Dairy products and cardio-metabolic
health: aspects from nutritional,
molecular and genetic epidemiology

o

i

Eirini Trichia

MRC Epidemiology Unit
University of Cambridge

This dissertation is submitted for the degree of

Doctor of Philosophy

Wolfson College October 2018






Name: Eirini Trichia

Title: Dairy products and cardio-metabolic health: aspects from nutritional, molecular and genetic
epidemiology

Summary

There is accumulating evidence on differences in the link between types of dairy products and cardio-
metabolic health, but inconsistent findings limit the field. In my PhD project, | undertook an
epidemiological investigation comprising inter-related but distinct themes evaluating aspects of

nutritional, molecular and genetic epidemiology to advance scientific understanding.

I undertook research to describe dairy consumption patterns over time by evaluating nationally-
representative data of the United Kingdom National Diet and Nutrition Survey. | observed significant
time trends for specific dairy types and groups, which were different among different groups of
people e.g. adults younger than 65 years or elderly people. Using data from the large Fenland
(n~12,000) and EPIC Norfolk (n~25,000) studies, | investigated associations of total and types of
dairy consumption with markers of metabolic risk and adiposity as potential pathways to cardio-
metabolic disease. The analyses showed differential associations of dairy types and groups mainly
with markers of adiposity and lipidaemia. | explored the potential of objective markers to assess dairy
consumption, by examining metabolomics profiles and blood fatty acids to identify a set of
biomarkers predicting dairy consumption and prospective associations of the identified biomarkers
with type 2 diabetes risk. | was able to develop and validate metabolite scores reflecting consumption
of some dairy products and observed inverse associations between some of these scores and type 2
diabetes incidence. | analysed genetic determinants of dairy consumption, using a genome-wide
association study in the UK Biobank (n~500,000) and identified single nucleotide polymorphisms
predicting milk, cheese and total dairy consumption.

Overall, this PhD work contributed towards (1) a more precise description of dairy consumption
patterns in the UK, (2) hypothesis formulation for potential biological pathways linking to cardio-
metabolic disease, (3) discovery of metabolite scores as potential dairy biomarkers and (4) hypothesis

formulation for potential genetic predictors of dairy consumption.
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Abstract

There is accumulating evidence on differences in the link between types of dairy products
and cardio-metabolic health, but inconsistent findings limit the field. In my PhD project, I
undertook an epidemiological investigation comprising inter-related but distinct themes
evaluating aspects of nutritional, molecular and genetic epidemiology to advance scientific
understanding.

I undertook research to describe dairy consumption patterns over time by evaluating
nationally-representative data of the United Kingdom National Diet and Nutrition Survey.
I observed significant time trends for specific dairy types and groups, which were different
among different groups of people e.g. adults younger than 65 years or elderly people.
Using data from the large Fenland (n 12,000) and EPIC Norfolk (n 25,000) studies, I
investigated associations of total and types of dairy consumption with markers of metabolic
risk and adiposity as potential pathways to cardio-metabolic disease. The analyses showed
differential associations of dairy types and groups mainly with markers of adiposity and
lipidaemia. I explored the potential of objective markers to assess dairy consumption, by
examining metabolomics profiles and blood fatty acids to identify a set of biomarkers
predicting dairy consumption and prospective associations of the identified biomarkers
with type 2 diabetes risk. I was able to develop and validate metabolite scores reflecting
consumption of some dairy products and observed inverse associations between some
of these scores and type 2 diabetes incidence. I analysed genetic determinants of dairy
consumption, using a genome-wide association study in the UK Biobank (n 500,000)
and identified single nucleotide polymorphisms predicting milk, cheese and total dairy
consumption.

Overall, this PhD work contributed towards (1) a more precise description of dairy
consumption patterns in the UK, (2) hypothesis formulation for potential biological path-
ways linking to cardio-metabolic disease, (3) discovery of metabolite scores as potential
dairy biomarkers and (4) hypothesis formulation for potential genetic predictors of dairy

consumption.
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Chapter 1

Introduction

1.1 Burden of cardio-metabolic disease

According to the most recent Global Burden of Disease reports of 2016 (GBD 2016),
cardiovascular disease (CVD) is still the leading cause of death worldwide, and also in
the UK with the ischaemic heart disease in the first place and stroke in the third place
(with lung cancer in the second place)[1]. The International Diabetes Federation, in their
latest release of the Diabetes Atlas, reported that the number of adults with type 2 diabetes
(T2D) worldwide almost tripled from 151 million in 2000 to 425 million in 2017[2]. The
prevalence of T2D in the UK was 5.9% in 2017[2]. According to the latest GBD 2016
report on disease risk factors, low dietary quality is the second risk factor globally for
disability adjusted life years following child and maternal malnutrition (Figure 1.1)[3]. It
is also the leading risk factor in countries of middle or middle-high socio-demographic
index[3]. High body mass index (BMI) is the seventh top risk factor globally, fifth among
countries of middle or middle-high socio-demographic index and fourth among countries of
high socio-demographic index (Figure 1.1)[3]. Mortality increased by 11.2% and disability
adjusted life years increased by 8.6% from 2006 to 2016 due to suboptimal diet, while
increases due to high BMI were 28.6% for both over this decade[3].

The substantial contribution of cardio-metabolic disease to the global mortality and the
interplay between nutrition, metabolic risk factors, and cardio-metabolic disease suggest
that studying the role of nutrition in relation to disease endpoints, but also intermediate
endpoints is of high importance. The World Health Organisation suggests 12 steps to
healthy eating for the prevention of non-communicable diseases e.g. CVD, T2D, can-
cer and obesity (http://www.euro.who.int/en/health-topics/disease-prevention/nutrition/
a-healthy-lifestyle). These steps include the consumption of fruit, vegetables, whole grains,
replacement of saturated fatty acids (SFAs) with unsaturated fat, replacement of fatty
meat with lean meat, fish, beans and legumes, consumption of low-fat dairy products and

low consumption of sugar and salt. Dairy products comprise a widely consumed food
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Fig. 1.1 Top risk factors for disability adjusted life years (DALYs) globally, based on the
latest report of the Global Burden of Disease (GBD) 2016. Adapted from Gakidou et al[3]

group, which has been linked with bone health and prevention of hip fractures[4], and also
cardio-metabolic health, but with substantial heterogeneity in research evidence|[5].

1.2 Dairy products and cardio-metabolic disease

After a literature search and extraction of relevant papers from references, I identified at
least 17 systematic reviews with meta-analyses of prospective cohort studies evaluating
associations of total and types of dairy products with cardio-metabolic disease[6—22]
including mortality (n=5 meta-analyses of 2-29 studies)[7, 13, 14, 20, 22], CVD (n=8
meta-analyses of 3-29 studies)[6, 7, 9, 10, 14, 15, 20, 22], coronary heart disease (CHD;
n=8 meta-analyses of 3-29 studies)[6, 7, 9, 10, 13-15, 20], stroke (n=10 meta-analyses of
3-18 studies)[6, 9-11, 13-15, 17, 20, 22] and T2D (n=8 meta-analyses of 3-21 studies)[8,
12, 14, 16, 18, 19, 21, 22]. I extracted information on the direction of associations reported
from these meta-analyses and summarised it in Table 1.1.



