10) -0.88 (-1.25t0 -0.51) 0.11 0.738
Non-free sugars 0.16 (0.09 to 0.22) 0.76 (0.45 to 1.07) 0.24 (0.15 t0 0.32) 1.07 (0.68 to 1.46) 4.15 0.042
Total starch 0.06 (-0.01 t0 0.13) 0.28 (-0.04 to 0.60) 0.13 (0.05 t0 0.21) 0.63 (0.28 to 0.99) 3.23 0.072
Starch from wholegrains 0.23 (0.14 t0 0.32) 1.15 (0.72 to 1.59) = 0.25 (0.16 to 0.35) 1.19 (0.76 to 1.61) 0.2 0.654

Starch from refined grains 0.10 (0.02 to 0.17) 0.42 (0.08 to 0.77) -0.01 (-0.09 to 0.07) 0.02 (-0.34 to 0.37) 2.07 0.15
Fibre (per 5g/day) 0.37 (0.21 t0 0.52) 1.83 (1.10 to 2.56) - 0.55 (0.38 to 0.72) 2.41 (1.67 to 3.15) 0.09 0.767
Total fat -0.15 (-0.22 to -0.09) -0.76 (-1.06 to -0.46) -0.04 (-0.11 to 0.04) -0.08 (-0.43 to 0.26) 3.75 0.053
Fat from plant sources -0.10 (-0.18 to -0.02) -0.52 (-0.91 to -0.13) 0.03 (-0.07 to 0.12) 0.15 (-0.28 to 0.58) 2.39 0.122
Fat from animal sources -0.10 (-0.17 to -0.03) -0.49 (-0.81t0 -0.17) -0.05 (-0.13 t0 0.02) -0.18 (-0.52 to 0.16) 0.86 0.355
Fat from dairy sources -0.13 (-0.23 to -0.03) -0.68 (-1.15t0 -0.21) -0.01(-0.12t0 0.11) 0.06 (-0.44 to 0.56) 2.38 0.123
Fat from milk 0.51(0.20t0 0.81) 2.24 (0.79 to 3.69) — 0.01 (-0.34 to 0.36) -0.01 (-1.57 to 1.55) 3.82 0.051
Fat from yogurt 0.36 (-0.22 to 0.94) 1.71 (-1.03 to 4.45) 0.94 (0.12 to 1.76) 4.83 (1.18 to 8.48) 1.82 0.177
Fat from cheese -0.29 (-0.47 t0 -0.12) -1.45 (-2.27 t0 -0.62) 0.11(-0.08 to 0.31) 0.59 (-0.26 to 1.44) 8.72 0.003
Fat from animal products (not dairy) -0.06 (-0.15 to 0.02) -0.26 (-0.65 to 0.13) -0.08 (-0.17 to 0.02) -0.31(-0.74 t0 0.11) 0.02 0.894

-5 0 15 -5 0 15
Percentage change of IGF-1 Percentage change of IGF-1

Ancillary Figure 5.1 Multivariable adjusted models for nutrient intake per 2.5% increase of energy from carbohydrates, fats, and
proteins and 5 grams per day increase in fibre by sex in association with IGF-I concentrations.

All models are adjusted for age at recruitment, region of recruitment, body mass index, height, physical activity, Townsend deprivation index, education, smoking, alcohol
consumption, ethnicity, diabetes, energy intake and women specific covariates: hormone replacement therapy use, oral contraceptive use, and menopausal status.

)(2 and p-values for heterogeneity represent values from likelihood ratio tests for adding an interaction term between sex and 2.5% energy increase for macronutrients or 5 g/day
increase of fibre and testing for significant model fit. Bonferroni correction: p-values <0.00185 considered statistically significant.

Abbreviations: CI, confidence intervals; g/day, grams per day; IGF-I, insulin-like growth factor-1I.
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Absolute change

BMI <30 kg/m? (N=9,606)

Percentage

Absolute change

BMI 2 30 kg/m? (N=2,187)

Percentage

Per 2.5% energy increase in nmol/L (95% CI) change (95% ClI) in nmol/L (95% CI) change (95% CI) %4 p-value
Total protein 0.58 (0.47 to 0.69) 2.32(1.85t02.78) = 0.45 (0.23 t0 0.67) 2.43 (1.33 10 3.52) —-— 0.56 0.456
Protein from plant sources 0.52 (0.31t0 0.74) 2.28 (1.32t0 3.24) - 0.44 (-0.06 to 0.94) 2.36 (-0.24 to 4.96) — 0.30. 0.583
Protein from animal sources 0.34 (0.25 to 0.44) 1.42 (1.01t0 1.84) = 0.31(0.11 to 0.51) 1.77 (0.74 to 2.81) - 0.01 0.937