1.2 Dairy products and cardio-metabolic disease

Table 1.1 Directions* of associations between total and types of dairy products and
cardio-metabolic disease outcomes as reported from meta-analyses of prospective
cohort studies

Type of dairy products Author Year Ref. CVD CHD Stroke T2D Mortality
Milk Guo 2017 [7] > > >
Alexander 2016 [10] &~ — &~
de Goede 2016 [11] 1
Gijsbers 2016 [12] —
Mullie 2016 [13] “ > >
Hu 2014 [17] I
Aune 2013 [18] >
Gao 2013 [19] &~
Soedamah-Muthu 2011 [20] 1 > > ~
Elwood 2010 [22] 1 1
Full-fat milk de Goede 2016 [11] T
Gijsbers 2016 [12] >
Aune 2013 [18] >
Gao 2013 [19] >
Tong 2011 [21] >
Low-fat milk de Goede 2016 [11] <~
Gijsbers 2016 [12] &~
Aune 2013 [18] b
Gao 2013 [19] A
Yoghurt Guo 2017  [7] ~ > >
Wu 2017  [9] — > >
Alexander 2016 [10] “ — >
de Goede 2016 [11] >
Gijsbers 2016 [12] 1
Qin 2015 [15] ~ >
Chen 2014 [16] 1
Aune 2013 [18] J
Gao 2013 [19] I
Tong 2011 [21] 1
Cheese Chen 2017  [6] 1 + I
Guo 2017 [7] 1 > >
Alexander 2016 [10] <« 4 1
de Goede 2016 [11] >
Gijsbers 2016 [12] >
Qin 2015 [15] “ J
Hu 2014 [17] K
Aune 2013 [18] 1
Gao 2013 [19] 1
Butter de Goede 2016 [11] >
Pimpin 2016 [14] <« > > K >
Qin 2015 [15] > >
Hu 2014 [17] >
Elwood 2010 [22] <«

Ice-cream Gijsbers 2016 [12] I




4 Introduction

Table 1.1 (continued)

Type of dairy products Author Year Ref. CVD CHD Stroke T2D Mortality
Cream Gijsbers 2016 [12] >
Hu 2014 [17] >
Fermented dairy products Guo 2017 [7] L > >
de Goede 2016 [11] >
Gao 2013 [19] >
High-fat dairy products Guo 2017 [7] > R R
Alexander 2016 [10] ~
de Goede 2016 [11] 1
Gijsbers 2016 [12] &~
Qin 2015 [15] & &
Chen 2014 [16] >
Aune 2013 [18] ~
Gao 2013 [19] >
Soedamah-Muthu 2011 [20] <~
Tong 2011 [21] >
Low-fat dairy products Guo 2017 [7] ~ “~ ~
Alexander 2016 [10] 1
de Goede 2016 [11] 1
Gijsbers 2016 [12] 1
Qin 2015 [15] & b
Chen 2014 [16] >
Aune 2013 [18] 1
Gao 2013 [19] 1
Soedamah-Muthu 2011 [20] >
Tong 2011 [21] 1
Total dairy products Guo 2017  [7] & R >
Schwingshackl 2017  [8] 1
Alexander 2016 [10] = <~ 1
de Goede 2016 [11] —
Gijsbers 2016 [12] 1
Qin 2015 [15] J >
Chen 2014 [16] >
Hu 2014 [17] +
Aune 2013 [18] 1
Gao 2013 [19] 1
Soedamah-Muthu 2011 [20] <~
Tong 2011 [21] 1
Elwood 2010 [22] 1 1 1

*4+: no association, : positive association/increase in risk, |: inverse association/decrease in risk
Abbreviations: CVD: Cardiovascular disease; CHD: Coronary heart disease; T2D: Type 2 diabetes

Total and types of dairy products were not associated with all-cause mortality[7, 13,
14, 20, 22].

Results on associations with CVD were consistently null for yoghurt[7, 9, 10], fer-
mented dairy products[7], low-fat[7] and high-fat dairy products[7], but mixed for milk[7,
10, 20, 22], cheese[6, 7, 10] and total dairy products[7, 10, 15] indicating inverse or null
associations. Specifically, the latest meta-analyses for milk showed null associations with
CVD[7, 10] and included five additional studies[7] compared to the older meta-analyses,
which showed inverse associations[20, 22]. The latest meta-analyses for cheese and car-
diovascular disease showed inverse associations[6, 7] and included six additional studies
compared to a former meta-analysis, which showed null associations[10].

Associations between dairy products and risk of CHD were consistently null for
milk[7, 10, 13], yoghurt[7, 9, 10, 15], butter[14, 15], fermented[7], high-fat[7, 10, 15, 20]
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and total[ 10, 15, 20] dairy products, while results for cheese[6, 7, 10, 15] and low-fat dairy
products[7, 10, 15, 20] showed either inverse or null associations.

No associations were reported between yoghurt[9-11, 15], butter[11, 14, 15, 17],
cream[17] or fermented dairy products[11] and risk of stroke, while inverse associations
were reported between low-fat dairy consumption and risk of stroke[11, 15]. Either null
or inverse associations were reported between milk[10, 11, 13, 17, 20], cheese[6, 10, 11,
15, 17], high-fat[11, 15] or total[10, 11, 15, 17, 22] dairy products and stroke incidence.
However, most of the meta-analyses indicated that cheese was associated with a lower
stroke incidence by a range of 6% to 13%[6, 10, 15, 17] and total dairy consumption was
associated with a lower risk of stroke by a range of 9% to 21%[10, 15, 17, 22].

Finally, null associations were reported between full-fat milk[12, 18, 19, 21], cream[12],
fermented[19] or high-fat[12, 16, 18, 19, 21] dairy products and T2D risk and inverse
associations were consistently reported between yoghurt (risk reduction range: 9% -
18%)[12, 16, 18, 19, 21] or butter (4% risk reduction per 45 g/day)[14] and T2D risk.
Findings were more mixed for milk (low-fat[12, 18, 19] or total milk[12, 18, 19, 22]),
cheese[12, 18, 19] or dairy products (low-fat[12, 16, 18, 19, 21] or total dairy products[8,
12, 16, 18, 19, 21, 22]) and T2D risk. Most of the meta-analyses on total milk showed
null associations with T2D risk[12, 18, 19]. The meta-analyses also reported an 18% risk
reduction from higher consumption of low-fat milk[18, 19] and 8% from higher consump-
tion of cheese[18, 19]. The risk reduction was 4% - 12% per 200 g daily consumption of
low-fat dairy products[12, 18, 19, 21] and 3% - 7% per 200 g daily consumption of total
dairy products[8, 12, 18, 19, 21, 22].

The diversity of the results among the different types of dairy products and the sig-
nificant heterogeneity observed in some of the meta-analyses[11-13, 16, 19] raise two
key issues: one on what the contributing mechanisms and pathways to disease incidence
are; the other on the methodological aspects of relevant studies such as the observational
study design and the measurement error of self-reported methods of dietary assessment.
Understanding these key issues could further elucidate the link between dairy consumption
and cardio-metabolic health and enhance appropriate translation to public health messages
about dairy consumption. This is even more relevant for dairy types such as yoghurt or

cheese, for which evidence is more limited compared with total dairy products.

1.3 Dietary guidelines

The results of the meta-analyses reviewed above indicate that total and types of dairy
products including their high-fat alternatives were associated with either a reduction or no
change in the risk of cardio-metabolic disease outcomes. Yet, dietary guidelines continue to
recommend the consumption of low-fat dairy products over their high-fat versions[23, 24].
For example, the latest release of the Eatwell Guide by Public Health England in 2016,
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recommends the daily consumption of some dairy products, with a preference for low-fat
products (Figure 1.2)[23]. This apparent discrepancy between the evidence from meta-
analyses of prospective studies and the dietary guidelines can be understood in the context
of the classical diet-heart hypothesis[25].

According to this hypothesis, SFA food sources, such as dairy products, are thought
to be associated with a higher cardiovascular risk, because SFA intake has been associ-
ated with higher cholesterol levels[25]. However, this hypothesis has been increasingly
controversial. For instance, a meta-analysis of prospective cohort studies failed to report
any association between SFA intake and total or cardiovascular mortality, risk of CHD,
stroke or T2D[26]. This meta-analysis did not take into account nutrient substitutions,
which is an important consideration in the context of an isocaloric diet. Evidence from a
meta-analysis of 11 prospective cohort studies[27], a meta-analysis of eight randomised
controlled trials (RCTs)[28], and a meta-analysis of 15 RCTs[29], which did account for
isocaloric nutrient substitution, showed that substitution of SFAs with polyunsaturated
fatty acids (PUFA) leads to lower risk of CHD. Specifically, pooled results from the RCTs
showed a 10% CHD risk reduction from the substitution of 5% energy from SFA with 5%
energy from PUFA [RR=0.90 (95% CI: 0.83, 0.97)][28]. It is of note that no significant risk
change was observed for substitution with monounsaturated fatty acids (MUFA) [27-29],
carbohydrates or protein[29].

Overall SFA intake does not seem to be harmful for cardio-metabolic health, when
considered alone, but there is a coronary benefit if it is replaced with PUFA. Based on this
type of evidence, the World Health Organisation and the Scientific Advisory Committee
on Nutrition drafted a public consultation document on evidence and recommendations
for SFA intake[30]. This document recommends SFA intake reduction and maintenance
to less than 10% energy and replacement of SFAs with PUFA, but the existing evidence
was identified as of low or moderate quality[30]. Though the topic of the health effects of
SFAs remains contentious, two specific issues are relevant in the context of dairy products:
(1) whether the diet-heart hypothesis in case of dairy products is valid and, (2) whether
it would be more appropriate to reach conclusions after accounting for the dairy "food

matrix" rather than a single nutrient (SFA).

1.4 Dairy food matrix

The food matrix is defined by the United States Department of Agriculture as "the nutrient
and non-nutrient compounds of foods and their chemical relationships" (https://definedterm.
com/a/definition/197890). Using a more holistic approach by studying the overall dairy
food matrix instead of individual nutrients might provide a better insight into the link

between dairy consumption and cardio-metabolic health. Dairy products comprise a very
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Fig. 1.2 Eatwell Guide 2016, Public Health England, UK[23]

diverse food group with different dairy types varying by nutrient content (e.g. fat), form
(e.g. solid, semi-solid, liquid) and processing (e.g. fermentation).

All dairy products are derived from milk, which is defined by Codex Alimentarius as
"the normal mammary secretion of milking animals intended for consumption as liquid
milk or further processing"[31]. Milk processing can result in products with very different
food matrices.

According to Codex Alimentarius, yoghurt is the fermented milk product, which is pro-
duced by the starter symbiotic cultures of Streptococcus Thermophilus and Lactobacillus
delbrueckii subsp. bulgaricus, while alternate culture yoghurt is produced by cultures of
Streptococcus Thermophilus and any Lactobacillus species[31]. This process results in a
nutritional profile of yoghurt with less water than milk and thus higher nutrient density with
also higher bioavailability. Yoghurt contains lower amounts of lactose, which is also more
effectively digested than that from milk due to the presence of lactic acid bacteria[32].

Cheese is a food item with many distinct subtypes. Codex Alimentarius defines general
standards for cheese, but also standards for groups of cheese e.g. cheese in brine, unripened
cheese including fresh cheese, extra hard grating cheese and specific standards for each type
of cheese falling within these groups e.g. mozzarella, cheddar, edam etc[31]. According to
the general standards, for a milk product to be considered cheese, the ratio of whey protein
to casein should not exceed that of milk and it should be produced through the coagulation
of milk protein[31].
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Butter is a product with a minimum fat content of 80%, maximum fat content of 90%
and a maximum water content of 16%[31].

The heterogeneity of the different dairy types is evident from the pie charts of Fig-
ures 1.3- 1.6. The water contribution to the total food weight is about 15% for butter and
increases to 37% for high-fat cheese, 82-87% for yoghurt and 87-89% for milk.

In terms of fat content, butter has the highest (82%), followed by high-fat cheese (35%),
whereas the fat content of the rest of dairy types is below 4%. From the total fat in different
dairy types, SFA is consistently the main contributor constituting 62-66% of total dairy
fat, followed by 22-24% of MUFA, whereas trans fatty acids (TFA) contribute by just
2-4%. The most abundant TFA is vaccenic acid, but trans fat also consists of conjugated
linoleic acid and trans-palmitoleate[33]. For most of the dairy products, contribution of
different fatty acids is consistent, with a few exceptions due to different processing. For
example, MUFA and TFAs contribute less than 0.1% to total fat of low-fat cottage cheese.
The majority of SFAs consists of long-chain fatty acids with 13 carbon atoms or more
(62-79%), of which 1.3-1.9% is C15:0 and 0.8-1.1% is C17:0. Medium chain fatty acids
(6-12 carbon atoms) constitute 10-16% of dairy SFAs, while short chain fatty acids (up to
5 carbon atoms) constitute 5-6.5%. It should be noted that this is a simplified presentation
of the nutrient composition of dairy products, especially for fat, as milk contains over 400
different fatty acids, but most of them are in trace amounts[33]. In addition, fat in dairy
products takes several different forms. The majority of it is in the form of triglycerides
(98%), but there is also diacylglycerol (<2%), cholesterol (<0.5%), phospholipids (1%)
and free fatty acids (0.1%)[33]. Part of triglycerides are surrounded by the milk fat globule
membrane, which also contains some lipid classes such as phospholipids[34]. Depending
on the process of homogenisation, the milk fat globule membrane in butter might be mostly
absent[34].

Concerning protein, cheese has the highest content (25%), followed by yoghurt (5-6%)
and milk (3.5%), whereas the contribution to the weight of butter is just 0.6%. Casein
constitutes 80% of milk protein and whey constitutes 20%.
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Full-fat milk Low-fat milk
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22.9%
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Fig. 1.3 Macronutrient composition of full-fat and low-fat milk. Source: McCance and
Widdowson’s Food Composition Tables[35]. The food item selected to represent full-fat
milk composition was "Milk, whole, pasteurised, average" (food code:12-596) and the item
selected for low-fat milk composition was "Milk, semi-skimmed, pasteurised, average"
(food code: 12-313) Abbreviations: LCFA: Long-chain fatty acids; MCFA: Medium-chain
fatty acids; MUFA: Monounsaturated fatty acids; SCFA: Short-chain fatty acids; SFA:
Saturated fatty acids; TFA: Trans fatty acids

Finally, carbohydrates do not contribute more than 8% to the weight of dairy products,
when there are no added sugars. The highest contribution of carbohydrates to the total food
weight is for yoghurt (7.8%), followed by milk (4.6%) and some types of low-fat cheese
(3.3%), while for butter and other types of cheese, it is 0.6% or lower. Carbohydrates in
milk, cheese and butter are mainly lactose, whereas in yoghurt 60% of the carbohydrates
are lactose and 40% are galactose due to the action of the lactic acid bacteria.
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Full-fat yoghurt
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Fig. 1.4 Macronutrient composition of full-fat and low-fat yoghurt. Source: McCance and
Widdowson’s Food Composition Tables[35]. The food item selected to represent full-fat
yoghurt composition was "Yoghurt, whole milk, plain" (food code: 12-184) and the item
selected for low-fat yoghurt composition was "Yoghurt, low fat, plain" (food code: 12-379).
Abbreviations: LCFA: Long-chain fatty acids; MCFA: Medium-chain fatty acids; MUFA:
Monounsaturated fatty acids; SCFA: Short-chain fatty acids; SFA: Saturated fatty acids;
TFA: Trans fatty acids
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Fig. 1.5 Macronutrient composition of high-fat and low-fat cheese. Source: McCance and
Widdowson’s Food Composition Tables[35]. The food item selected to represent high-fat
cheese composition was "Cheese, Cheddar, English" (food code: 12-346) and the item
selected for low-fat cheese composition was "Cheese, cottage, plain, reduced fat" (food
code: 12-550). Abbreviations: LCFA: Long-chain fatty acids; MCFA: Medium-chain fatty
acids; MUFA: Monounsaturated fatty acids; SCFA: Short-chain fatty acids; SFA: Saturated
fatty acids; TFA: Trans fatty acids
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Butter
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Fig. 1.6 Macronutrient composition of butter. Source: McCance and Widdowson’s Food
Composition Tables[35]. The food item selected to represent butter composition was
"Butter, unsalted" (food code: 17-661). Abbreviations: LCFA: Long-chain fatty acids;
MCFA: Medium-chain fatty acids; MUFA: Monounsaturated fatty acids; SCFA: Short-
chain fatty acids; SFA: Saturated fatty acids; TFA: Trans fatty acids