Protein from dairy sources 0.60 (0.37 to 0.84) 2.52 (1.49 to 3.55) - 1.24 (0.75t0 1.72) 6.85 (4.35 t0 9.34) —_— 8.71 0.003
Protein from milk 1.14 (0.80 to 1.48) 4.91 (3.42 to 6.39) — 1.73 (0.98 to 2.47) 9.16 (5.34 to 12.99) 2.83 0.093
Protein from yogurt 1.27 (0.68 to 1.87) 5.38 (2.76 to 8.01) _— 1.31 (0.06 to 2.55) 8.54 (2.09 to 14.99) 0.44 0.507
Protein from cheese -0.33 (-0.70 to 0.04) -1.64 (-3.27 t0 0.01) —] 0.71(0.03 to 1.46) 3.95 (0.06 to 7.84) 8.31 0.004

Protein from animal products (not dairy) 0.25 (0.15 to 0.34) 1.05 (0.62 to 1.47) = 0.10 (-0.11 to 0.30) 0.64 (-0.41 to 1.70) o 1.41 0.236

Total carbohydrate 0.08 (0.03 to 0.13) 0.35 (0.15 to 0.56) 0.05 (-0.04 to 0.14) 0.18 (-0.31 to 0.66) = 3.54 0.06
Total sugars 0.02 (-0.03 to 0.07) 0.09 (-0.13 t0 0.31) 0.00 (-0.09 to 0.10) -0.03 (-0.54 t0 0.48) | 0.67 0.414
Free sugars -0.18 (-0.24 to -0.11) -0.79 (-1.08 to -0.51) -0.21 (-0.34 to -0.08) -1.19 (-1.85 to -0.54) - 1.19 0.276
Non-free sugars 0.18 (0.12 t0 0.24) 0.75 (0.50 to 1.01) 0.18 (0.06 to 0.30) 0.96 (0.36 to 1.56) - 0.01 0.907
Total starch 0.09 (0.03 to 0.15) 0.43 (0.18 to 0.69) 0.08 (-0.05 to 0.20) 0.34 (-0.30 to 0.98) 3 2.34 0.126
Starch from wholegrains 0.21 (0.14 to 0.28) 0.95 (0.63 to 1.26) 0.32 (0.14 to 0.49) 1.74 (0.86 to 2.63) - 0.22 0.639
Starch from refined grains 0.07 (0.01 t0 0.13) 0.31 (0.04 to 0.58) 0.00 (-0.12 t0 0.13) 0.00 (-0.60 to 0.67) - 2.07 0.15
Fibre (per 5 g/day) 0.42 (0.30 to 0.55) 1.64 (1.16 t0 2.12) = 0.48 (0.21 t0 0.74) 1.52 (0.31t0 2.73) —=— 0.28 0.598
Total fat -0.11 (-0.17 to -0.06) -0.44 (-0.68 to -0.20) -0.04 (-0.15t0 0.07) -0.20 (-0.76 t0 0.37) L 0.02 0.901
Fat from plant sources -0.02 (-0.09 to 0.04) -0.08 (-0.38 t0 0.22) -0.12 (-0.27 to 0.04) -0.62 (-1.41t0 0.17) - 5.07 0.024

Fat from animal sources -0.10 (-0.16 to -0.05) -0.43 (-0.68 to -0.18) 0.02 (-0.09 to 0.14) 0.14 (-0.47 to 0.75) L 2.35 0.125

Fat from dairy sources -0.11 (-0.19 to -0.02) -0.50 (-0.86 to -0.13) 0.03 (-0.15 t0 0.21) 0.20 (-0.74 to 1.14) - 217 0.141
Fat from milk 0.26 (0.00 to 0.51) 1.00 (-0.13 t0 2.13) 0.48 (-0.10 to 1.05) 2.79 (-0.19 t0 5.78) — 1.37 0.242
Fat from yogurt 0.54 (0.03 to 1.05) 2.44 (0.16 to 4.71) 0.06 (-1.26 to 1.37) 2.09 (-4.74 t0 8.91) — 0.01 0.906
Fat from cheese -0.18 (-0.33 to -0.04) -0.87 (-1.51 t0 -0.23) 0.16 (-0.13 to 0.46) 0.90 (-0.66 to 2.46) T— 6.43 0.011

Fat from animal products (not dairy) -0.08 (-0.15 to -0.01) -0.30 (-0.61 to 0.01) 0.02 (-0.12 t0 0.15) 0.08 (-0.64 to 0.79) +* 0.42 0.518
—_
-5 0 15 -5 0 15

Percentage change of IGF-I

Percentage change of IGF-I

proteins and 5 grams per day increase in fibre by body mass index (<30 and >30 kg mg) in association with IGF-I.