Information on the micronutrient content of dairy types is presented in Table 1.2.
Full-fat and low-fat yoghurt contain higher amounts of minerals compared with full-fat
and low-fat milk. Butter has the lowest mineral content, whereas cheese has the highest
calcium, magnesium, phosphorus and zinc content of all the dairy types. Regarding vitamin
content, butter contains the highest amount of fat-soluble vitamins i.e. vitamin A, vitamin
D and vitamin K, followed by cheese. Cheese has the highest content of vitamin B5.
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Table 1.2 Content of selected micronutrients in 100 g of dairy food for selected dairy types

Minerals (mg) Vitamins (ug)
Dairy products & Potassium Calcium Magnesium Phosphorus Zinc Vitamin A Vitamin D Vitamin B;; Vitamin K1
Full-fat milk 157 120 11 96 0.5 38 0.6
Low-fat milk 156 120 11 94 0.4 20 0.9
Full-fat yoghurt 280 200 19 170 0.7 32 0.2
Low-fat yoghurt 228 162 16 143 0.6 8 0.1 0.3 0.03
High-fat cheese 75 739 29 505 4.1 388 0.3 2.4 4.7
Low-fat cheese 161 127 13 171 0.6 17 0.6
Butter 27 18 2 23 0.1 1060 0.9 0.3 7.4

FInformation extracted from the McCance and Widdowson’s Food Composition Tables[35]

+ The food items selected from the Food Composition Table to represent the different dairy types are "Milk, whole, pasteurised, average"
(food code: 12-596) for full-fat milk, "Milk, semi-skimmed, pasteurised, average" (food code: 12-313) for low-fat milk, "Yoghurt, whole milk,
plain" (food code: 12-184) for full-fat yoghurt, "Yoghurt, low fat, plain” (food code: 12-379) for low-fat yoghurt, "Cheese, Cheddar, English"
(food code: 12-346) for high-fat cheese, "Cheese, cottage, plain, reduced fat" (food code: 12-550) for low-fat cheese and "Butter, unsalted”
(food code: 17-661) for butter

The complexity of the dairy food matrix, but also its heterogeneity across different dairy
types suggest the need for an in depth investigation of the links between dairy consumption
and cardio-metabolic health using a multi-disciplinary approach.

1.5 Project aims

The overall aim of this PhD was to develop an understanding of the associations of total and
types of dairy products with cardio-metabolic health by incorporating aspects of nutritional,
molecular and genetic epidemiology. A mindmap of the specific sub-aims of the PhD and

the rationale behind them is presented in Figure 1.7.
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Chapter 2

Description of dairy consumption in the
UK

Summary

Background and aims: Monitoring of consumption patterns is important to inform public
health policies. In the UK, individual level consumption data from a representative UK
sample are available only from the National Diet and Nutrition Survey (NDNS). The
dairy information available from the NDNS reports includes milk and its fat alternatives,
cheese categorised into cheddar, cottage and other cheese, one group for yoghurt, fromage
frais and other dairy desserts and butter, but consumption levels do not include content
of these dairy types in composite foods. The aims of this study were to describe dairy
consumption patterns over time and their contribution to nutrient intakes also accounting
for their consumption from composite foods and recipes.

Methods: We evaluated data of adults from the old surveys of NDNS (1994/1995 for
elderly, 2000/2001 for adults <65 years) and the rolling programme years (2008/2009 to
2015/2016), which constitute random and representative samples of the UK population.
Diet was assessed with weighed 4-day or 7-day (2000/2001) food diaries in the old surveys
and estimated 4-day food diaries in the rolling programme. We disaggregated composite
foods into food ingredients to derive more precise estimates. Time trends of weighted
consumption (g/day) of total, high-fat and low-fat dairy products (milk, yoghurt, cheese,
butter) were reported among dairy consumers for adults <65 years and elderly participants
>65 years. Dairy contribution to nutrients across the different survey years was estimated.

Results: A range of 420-597 adults <65 years were included in each rolling programme
year, while 1,723 adults were included in year 2000/2001 (mean age range: 40.1-41.3
years; 38.1-45.7% women). For elderly adults, a range of 87-184 participants were
included in each rolling programme year, and 1,733 participants were included in the
1994/1995 survey (73.2-76.6 years; 35.7-49.1% women). Total dairy consumption did not
significantly change among adults <65 years (242.6-245.0 g/day) or among the elderly
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adults (302.8-285.9 g/day) over the period of 20008/2009 to 2015/2016. Low-fat dairy
products were consumed consistently in greater amounts (almost 3-fold higher) than high-
fat dairy products. Elderly adults had significantly lower consumption of high-fat dairy
products over time from 119.14+16.5 g/day in 2008/2009 to 53.1+£6.2 g/day in 2015/2016
(p=0.002). The consumption of low-fat dairy products did not significantly change for
either age group over time.

Milk was consistently the largest contributor to total dairy consumption for both groups.
While consumption of total and low-fat milk did not change over time, consumption of
full-fat milk decreased by 8.6 g/day for adults <65 years and by 81.1 g/day for elderly
people over the 8-year period. Yoghurt consumption did not significantly change (mean
range: 37.8-45.4 g/day for adults <65 years and 39.4-64 g/day for elderly participants), but
the percentage of elderly yoghurt consumers increased from 19.5% in 1994/1995 to 46.4%
in 2015/2016. No large changes were observed for mean cheese consumption (24.1-27.5
g/day for adults <65 years; 19.8-25.1 g/day for elderly people) or butter consumption
(6.4-8.2 g/day for adults <65 years; 7.9-11.2 g/day for elderly people).

Total dairy consumption contributed 13.5-14.6% to total energy intake. For macronutri-
ents, total dairy consumption contributed 24.4-25.8% to total fat, 40.2-42.2% to saturated
fat, 16.2-17.7% to cis-monounsaturated fat, 51-62.1% to trans fat, 5.1-5.7% to carbohy-
drate, and 17.7-19.1% to protein. For micronutrients, total dairy consumption contributed
24.3-32.1% to vitamin A, 11.4-13.3% to vitamin D, 39.4-41.8% to vitamin B,, 48.4-
50.5% to calcium, 14.5-15.8% to potassium, 12.3-13.7% to magnesium, 25.7-27.8% to
phosphorus and 19.8-21.5% to zinc. Of the subtypes, high-fat cheese was the highest dairy
contributor to total and types of fat, and vitamin A, while low-fat milk was the highest
contributor to the other nutrients.

Conclusion: In this study of NDNS data, we reported updated consumption levels
for total dairy products (low- and high-fat), milk (low- and full-fat), cheese (low- and
high-fat) and butter, and their contribution to nutrient intakes further accounting for their
consumption in the context of composite foods and recipes. We additionally reported
consumption of low- and full-fat yoghurt, which was previously reported as part of the
group "yoghurt and dairy desserts". The importance and variability of the dairy food
matrix is evident when considering the high contribution of dairy products to intakes of the
healthful vitamins and minerals, as well as to intakes of saturated and trans fat. Research
into the mechanisms of action of the dairy food matrix on health in combination with close

monitoring of consumption levels in the population will inform policy-related decisions.
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What is already known

* Monitoring consumption patterns is important to inform public health policies.
In the UK, individual level consumption data from a representative sample
are available only from the National Diet and Nutrition Survey (NDNS).

* Current NDNS reports include consumption of total dairy products (low- and
high-fat), milk (low- and full-fat), cheese (cheddar, cottage, other) and butter.
Yoghurt consumption is reported as part of the group "yoghurt, fromage frais
and other dairy desserts". These consumption levels do not account for the

dairy content in composite foods and recipes.

What this research adds

 After accounting for dairy consumption as part of composite foods, total and
low-fat dairy consumption in the UK did not significantly change from 2008
to 2016, while high-fat dairy consumption decreased from 119.1 g/day to 55.1
g/day among elderly people.

* Of the high-fat dairy products, cheese and butter consumption did not change
over the 8 years, but full-fat milk consumption decreased by 8.6 g/day among
adults <65 years and 81.1 g/day among elderly people.

* Yoghurt consumption did not change, but the percentage of elderly yoghurt
consumers increased from 19.5% in 1994/1995 to 46.4% in 2015/2016.

* Total dairy consumption contributed by approximately 15% to total energy,
monounsaturated fat and potassium, 20% to protein and zinc, 25% to total
fat, vitamin A and phosphorus, 40% to saturated fat and vitamin B, 50% to
calcium and 55% to trans fat intake.

Publication

Trichia E, Amoutzopoulos B, Imamura F, Forouhi N G. Dairy consumption patterns and
their contribution to nutrient intakes: findings from the National Diet and Nutrition Survey
2008-2016 (Manuscript under preparation)
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From a public health perspective, it is very important to monitor the food intakes of a
population in order to identify the main contributors to dietary intake and ensure that the
intakes are within appropriate ranges, which have been shown to promote health. This is
especially of interest for foods like dairy products, which contain diverse components, with
known benefit for bone health, and also related to cardio-metabolic health (sections 1.1
and 1.2). Reporting of trends of dairy consumption over time can inform public health
agencies and policymakers on potential deviations from dietary recommendations, so that
they can implement appropriate public health interventions. The implementation of the
intervention and the choice of the target population will be based on the profile and the
characteristics of the consumers and non-consumers in a demographic, socioeconomic
and lifestyle context. For example, according to a study with data from a national food
and health survey in Australia in 2010-2011, 1.2% of the participants reported avoiding
dairy consumption due to a diagnosed disease (e.g.coeliac disease), 15.3% avoided dairy
consumption because of unpleasant symptoms without any medical diagnosis and 5.8%
avoided dairy consumption without reporting any symptoms[36]. This behaviour was
associated with a participant profile characterised by younger age, being a woman, higher
worry of illness and higher receptiveness to alternative medicine[36]. This paradigm
suggests the need to establish a clear rationale and structure of dietary guidelines and
investigate the consumption patterns within a population.

2.1 Data sources of dairy consumption in the UK

The food balance database from the United Nations Food and Agricultural Organisation
(FAO; http://www.fao.org/faostat/en/#data/FBS), which includes the per capita food avail-
ability, had been the main source of global dietary data until about 10 years ago. Although
these data can give rough estimates of food consumption patterns and trends across time
and different countries, they have several limitations, as they do not provide individual
food consumption data, which are necessary for more precise estimates. To fill these gaps,
the Global Dietary Database was launched as part of the data collected for the 2010 Global
Burden of Diseases (GBD) project[37]. This database provides individual level dietary
data for 11 food groups in 1990, 2005 and 2010 across 193 countries worldwide from
publicly available data, data collected for the 2010 GBD project or data collected within
the scope of the Global Dietary Database (https://www.globaldietarydatabase.org/).

Concerning dairy consumption in the UK, this database includes consumption levels
only for milk as aggregated from 24 data sources. As seen in Figure 2.1, according to
these data, milk contributes the most to the total amount of food consumed compared with
other food groups and it has slightly decreased over the 20-year period.

While this database is useful, it includes information only for milk and not for yoghurt,

cheese and butter or total dairy consumption. As a proxy for consumption, there are several


http://www.fao.org/faostat/en/#data/FBS
https://www.globaldietarydatabase.org/

2.1 Data sources of dairy consumption in the UK 19

Pie charts removed for copyright reasons. Copyright holder is Tufts University.

Fig. 2.1 Milk contribution to the total amount of food consumed in the UK in 1990 and
2010, Global Dietary Database (https://www.globaldietarydatabase.org/country-
comparisons. html, date of access: 9 June 2018)

data sources related to dairy products in the UK. For example, the Dairy Division of the
Agriculture and Horticulture Development Board (AHDB) provides data related to dairy
farms, which concern milk yield, supply and flow, dairy products production, dairy trade and
household level consumption (https://dairy.ahdb.org.uk/). Furthermore, the Department of
Environment, Food and Rural Affairs releases statistics on the production and supply of dairy
products, which at least partly overlaps with the data from AHDB (https://www.gov.
uk/government/organisations/department-for-environment-food-rural-
affairs/about/statistics). A combination of data from these sources and WHO/FAO statistics
was used by Hobbs et al. to obtain a picture of the trends of dairy consumption over
decades[38]. According to these data, full-fat milk consumption decreased from
approximately 140 l/capita/year in 1970 to approximately 20 I/capita/year in 2010. On the
contrary, low-fat milk appeared in 1980s and started increasing to reach a plateau of
approximately 60 I/capita/year in mid 1990s[38].

For detailed individual level dietary information on consumption levels of any food
in a representative UK sample, the National Diet and Nutrition Survey (NDNS) is the
most suitable source. However, the dietary data processing has not been done to such an
extent yet so as to get the detail that is provided by the 4-day diaries used in the survey.
As a result, there are limitations in the survey reports to date. NDNS has reported
specifically consumption of milk (whole, semi-skimmed, 1% fat, skimmed), cheese
(cheddar, cottage,
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https://dairy.ahdb.org.uk/
https://www.gov.uk/government/organisations/department-for-environment-food-rural-affairs/about/statistics
https://www.gov.uk/government/organisations/department-for-environment-food-rural-affairs/about/statistics

20 Description of dairy consumption in the UK

other), butter (including ghee and spreadable butter) and yoghurt included in the group
"yoghurt, fromage frais and other dairy desserts". Thus yoghurt consumption is not
discriminated from consumption of dairy desserts and not categorised into low- and full-fat
and cheese is categorised into cheddar and other cheese and not into low- and high-fat.
It is of note that the reported consumption levels do not include disaggregated data of
composite foods and recipes.

2.2 Profiles of dairy consumers

Several studies have investigated potential correlates of dairy consumption[39-51]. Sub-
stantial differences in dairy consumption by ethnicity and country of origin have been
reported, which makes of interest the ethnicity and country-specific description and investi-
gation of dairy consumption. Ethnicity is an important factor due to the higher prevalence
of lactose intolerance in certain ethnic groups compared to others, as will be elaborated
in Chapter 8. Country of origin is also an important factor as total dairy consumption
is lower in developing countries, even though it has been increasing at a higher rate[45].
Also among developed countries in Europe, country-specific differences in dairy con-
sumption have been reported, as well as country-specific interactions in associations of
socio-demographic factors with dairy consumption[43].

Evidence on specific types of dairy products highlights variation in consumption
by several characteristics. For example, men reported higher milk consumption than
women in two studies of African American populations[48] and in one study of a UK
population[42], while women reported higher low-fat milk consumption than men in a
study in Norway[39]. Higher milk consumption has also been associated with lower
socioeconomic position in a Finnish study[41], while higher consumption of low-fat
milk has been related to a higher[40] or a lower[44] socioeconomic position based on
occupation, higher income[40] or higher educational level[49]. Higher consumption of full-
fat milk has also been related to lower[40, 46] or higher[44] socioeconomic position based
on occupation or income. Higher yoghurt consumption has been consistently reported
among women[43, 47, 50], people with higher educational level[47] and income[50] and
people who overall adopt healthy lifestyle behaviours including higher compliance with
a healthy dietary pattern characterised by higher consumption of fruit, vegetables[51,
52], legumes, nuts[52], lean meat and whole grains and lower alcohol consumption[51],
higher physical activity levels[47, 51], no smoking[50, 51] and better sleep quality[51].
Cheese consumption has also been correlated with a higher socioeconomic status based
on occupation[40, 41, 46], higher educational level[40, 42, 47] and higher income[40],
whereas results for sex are more inconsistent, with some studies having reported higher
consumption among men[48] and others among women[39]. Finally, for butter, some

studies reported higher consumption among men[43, 44] and there was heterogeneity in
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butter consumption and socioeconomic position with both a positive[44] and an inverse

association[41] previously reported.

2.3 Aims

So far, individual data on consumption of milk (low- or full-fat), yoghurt (low- or full-
fat), cheese (low- or high-fat), and butter and their contribution to nutrient intakes, also
accounting for the dairy types consumed as part of composite foods and stratified by
demographic factors are not available.

The aims of this study were

1. To describe consumption levels of the main total, low- and high-fat types of dairy
products i.e. milk, yoghurt, cheese and butter in a representative UK sample over

time and report any trends observed.