Ancillary Figure 5.2 Multivariable-adjusted model for nutrient intake per 2.5% increase of energy from carbohydrates, fats, and

All models are adjusted for sex, age at recruitment, region of recruitment, height, physical activity, Townsend deprivation index, education, smoking, alcohol consumption, ethnicity,

diabetes, energy intake, and women specific covariates: hormone replacement therapy use, oral contraceptive use, and menopausal status. Participants with unknown BMI excluded

from analyses.

)(2 and p-values for heterogeneity represent values from likelihood ratio tests for adding an interaction term between BMI subgroups and 2.5% energy increase for macronutrients or
5g/day increase of fibre and testing for significant model fit. Bonferroni correction: p-values <0.00185 considered statistically significant.

Abbreviations: BMI, body mass index; CI, confidence intervals; g/day, grams per day; IGF-I, insulin-like growth factor-I1.
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Mean Percentage Geometric mean IGF-1 Mean Percentage  Geometric mean IGF-I

WebQ subsample N glday  of energy concentration (nmol/L) WebQ subsample N glday  of energy concentration (nmol/L)
Total protein Total carbohydrate
Q1 (Lowest) 1,182 63.6 11.72% 19.90 (19.61 - 20.19) + Q1 (Lowest) 1,182 1891 36.799 20.75 (20.44 - 21.06) +
Q2 1,182 725 13.30% 20.73 (20.43 - 21.02 - Q2 1,182 221.8 42.58Y% 20.89 (20.59 - 21.20) -
Q3 1,181 759 14.12% 20.88 (20.58 - 21.18 - Q3 1,181 234.1 45.119 21.35(21.04 - 21.66) -
Q4 . 7.9 14.80% 21.13 (20.83 - 21.43 - Q4 . 246.6 47.119 21.42(21.11 - 21.73) -
Q5 . 79.8 15.44% 21.23 (20.93 - 21.53 - Q5 . 249.8 48.80% 21.29 (20.99 - 21.59; -
Q6 ) 82.7 16.10% 21.61(21.31-21.92 - Q6 . 257 50.37Y% 21.24 (20.94 - 21.55) -
Q7 836 16.78% 21.50 (21.20 - 21.81 - Q7 . 2665  51.979 21.22(20.92 - 21.52) -
Q8 85.3 17.57% 21.33 (21.03 - 21.64) - Q8 B 272.7 53.81% 21.51(21.21 - 21.82) -
Q9 1 87.2 18.67% 21.93 (21.61 - 22.24) - Q9 . 2799  56.169 21.20 (20.90 - 21.51) —
Q10 (Highest) 180 92.4 21.12% 22113 (21.81 - 22.46) — Q10 (Highest) 1,180 2883  60.76% 21.43 (21.11-21.75) -
Protein from plants Non-free sugar
Q1 (Lowest) 1,182 197 3.75% 20.50 (20.20 - 20.79 m Q1 (Lowest) 1,182 304 5.82% 20.06 (19.77 - 20.36) +
Q2 1,182 232 4.41% 20.68 (20.39 - 20.98 Q2 1,182 42 8.09% 20.95 (20.65 - 21.26) -
Q3 , 24.8 4.75% 20.96 (20.66 - 21.26 Q3 181 49.4 9.57% 21.17 (20.87 - 21.47, -
Q4 s 26 5.04% 21.19 (20.89 - 21.49 - Q4 . 55.2 10.829% 21.18 (20.88 - 21.49; -
Q5 8 272 5.31% 21.32(21.02 - 21.62, - Q5 . 60.5 12.019 21.27(20.97 - 21.58) -
Q6 8 281 5.58% 21.74 (21.44 - 22.05 - Q6 . 65 13.199 21.61(21.30 - 21.92) -
Q7 f 29.8 5.88% 21.39 (21.09 - 21.70) - Q7 . 72 14.49Y% 21.47 (21.16 - 21.78) -
Q8 A 31.1 6.25% 21.56 (21.25 - 21.87) - Q8 f 78.5 16.10% 21.52(21.21 - 21.83) -
Q9 )1 333 6.79% 21.27 (20.97 - 21.57) - Q9 1,182 88.3 18.349 21.39 (21.09 - 21.70) -
Q10 (Highest) 180 39.7 8.27% 21.71 (21.40 - 22.03) — Q10 (Highest) 1,180 1072 23.59% 21.70 (21.39 - 22.02) —
Protein from animal Starch from wholegrain