2. To describe consumption of total and types of dairy products stratified by age groups
and sex in the UK.

3. To describe the contribution of total and types of dairy products to relevant macro-

and micronutrient intakes over time in the UK.

2.4 Methods

2.4.1 Study design and population

The UK NDNS was launched in 1992 by the Ministry of Agriculture, Fisheries, and
Food and the Department of Health. In 2000, the Food Standards Agency (FSA) and the
Department of Health continued the survey with the help of the Social Survey Division
of the Office for National Statistics and the Medical Research Council (MRC) Elsie
Widdowson Laboratory formely known as MRC Human Nutrition Research. This initiative
includes the old surveys started in 1992 with children and continued in 1994/1995 with
elderly people (65 years and older) and 2000/2001 with adults and the rolling programme
years, which started in 2008 and are repeated every year in participants older than 1.5
years[53]. The NDNS rolling programme is now co-funded by Public Health England
of the Department of Health and FSA and conducted by NatCen Social Research, Elsie
Widdowson Laboratory and University College London Medical School (only for years
1-4). From 2019, the MRC Epidemiology Unit will be responsible for the survey.

A pilot study was conducted in 1994 for the survey of the year 1994/1995, in 1999 for
the survey of 2000/20001 and in 2007 for the rolling programme. The survey was approved
by the Multi-centre Research Ethics Committee (years 1-4 of the rolling programme), the
Cambridge South NRES Committee (years 5-8 of the rolling programme) and the National
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Health Service Local Research Ethics Committees of the areas included in the sample (all
years). All participants or their proxies provided written informed consent. A timeline of

the survey is shown in Figure 2.2.

Rolling programme years

)
( |

children elderly adults it Y2 Y3 Y4 Y5 Y6 Y7 Y&

I/I\I/I\IIIII/I\I/I\I

1992 1993 1994 1995 2000 2001 2008 2009 2010 2011 2012 2013 2014 2015 2016 continued

Fig. 2.2 National Diet and Nutrition Survey timeline, || denotes a time gap of more than

one year

Households were selected with multi-stage random probability sampling. The first
stage was the primary sampling units derived from the postal sectors and the second stage
was the Government Office Region. Invitations were sent to the households selected
randomly from the Postcode Address File within primary sampling units and interviewers
also approached the invited households that did not respond. Eligible individuals were
identified from each household who accepted the invitation and only one adult was selected
per household or one adult and one child in the rolling programme, also accounting for
the target age and sex groups, which were needed to complete a representative sample as
defined from census data. Pregnant or breastfeeding women were excluded. If a postal
code belonged to an institution, it was excluded from the study, but for the years 1994/1995,
a small sub-sample of the elderly sample was recruited from institutions too, which were
randomly selected.

The target sample size of the rolling programme was approximately 1,000 participants
(500 children and 500 adults) each year. The response rates were 85% in 1994/1995,
61% (47% for the 7-day diary) in 2000/20001, 64% for years 1-4, 63% for years 5-6 and
60% for years 7-8 of the rolling programme. Weights were generated based on sampling
probabilities of region, age and sex groups to compensate for any divergence from sample
representativeness due to the selection of households and people within household and
non-response. Participants were interviewed over four periods of three months across the

whole year, to account for seasonality.

2.4.2 Dietary assessment

Diet was assessed in the NDNS with multiple-day food diaries. In 1994/1995, participants
used a 4-day weighed diary or a 4-day estimated diary if weighing was a reason for dropout
from the study. Four-day weighed diaries showed no substantial differences in intakes

compared to 7-day weighed diaries, but had higher participant compliance in the 1994
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pilot study. In 2000/20001, participants completed 7-day weighed food diaries. In case of
eating out, participants were asked to keep a descriptive diary and then interviewers would
purchase the foods described in the reported amounts and weigh them. Institutionalised
people in 1994/1995 were further assisted by the interviewers who visited them once daily
to weigh one meal (different meal each day) and the rest of the meals were reported in a
descriptive diary. Relevant information was also obtained from the care providers.

In the rolling programme, participants completed 4-day estimated food diaries, based
on better performance of the 4-day estimated diary compared to a 24-hour recall on four
non-consecutive days in the pilot study. Participants were instructed to complete the diary
during two weekdays and two weekend days in the year 1 of the rolling programme. The
instructions changed for the rest of the years, so that all days of the week are equally
represented. In order to generate estimates that are as comparable as possible, the data
from the year 2000/2001 were adjusted to include four out of the seven days of reporting,
because although the mean intakes should not substantially change, the variation and
the percentage of consumers of certain foods are expected to be different and thus not
comparable. The four days were selected so that each day of the week is included equally
in the derived sample, the days are consecutive and where possible the first four days are
selected from the seven days reported. Based on these criteria the number of days for each
day of the week re-allocated is shown in Table 2.1.

Table 2.1 Re-allocation of the start day of diary reporting for a subset of four days out of
the seven completed by adults in the National Diet and Nutrition Survey (NDNS) 2000/01.
Table adapted from NDNS report.

Original start day Re-allocated start day

Total

Sunday Monday Tuesday Wednesday Thursday Friday Saturday

Sunday 56 56
Monday 121 121
Tuesday 246 66 67 379
Wednesday 246 23 26 71 366
Thursday 190 158 348
Friday 125 154 279
Saturday 175 175
Total 246 246 246 246 247 247 246 1724

Composite foods were disaggregated into food ingredients, which are contained in the
FSA standard recipes database[54]. Nutrient intakes were estimated using year-specific
Nutrient Databanks, which were based on McCance and Widdowson’s Food Composition
Tables[35], but were updated from the survey data each year adding information from
new food analyses, food manufacturers, food labels and homemade recipes. In the rolling
programme, the DINO (Diet-In-Nutrients-Out) system and a Microsoft Access analysis
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system were used for the dietary data processing. Nutrient intakes were corrected for the
water loss during cooking and/or processing.

2.4.3 Assessment of other factors

Socio-demographic factors (age, sex, ethnicity, occupation) were assessed with an interviewer-
administered questionnaire. BMI was calculated by dividing the weight (Soehnle Quantra-
tronic digital scale 7300, 7306 in the old surveys; Soehnle, Seca 850, Seca 870, Tanita
THD-305 in the rolling programme) by the square of height (kg/m?).

2.4.4 Statistical analysis

We reported consumption of milk (low- and full-fat), yoghurt (low- and full-fat), cheese
(low- and high-fat), butter, cream, fermented dairy products (sum of yoghurt and cheese),
low-fat dairy products (sum of low-fat milk, total yoghurt, low-fat cheese and low-fat
cream), high-fat dairy products (sum of full-fat milk, high-fat cheese, high-fat cream and
butter) and total dairy products.

Day-level data were aggregated using weights, which were calculated so that weekend
days are given a lower weight than weekdays depending on the total number of diary days
completed. So if someone completed one day, they were given the weight 1*5/7=0.71 if it
was a weekday and the weight 1*2/7=0.29 if it was a weekend day. If they completed two
days, they were given 2*5/7=1.43 for weekdays or 2*2/7=0.57 for weekends. For three
completed days, they were given a weight of 3*5/7=2.14 for weekdays or 3*2/7=0.86 for
weekend days and finally for 4 completed days, they were given a weight of 4*5/7=2.86
for weekdays or 4*2/7=1.14 for weekends.

Due to the high number of non-consumers for some dairy types, statistics were esti-
mated within consumers and the percentage of consumers was reported. Due to the skew-
ness of the consumption of total and types of dairy products, the median and inter-quartile
range in addition to the mean and its standard error were estimated. Dairy consumption
was reported in g/day.

Consumption levels are presented stratified by age with 65 years as the cut-off point for
all the survey years, because the old surveys assessed adults <65 years and elderly people
with age >65 years in different years. In addition, combined consumption levels for all
the years stratified by sex are presented and combined consumption levels for the rolling
programme years only stratified by BMI are presented.