Q1 (Lowest) 1,182 27.2 5.18% 20.31(20.01 - 20.60; + Q1 (Lowest) 1,182 0.6 0.10% 20.56 (20.26 - 20.86) +
Q2 . 40.4 7.52% 20.91(20.61-21.21 - Q2 1, 73 1.40% 20.78 (20.48 - 21.08, -
Q3 45.9 8.55% 20.81(20.52 - 21.11 - Q3 . 13.2 2.50% 21.06 (20.76 - 21.36, -
Q4 49.3 9.30% 21.15(20.85 - 21.45, - Q4 . 18.3 3.60% 21.26 (20.96 - 21.57, -
Q5 522 9.96% 21.39 (21.09 - 21.70, - Q5 . 22.9 4.50% 21.28 (20.98 - 21.58, -
Q6 54.4 10.62% 21.64 (21.33 - 21.95) - Q6 . 274 5.40% 21.05(20.76 - 21.35, -
Q7 A 56.7 11.34% 2143 (21.13-21.74) Q7 f 322 6.40%
Q8 A 59.7 12.13% 21.10 (20.80 - 21.40) - Q8 181 38 7.70%
Q9 182 62.8 13.25% 21.80 (21.49 - 22.11) - Q9 1,182 44.7 9.30%
Q10 (Highest) 1,180 69.6 15.77% 21.79 (21.48 - 22.12) - Q10 (Highest) 1180 62.8 13.20% -
Protein from dairy Fibre
Q1 (Lowest) . 3.9 0.75% 20.36 (20.07 - 20.66 -+ Q1 (Lowest) 1, 10.1 - 20.14(19.84 - 20.45 b
Q2 . 77 1.49% 20.94 (20.65 - 21.25, - Q2 . 129 - 20.77 (20.47 - 21.07,
Q3 ., 9.8 1.88% 21.04 (20.74 - 21.34, - Q3 B 144 - 21.15(20.85 - 21.45)
Q4 , 111 2.20% 21.07 (20.77 - 21.37, - Q4 . 15.7 - 20.97 (20.67 - 21.27,
Q5 f 12.6 2.48% 21.02(20.72 - 21.32) - Q5 . 17 21.29 (20.99 - 21.60,
Q6 A 13.9 2.76% 1.71(21.41 - 22.02) - Q6 f 18.2 21.33 (21.03 - 21.64,
Q7 ,182 15.1 3.06% 1.36 (21.06 - 21.67) - Q7 1,182 19.5 21.49 (21.19 - 21.80;
Q8 1,181 16.6 3.41% 1.59 (21.29 - 21.90) - Q8 1,181 211 - 21.57 (21.27 - 21.89;
Q9 1,182 18.9 3.89% 1.55 (21.25 - 21.86) - Q9 1,182 23.2 - 21.77 (21.45 - 22.09;
Q10 (Highest) 1,180 228 5.00% 1.66 (21.35 - 21.98) - Q10 (Highest) 1,180 28.4 - 21.85(21.52 - 22.18;
Protein from milk Alcohol
QT (Lowest) ! 0.3 0.05% 20.78 (20.49 - 21.08 <+ Q1 (Lowest) 1,425 0 0.00% 21.82(21.48 - 22.16)
Q2 N 26 0.50% 20.48 (20.19 - 20.78, Q2 939 0.6 0.20% 21.64 (21.26 - 22.03)
Q3 1 43 0.84% 20.70 (20.41 - 21.00, Q3 1,181 29 0.90% 21.36 (21.04 - 21.69)
Q4 A 56 1.08% 20.96 (20.67 - 21.26) Q4 1,182 6.8 2.10% 21.40 (21 1.72
Q5 A 6.6 1.28% 1.54 (21.24 - 21.85) Q5 1,181 10.6 3.40%
Q6 182 75 1.48% 1.32(21.02 - 21.62) Q6 1,182 15.2 4.80%
Q7 1,182 84 1.68% 1.39 (21.09 - 21.70) Q7 1,182 20.2 6.50%
Q8 1,181 9.2 1.90% 1.50 (21.20 - 21.81 Q8 1,181 26.3 8.60% 21.19 (20.88 - 21.50,
Q9 1,182 10.3 2.19% 1.63 (21.32 - 21.94 Q9 1,182 35 11.40% 20.75 (20.43 - 21.07
Q10 (Highest) 1,180 12.9 2.94% 2.02 (21.70 - 22.34 Q10 (Highest) 1,180 53.9 18.20% 20.27 (19.94 - 20.60) —-—
Total Fat
Q1 (Lowest) 1 46.7 22.32% 21.42 (21.11 -21.73; +
Q2 1 56.7 26.13% 21.54 (21.23 - 21.85 -
Q3 1 62.5 28.07% 21.64 (21.34 - 21.96) -
Q4 1 66.4 29.56% 1.14 (20.84 - 21.44) -
Q5 1 70.6 30.89% 1.31(21.01 - 21.62) -
Q6 1,182 74.8 32.15% 1.24 (20.94 - 21.55) -t
Q7 1182 78.4 33.52% 0.96 (20.66 - 21,26 -
Q8 1,181 83.2 35.03% 1.17 (20.87 - 21.47 ~1
Q9 5 182 88.6 36.91% 1.09 (20.79 - 21.39 -
Q10 (Highest) 1,180 98.3 40.75% 0.79 (20.49 - 21.09
— [ E—
0.9 1 1.15 0.9 1 1.15
Relative geometric Relative geometric
mean (95% CI) mean (95% CI)

Ancillary Figure 5.3 Multivariable-adjusted model for percentage of energy in deciles from several macronutrients and fibre from
the Web(Q 24-hour dietary assessment subsample in association with the geometric mean concentration of IGF-I (N=11,815).