Statistics were calculated after the data were set as survey data using the sampling
weights and accounting for the two-stage sampling design. Significance of time trends
was derived from linear regression models including dairy consumption within consumers
and the survey year and logistic regression models including dairy consumption (yes or

no) and the survey year. Due to the different methods used for the dietary assessment in
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the old surveys (weighed food diaries) and the rolling programme years (estimated food
diaries), significance of time trends is reported only for the rolling programme years for
the consumption within consumers, but for all the years for the percentage of consumers,
which is expected to be independent of the dietary assessment method. Years are presented
throughout the results as survey years e.g. 2008/2009, 2009/2010 and not as chronological
years e.g. 2008, 2009, because each survey year covered all seasons within two different
chronological years.

The percent contribution of the different types of dairy products for each year of the
rolling programme was estimated for nutrients including: intake of total energy, total
fat, saturated fat, cis-monounsaturated fat, trans fat, carbohydrates, total sugars, protein,
vitamin A, vitamin D, vitamin B;, calcium, potassium, magnesium, phosphorus and zinc.

All analyses were conducted using Stata 14.2 (College Station, TX: StataCorp LP,
2015).
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2.5 Results

2.5.1 Basic characteristics

Basic characteristics of adults and elderly participants for each survey year are presented
in Table 2.2. By design, the old survey years included more participants than the rolling
programme years. The rolling programme years included 420-597 adults, whereas year
2000/2001 included 1,723 adults <65 years. For elderly participants, the rolling programme
years included 87-184 participants and year 1994/1995 included 1,733 participants.

The mean age was consistent across years ranging from 40.1 years in 2013/2014 to
41.3 years in 2011/2012 for adults, and from 73.2 years in 2012/2013 to 76.6 years in
1994/1995 for the elderly. Likewise, the percentage of women ranged from 38.1% in
2013/2014 to 45.7% in 2010/2011 for adults, and from 35.7% in 2015/2016 to 49.1% in
1994/1995 for elderly participants.

The percentage of people in the high BMI category (>30 kg/m?) increased overall over
time starting from 21.1% in 2000/2001 and reaching 24.5% in 2015/2016 after peaking
at 30.3% in 2011/2012 for adults. Among the elderly group, the prevalence of high BMI
(>30 kg/m?) increased from 14% in 1994/1995 to 24.5% in 2015/2016 after peaking at
32% in 2013/2014.

Most of the participants completed all the four days of the food diaries with percentages
ranging from 81.7% in 2000/2001 to 99.2% in 2008/2009 for adults, and from 96% in
2015/2016 to 98.4% in 2008/2009 for elderly people.
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2.5.2 Trends in dairy consumption

UK time trends of the percentage of consumers and average consumption levels within
consumers for total and types of dairy products are presented from 2000/2001 to 2015/2016
for adults younger than 65 years, and from 1994/1995 to 2015/2016 for elderly adults older
than 65 years in Figures 2.3- 2.12. The corresponding statistics (mean, standard error,
median, interquartile range) are presented in Tables A.1- A.2.

Total, low- and high-fat dairy consumption

The percentage of adult consumers or elderly consumers of total and high-fat dairy prod-
ucts did not significantly change from 2000/2001 or 1994/1995 respectively to 2015/2016
with levels higher than 99.8% throughout the whole period (p>0.05; Figures 2.3, 2.4). Low-
fat dairy consumers <65 years significantly decreased from 99.3% in 2000/2001 to 98.2% in
2015/2016 (p=0.04; Figure 2.3), but the change for elderly participants was not significant
(Figure 2.4). A decrease was observed in consumption of total and high-fat dairy products
from 2000/2001 (287.8+5.3 and 85.1+3.2 g/day respectively) to 2008/2009 (242.6+£9 and
73.245.9 g/day respectively), but no significant change was observed from 2008/2009
to 2015/2016 (p>0.05). Low-fat dairy consumption was consistently higher compared to
high-fat dairy consumption with 205.3+5.2 g/day in 2000/2001 to 181.8+9.9 g/day in
2015/2016 for low-fat dairy products and 85.1£3.2 g/day in 2000/2001 to 66.7£4.9 g/day
in 2015/2016 for high-fat dairy products (Figure 2.3). For elderly consumers, although
total and low-fat dairy consumption did not significantly change over the 8-year rolling
programme period, high-fat dairy consumption significantly decreased from 167.6+5.5
g/day in 1994/1995 and 119.1£16.5 g/day in 2008/2009 to 53.1+6.2 g/day in 2015/2016
(p=0.002; Figure 2.4).

Milk consumption

Milk was consistently the largest contributor to total dairy consumption across the years,
even though the percentage of total and low-fat milk consumers significantly decreased
among adults (p=0.01 and p=0.0004 respectively), maintaining levels above 98.5% for
total milk and 97% for low-fat milk (Figure 2.5). On the contrary, the percentage of
full-fat milk consumers did not change significantly (p>0.05), but fluctuated within a
range of 72 to 80% (Figure 2.5). Within adult consumers, average total and low-fat
milk consumption did not significantly change (p>0.05; Figure 2.5), but full-fat milk
consumption significantly decreased from 68.8£3.8 g/day in 2000/2001 and 55.3+7.2
g/day in 2008/2009 to 46.7+5.8 g/day in 2015/2016 (p=0.01; Figure 2.5). Among elderly
people, the percentage of full-fat milk consumers significantly decreased from 87.9% in
1994/1995 to 73.5% in 2015/2016 (p<0.0001), while no substantial trends were observed
for percentages of total or low-fat milk consumers (Figure 2.6). Within elderly consumers,
consumption of total and low-fat milk did not significantly change over the 8-year period
(p>0.05), but full-fat milk consumption significantly decreased from 165.61-6 g/day in
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Fig. 2.3 Time trends of the percentage of consumers and the consumption levels within
consumers of total, high- and low-fat dairy products among adult participants <65
years in the old survey (2000/2001) and the rolling programme years (2008-2016) of the
National Diet and Nutrition Survey (NDNS) in the UK. P for trend is estimated for years
2008/2009-2015/2016 only for consumption within consumers, but for all the years for
the percentage of consumers. || denotes a time gap of more than one year between the old
surveys and the rolling programme.

1994/1995 and 114.2+£19.4 g/day in 2008/2009 to 33.1£7.8 g/day in 2015/2016 (p=0.02;
Figure 2.6).

Yoghurt consumption

Yoghurt consumption patterns did not significantly change for adults <65 years (Fig-
ure 2.7). In the most recent survey year, 2015/2016, 48.1% of adults <65 years consumed
yoghurt (average consumption: 45.4+3.7 g/day). While consumption within consumers
did not change also for participants >65 years, the percentage of consumers of total, full-fat
and low-fat yoghurt significantly increased from 19.5% to 46.4%, 13.8% to 29.8% and
13.5% to 34.4% respectively over the 12-year period (Figure 2.8).

Cheese consumption

The percentage of adult total and low-fat cheese consumers did not significantly
change, whereas the percentage of high-fat cheese consumers increased from 78.4% in
2000/2001 to 80.9% in 2015/2016 (Figure 2.9). Within adult consumers, total cheese
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Fig. 2.4 Time trends of the percentage of consumers and the consumption levels within
consumers of total, high- and low-fat dairy products among elderly participants >65
years in the old survey (1994/1995) and the rolling programme years (2008-2016) of the
National Diet and Nutrition Survey (NDNS) in the UK. P for trend is estimated for years
2008/2009-2015/2016 only for consumption within consumers, but for all the years for
the percentage of consumers. || denotes a time gap of more than one year between the old
surveys and the rolling programme.

consumption significantly slightly decreased from 27.5+1.5 in 2008/2009 to 24.1+1.4
g/day in 2015/2016, but no significant change was observed for high- or low-fat cheese
consumption separately (Figure 2.9). The percentage of elderly consumers of total cheese
and high-fat cheese significantly increased from 71.3% to 76.8% and 69.6% to 75.5%
respectively from 1994/1995 to 2015/2016, but the percentage of consumers of low-fat
cheese did not significantly change (Figure 2.10). No significant 8-year trend was observed
for cheese consumption within elderly people >65 years (Figure 2.10).