All models are adjusted for sex, age at recruitment, region of recruitment, body mass index, height, physical activity, Townsend deprivation index, education, smoking, alcohol
consumption (except when alcohol was the exposure), ethnicity, diabetes, energy intake, and women specific covariates: hormone replacement therapy use, oral contraceptive use, and
menopausal status. Quantiles of percentage of energy from carbohydrate sources, percentage of energy from fat sources, percentage of protein sources, and percentage of energy from
alcohol, and fibre quantiles calculated from a minimum of four (maximum of five) averaged 24-hour web-based dietary assessments with one assessment completed at recruitment.

Mean grams per day calculated as average gram intake per day within each category. Percentage of energy calculated by mean percentage of energy per day in each quintile.

Abbreviations: g/day, grams per day; IGF-I, insulin-like growth factor-I; N, number of participants; Q, quantile.

271



Per 2.5% energy

Prostate cancer

HR (95% CI)

2
%4

Protein from cheese

Breast cancer

HR (95% ClI)

2
%1 p-value

Colorectal cancer

HR (95% CI) el

N Cases p-value Per 2.5% energy N Cases Per 2.5% energy N Cases p-value
Sex Menopausal status
Male 62,939 515 —— 0.98 (0.76,1.26) 1.25 0.26 Premenopausal 17,558 310 — 0.77 (0.55, 1.07) 2.63 0.1
Female 51,278 678 — 0.84 (0.67, 1.07) Postmenopausal 62,239 1,713 ] 1.08 (0.95, 1.24)
BMI BMI BMI
<27 kg/m2 68,347 642 — 0.84 (0.66,1.07) 0.3 058 <27 kg/m2 40,847 1,233 I_ 1.00 (0.85, 1.17) 0.28 0.59 <27 kg/m2 27,504 1,317 I 0.95(0.81,1.13) 0 0.96
27+ kg/m2 45,358 550 —— 0.97 (0.76, 1.24) 27+ kg/m2 21,748 786 1.06 (0.87, 1.29) 27+ kg/m2 23,660 1,101 0.97 (0.81, 1.15)
Smoking Smoking Smoking
Never 65,383 569 —- 0.88(0.68,1.13) 0.1 0.75 Never 38,447 1,210 I 1.05(0.90, 1.24) 0.16 0.69 Never 26,936 1,241 1.00 (0.84, 1.19) 0.22 0.64
Ever 48,167 623 —— 0.93(0.73,1.17) Ever 24,092 812 1.00 (0.83, 1.21) Ever 24,208 1,175 0.93(0.78, 1.10)
Alcohol intake Alcohol intake Alcohol intake
<10 g/day 54,664 485 —— 0.98 (0.76, 1.27) 0.71 0.4 <10 g/day 37,384 1,199 0.97 (0.83, 1.14) 1.16 0.28 <10 g/day 17,280 773 1.00 (0.82, 1.23) 0.1 0.74
10+ g/day 58,734 704 — 0.86 (0.68, 1.08) 10+ g/day 24,844 819 1.13(0.93, 1.37) 10+ g/day 33,890 1,644 0.95 (0.81, 1.10)
1 0.5 1 2 0.5 1 2

Hazard Ratio (95% Cl)

Hazard Ratio (95% Cl)

Hazard Ratio (95% Cl)

Ancillary Figure 6.1 Intake of cheese protein per 2.5% energy increase by subgroups risk of colorectal cancer, breast cancer,

prostate cancer.

All models used age as the underlying time variable, were stratified by age groups at recruitment, and further adjusted for height, physical activity, Townsend deprivation index,

education, employment status, smoking status (except when smoking status was subgroup if interest), alcohol intake (except when alcohol was the subgroup of interest), ethnicity,

diagnosis of diabetes, BMI (except when BMI was subgroup of interest), and energy intake. For colorectal cancer analyses: all models were stratified by sex (except when sex was

subgroup of interest) and adjusted for menopause status (women only) and menopausal hormone therapy use (women only), red and processed meat intake, non-steroidal anti-

inflammatory drug use. For breast cancer analyses: models were further adjusted for menopausal hormone therapy use, oral contraceptive use, parity and age at first birth, age at

menarche, BMI and menopause status (except when menopause status was subgroup of interest). For prostate cancer analyses: models were further adjusted for marital status.

X2 represents improvement of model fit and p-value represents heterogeneity between subgroups obtained from likelihood ratio tests for including an interaction term between subgroup

of interest and cheese protein (modelled as a 2.5% energy increase) into the model.

Abbreviations: BMI, body mass index; CI, confidence interval; g/day, grams per day; HR, hazard ratio; kg/mz7 kilograms per metre squared; N, number of participants.
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Female (N=62,939; Cases= 515)

Carbohydrate and fibre sources

HR (95% Cl)

Per 5% energy increase
Total carbohydrates
Total sugars

Free sugars

Non-free sugars
Total starch

Wholegrain starch

Refined grain starch

Fibre (per 5 gram/day)
Total fibre
Fibre from fruit & vegetables
Fibre from vegetables
Fibre from fruit

Fibre from wholegrains

0.5 1

1.75

Hazard ratio (95% Cl)

0.96 (0.90 - 1.03)
0.95 (0.88 - 1.02)
0.96 (0.87 - 1.06)
0.96 (0.88 - 1.04)
1.00 (0.92 - 1.09)
0.97 (0.86 - 1.09)
1.00 (0.92 - 1.08)

1.01(0.91-1.11)
0.97 (0.85 - 1.10)
0.99 (0.82 - 1.20)
0.92 (0.75 - 1.15)
0.99 (0.84 - 1.16)

Male (N=51,278; Cases= 678)

p-value for

HR (95% CI) 2 heterogeneity
0.94 (0.89 - 1.00) 1.05 0.3
0.92 (0.86 - 0.99) 2.05 0.15
0.95 (0.88 - 1.03) 0.04 0.84
B 0.88 (0.80 - 0.96) 3.07 0.08
1.01 (0.93 - 1.08) 0.03 0.85
0.93 (0.84 - 1.03) 1.11 0.29
1.04 (0.97 - 1.11) 1.33 0.25
—| 0.93 (0.86 - 1.01) 2.29 0.13
- 0.91(0.81 - 1.03) 1.32 0.25
—m— 0.93(0.77 - 1.11) 0.47 0.49
—=t 0.86 (0.70 - 1.04) 1.24 0.27
- 0.88 (0.77 - 1.00) 2.29 0.13
05 1 175

Hazard ratio (95% Cl)

Ancillary Figure 7.1 Multivariable hazard ratios and 95% confidence intervals for carbohydrate and fibre sources with colorectal

cancer risk stratified by sex.

Models stratified for age at recruitment, and further adjusted for region, height, physical activity, Townsend deprivation index, education, employment, smoking, alcohol consumption

measured at recruitment, ethnicity, diabetes status, non-steroidal anti-inflammatory drug use, energy intake, BMI, processed and red meat intake, total vegetable fruit intake (except

for total fibre, fibre from vegetables and/or fruit, or non-free sugars), and female specific covariates: menopausal hormone therapy use and menopausal status.

X2 and p-value for heterogeneity represents improvement of fit obtained from likelihood ratio tests for including an interaction term between sex and carbohydrate type/source

(modelled as a 5% energy increase) or fibre source (modelled as a 5 gram/day increase) into the model.

Abbreviations: CI, confidence interval; HR, hazard ratio, N, number of participants.
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BMI <27 kg/m? (N=68,499; Cases = 642)

BMI 2 27 kg/m? (N=45,492; Cases = 550)

p-value for
Carbohydrate and fibre sources HR (95% CI) HR (95% CI) Xf heterogeneity
Per 5% energy increase
Total carbohydrates 0.95(0.90 - 1.01) 0.95 (0.89 - 1.01) 0.05 0.83
Total sugars 0.92 (0.85-0.98) 0.95 (0.88 - 1.02) 0.77 0.381
Free sugars 0.94 (0.86 - 1.02) 0.97 (0.89 - 1.07) 0.41 0.524
Non-free sugars . 0.90 (0.83 - 0.98) 0.93 (0.85 - 1.02) 0.18 0.672
Total starch 1.03 (0.95-1.11) 0.97 (0.90 - 1.05) 0.59 0.443
Wholegrain starch E 3 0.88 (0.80 - 0.98) 1.00 (0.90 - 1.12) 2.55 0.11
Refined grain starch 1.04 (0.97 - 1.11) 1.02 (0.95 - 1.09) 0.04 0.844
Fibre (per 5 gram/day)
Total fibre 0.97 (0.89 - 1.05) 0.94 (0.86 - 1.04) 0.54 0.461
Fibre from fruit & vegetables 0.96 (0.85 - 1.08) —: 0.92 (0.81 - 1.05) 0.54 0.463
Fibre from vegetables 1.00 (0.83 - 1.20) —— 0.92 (0.76 - 1.12) 0.89 0.346
Fibre from fruit 0.89 (0.73 - 1.08) —a 0.88 (0.72 - 1.09) 0.05 0.815
Fibre from wholegrains - 0.85(0.74 - 0.97) —T— 0.97 (0.84 - 1.13) 1.46 0.228
0:5 1 1.I75 015 1 1.I75

Hazard ratio (95% CI) Hazard ratio (95% Cl)

Ancillary Figure 7.2 Multivariable hazard ratios and 95% confidence intervals for carbohydrate and fibre sources with colorectal

cancer risk stratified by body mass index (<27 ke/m” vs. =27 ke/m”?).

Models stratified for sex and age at recruitment, and further adjusted for region, height, physical activity, Townsend deprivation index, education, employment, smoking, alcohol
consumption measured at recruitment, ethnicity, diabetes status, non-steroidal anti-inflammatory drug use, energy intake, processed and red meat intake, total vegetable fruit intake
(except for total fibre, fibre from vegetables and/or fruit, or non-free sugars), and female specific covariates: menopausal hormone therapy use and menopausal status.

X2 and p-value for heterogeneity represent improvement of fit obtained from likelihood ratio tests for including an interaction term between BMI subgroups and carbohydrate
type/source (modelled as a 5% energy increase) or fibre source (modelled as a 5 gram/day increase) into the model.

Abbreviations: CI, confidence interval; HR, hazard ratio, N, number of participants.
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Only white ethnicity Complete case analyses

N Cases HR (95% CI) X§ p-values N Cases HR (95% CI) X§ p-values
All cancer
Regular meat-eaters 233,959 28304 1 (ref) 28.01 <0.001 192,450 21227 1 (ref) 15.83 0.001
Low meat-eaters 193,033 22942 : 0.98 (0.96 - 1.00) 156,887 17215 : 1.00 (0.98 - 1.02)
Fish-eaters 9,922 879 - 0.90 (0.84 - 0.96) 9,326 787 - 0.92 (0.86 - 0.99)
Vegetarians 6,903 544 - 0.85(0.78 - 0.92) 7,326 535 - 0.86 (0.79 - 0.94)

Colorectal cancer

Regular meat-eaters 233,959 3186 1 (ref) 10.5 0.015 192,450 2427 1 (ref) 9.5 0.023
Low meat-eaters 193,033 2342 - 0.92 (0.87-0.97) 156,887 1755 - 0.91(0.86 - 0.97)
Fish-eaters 9,922 85 — 0.85 (0.68 - 1.05) 9,326 76 —_— 0.86 (0.68 - 1.08)
Vegetarians 6,903 57 —r 0.87 (0.67 - 1.14) 7,326 54 —_— 0.84 (0.64 - 1.11)

Postmenopausal breast cancer

Regular meat-eaters 101,614 3312 1 (ref) 8.19 0.042 63,372 1971 1 (ref) 5.01 0.171
Low meat-eaters 112,767 3668 « 0.97 (0.92 - 1.02) 70,502 2174 - 0.96 (0.90 - 1.02)
Fish-eaters 6,429 176 —t 0.90 (0.77 - 1.05) 4,671 128 — 0.93 (0.77 - 1.11)
Vegetarians 4,026 89 —_ 0.78 (0.63 - 0.96) 3,228 78 —_ 0.87 (0.69 - 1.09)

Prostate cancer

Regular meat-eaters 125,463 5401 1 (ref) 12.56 0.006 103,853 4251 1 (ref) 14.16 0.003
Low meat-eaters 74,035 3506 - 1.00 (0.96 - 1.04) 60,131 2788 .- 1.02 (0.97 - 1.07)
Fish-eaters 2,792 86 — 0.81 (0.65 - 1.00) 2,638 78 — 0.78 (0.62 - 0.98)
Vegetarians 2,321 52 —_— 0.68 (0.52 - 0.89) 2,513 55 —_— 0.70 (0.53 - 0.91)
—_—— ] —_—
0.5 1 2 0.5 1 2
Hazard Ratio (95% Cl) Hazard Ratio (95% Cl)

Ancillary Figure 8.1 Hazard ratios and 95% confidence intervals for sensitivity analyses including only participants of white

ethnicity and complete cases analyses on associations between diet groups and risk of all cancer, prostate, postmenopausal breast, or

colorectal cancer.

All models used age as the underlying time variable and are stratified by sex (for only all cancer and colorectal cancer) and age groups, and adjusted for region of recruitment, height,
physical activity, Townsend deprivation index, education, employment status, smoking status, alcohol consumption, ethnicity, and diabetes status. Full details for each covariate are
provided in the statistical analysis section in the main text.

For all cancer and colorectal cancer models are further adjusted for: menopausal hormone therapy use, and menopausal status. For colorectal cancer, models were also adjusted for
NSAID use. For prostate cancer models are further adjusted for: marital status. For postmenopausal breast cancer models are further adjusted for: menopausal hormone therapy use,
age at menarche, and age at first birth/parity. Models are restricted to only men for prostate cancer and only women for postmenopausal breast cancer.

)(2 (degrees of freedom in subscript) and p-values from likelihood ratio tests for model fit comparing a model without diet groups, to a model including diet groups.

Abbreviations: CI, confidence intervals; HR, hazard ratios; N, number of participants; NSAID, non-steroid anti-inflammatory drug; ref, reference group.
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Removing first two years of follow-up

Adding fruit and vegetable intake into model

N Cases HR (95% ClI) p-values N Cases HR (95% ClI) A3 p-values
All cancer
Regular meat-eaters 243,364 25726 1 (ref) 27.4 <0.001 247,571 29398 1 (ref) 23.63 <0.001
Low meat-eaters 201,930 20919 = 0.98 (0.96 - 1.00) 205,385 23954 : 0.98 (0.96 - 1.00)
Fish-eaters 10,541 794 - 0.87 (0.81-0.93) 10,696 940 - 0.90 (0.85-0.97)
Vegetarians 8,603 592 - 0.87 (0.80 - 0.95) 8,685 669 0.87 (0.80- 0.94)
Colorectal cancer
Regular meat-eaters 243,364 2856 1 (ref) 14.91 0.002 247,571 3297 1 (ref) 12.42 0.006
Low meat-eaters 201,930 2091 - 0.91 (0.86 - 0.96) 205,385 2430 - 0.92 (0.87 - 0.97)
Fish-eaters 10,541 75 — 0.80 (0.63 - 1.00) 10,696 92 — 0.86 (0.70 - 1.07)
Vegetarians 8,603 55 —F 0.80 (0.61 - 1.05) 8,685 63 — 0.81(0.63 - 1.04)
Postmenopausal breast cancer
Regular meat-eaters 105,752 2919 1 (ref) 5.63 0.131 107,097 3429 1 (ref) 55 0.138
Low meat-eaters 117,559 3265 - 0.97 (0.93 - 1.02) 119,134 3802 L 0.97 (0.92-1.01)
Fish-eaters 6,819 165 —t 0.92 (0.79 - 1.08) 6,897 190 — 0.93 (0.80 - 1.07)
Vegetarians 5,007 99 — 0.81(0.66 - 0.99) 5,050 116 — 0.83 (0.69-1.01)
Prostate cancer
Regular meat-eaters 130,165 4919 -} 1 (ref) 16.15 0.001 132,722 5655 -} 1 (ref) 13.91 0.003
Low meat-eaters 77,606 3191 L ] 0.99 (0.95 - 1.04) 79,220 3689 L 1.00 (0.96 - 1.04)
Fish-eaters 2,978 71 —_— 0.69 (0.55 - 0.88) 3,032 93 — 0.80 (0.65 - 0.99)
Vegetarians 2,940 61 —_— 0.74 (0.57 - 0.95) 2,963 64 —_— 0.69 (0.54 - 0.89)
—_— —_——

0.5 1 2
Hazard Ratio (95% Cl)

0.5 1 2
Hazard Ratio (95% CI)

Ancillary Figure 8.2 Hazard ratios and 95% confidence intervals for sensitivity analyses removing first two years of follow-up and

adjusting for fruit and vegetable intake on associations between diet groups and risk of all cancer, prostate, postmenopausal breast, or

colorectal cancer.

All models used age as the underlying time variable and are stratified by sex (for only all cancer and colorectal cancer), age groups, and adjusted for region of recruitment, height,

physical activity, Townsend deprivation index, education, employment status, smoking status, alcohol consumption, ethnicity, and diabetes status. Full details for each covariate are

provided in the statistical analysis section in the main text.

For all cancer and colorectal cancer models are further adjusted for: menopausal hormone therapy use, and menopausal status. For colorectal cancer, models were also adjusted for

NSAID use. For prostate cancer models are further adjusted for: marital status. For postmenopausal breast cancer model are further adjusted for: menopausal hormone therapy (MHT)

use, age at menarche, and age at first birth/parity. Models are restricted to only men for prostate cancer and only women for postmenopausal breast cancer.

)(2 (degrees of freedom in subscript) and p-values from likelihood ratio tests for model fit comparing a model without diet groups, to a model including diet groups.

Abbreviations: CI, confidence intervals; HR, hazard ratios; N, number of participants; NSAID, non-steroid anti-inflammatory drug; ref, reference group.
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