Butter consumption

Consumption patterns for butter both among adults <65 years and elderly people
>65 years did not significantly change over the 8-year period. No significant changes
were observed within consumers. In the most recent survey year of 2015/2016, butter
consumption was 8.1+0.5 g/day and 7.940.8 for adults <65 years and elderly people
respectively (Figures 2.11, 2.12).
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Fig. 2.5 Time trends of the percentage of consumers and the consumption levels within
consumers of total, full- and low-fat milk among adult participants <65 years in the
old survey (2000/2001) and the rolling programme years (2008-2016) of the National Diet
and Nutrition Survey (NDNS) in the UK. P for trend is estimated for years 2008/2009-
2015/2016 only for consumption within consumers, but for all the years for the percentage
of consumers. || denotes a time gap of more than one year between the old surveys and the
rolling programme.
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Fig. 2.6 Time trends of the percentage of consumers and the consumption levels within
consumers of total, full- and low-fat milk among elderly participants >65 years in the
old survey (1994/1995) and the rolling programme years (2008-2016) of the National Diet
and Nutrition Survey (NDNS) in the UK. P for trend is estimated for years 2008/2009-
2015/2016 only for consumption within consumers, but for all the years for the percentage
of consumers. || denotes a time gap of more than one year between the old surveys and the
rolling programme.
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Fig. 2.7 Time trends of the percentage of consumers and the consumption levels within
consumers of total, full- and low-fat yoghurt among adult participants <65 years in
the old survey (2000/2001) and the rolling programme years (2008-2016) of the National
Diet and Nutrition Survey (NDNS) in the UK. P for trend is estimated for years 2008/2009-
2015/2016 only for consumption within consumers, but for all the years for the percentage
of consumers. || denotes a time gap of more than one year between the old surveys and the
rolling programme.
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Fig. 2.8 Time trends of the percentage of consumers and the consumption levels within
consumers of total, full- and low-fat yoghurt among elderly participants >65 years in
the old survey (1994/1995) and the rolling programme years (2008-2016) of the National
Diet and Nutrition Survey (NDNS) in the UK. P for trend is estimated for years 2008/2009-
2015/2016 only for consumption within consumers, but for all the years for the percentage
of consumers. || denotes a time gap of more than one year between the old surveys and the
rolling programme.
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Fig. 2.9 Time trends of the percentage of consumers and the consumption levels within
consumers of total, high- and low-fat cheese among adult participants <65 years in the
old survey (2000/2001) and the rolling programme years (2008-2016) of the National Diet
and Nutrition Survey (NDNS) in the UK. P for trend is estimated for years 2008/2009-
2015/2016 only for consumption within consumers, but for all the years for the percentage
of consumers. || denotes a time gap of more than one year between the old surveys and the
rolling programme.
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Fig. 2.10 Time trends of the percentage of consumers and the consumption levels within
consumers of total, high- and low-fat cheese among elderly participants >65 years in
the old survey (1994/1995) and the rolling programme years (2008-2016) of the National
Diet and Nutrition Survey (NDNS) in the UK. P for trend is estimated for years 2008/2009-
2015/2016 only for consumption within consumers, but for all the years for the percentage
of consumers. || denotes a time gap of more than one year between the old surveys and the
rolling programme.
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Cream consumption

The percentage of cream consumers significantly decreased for both age groups. No
significant changes were observed within consumers. In 2015/2016, cream consumption
was 5.7£0.4 and 7.4%1.1 g/day for adults <65 years and elderly people respectively
(Figures 2.11, 2.12).

Fermented dairy consumption

Fermented dairy consumers >65 years significantly increased from 74.6% in 1994/1995
to 82.8% in 2015/2016 (Figure 2.12). No significant changes were observed within
consumers. In 2015/2016, fermented dairy consumption was 47+2.5 and 52.6+5.9 for
adults <65 years and elderly people respectively (Figures 2.11, 2.12).
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Fig. 2.11 Time trends of the percentage of consumers and the consumption levels within
consumers of butter, cream and fermented dairy products (sum of yoghurt and cheese)
among adult participants <65 years in the old survey (2000/2001) and the rolling pro-
gramme years (2008-2016) of the National Diet and Nutrition Survey (NDNS) in the
UK. P for trend is estimated for years 2008/2009-2015/2016 only for consumption within
consumers, but for all the years for the percentage of consumers. || denotes a time gap of
more than one year between the old surveys and the rolling programme.
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Fig. 2.12 Time trends of the percentage of consumers and the consumption levels within
consumers of butter, cream and fermented dairy products (sum of yoghurt and cheese)
among elderly participants >65 years in the old survey (1994/1995) and the rolling
programme years (2008-2016) of the National Diet and Nutrition Survey (NDNS) in the
UK. P for trend is estimated for years 2008/2009-2015/2016 only for consumption within
consumers, but for all the years for the percentage of consumers. || denotes a time gap of
more than one year between the old surveys and the rolling programme.

2.5.3 Dairy consumption by sex

Overall, men consumed more total dairy products (264.3+4.6 g/day for <65 years and
321.446 g/day for >65 years) than women (234.113.2 for <65 years and 319.6+4 g/day
for >65 years) over the 8-year period from 2008/2009 to 2015/2016 (Table 2.3). This
difference was attributed mainly to a higher consumption of milk compared to women.
Conversely, women <65 years consumed more low-fat yoghurt (38.1£1.4 g/day) than
men (34.5+1.8 g/day) of the same age category. Women >65 years also consumed more
total yoghurt (both low- and full-fat; 50.24-1.9 g/day) than elderly men (42.2+2.7 g/day;
Table 2.3). Men <65 years consumed slightly higher amounts of total and high-fat cheese
than women of the same age group, whereas women consumed higher amounts of low-fat

cheese. For butter and cream, the amounts consumed were similar for both age groups.
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2.5.4 Dairy contribution to nutrient intakes

Total energy and macronutrient intakes

Table 2.4 shows the contribution of total and types of dairy products to macronutrient
intakes in the total sample and within dairy consumers for each of the years of the rolling
programme. The contribution of total dairy consumption to total energy intake ranged
from 13.5% in 2011/2012 to 14.6% in 2009/2010 with most of it coming from high-fat
dairy products (from 8.3% in 2011/2012 to 9.4% in 2009/2010). Of the subtypes, low-fat
milk was the highest contributor to total energy intake overall (from 3.9% to 4.4%) and
high-fat cheese was the highest contributor within consumers (from 4.3% to 4.9%).

Total dairy products contributed by 24.4%-25.8% to total fat intake, 40.2%-42.2%
to saturated fat intake, 16.2%-17.7% to cis-monounsaturated fat intake, 51%-62.1% to
trans fat intake, 5.1%-5.7% to carbohydrate intake, 12.7%-13.8% to total sugar intake
and 17.7%-19.1% to protein intake. Specifically for the contribution to trans fat intake,
it seems that there is a linear increase from 51% in 2008/2009 to 62.1% in 2015/2016.
Of dairy subtypes, the highest contributor to total, saturated, cis-monounsaturated and
trans fat was high-fat cheese both overall (7.6-8.6%, 12.8-14.8%, 5.2-5.9% and 16-22.2%
respectively) and among consumers only (9.4-10.9%, 15.7-18.9%, 6.3-7.5% and 21.2-
27.9% respectively). The highest dairy contributor to carbohydrate, total sugar and protein
intake was low-fat milk both overall (3.4-4%, 8.5-9.8% and 7.7-9% respectively) and
among consumers only (3.5-4%, 8.5-9.9% and 7.8-9% respectively).
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Micronutrient intakes

Table 2.5 presents the contribution of total and types of dairy products to micronutrient
intakes overall and within dairy consumers for each survey year of the rolling programme.
Total dairy consumption contributed to intakes of vitamin A by 24.3-32.1%, vitamin D by
11.4-13.3%, vitamin B, by 39.4-41.8%, calcium by 48.4-50.5%, potassium by 14.5-15.8%,
magnesium by 12.3-13.7%, phosphorus by 25.7-27.8% and zinc by 19.8-21.5%.

The highest dairy contributor to vitamin A intakes both overall (7.8-11%) and among
consumers only (11-19.8%) was high-fat cheese. For vitamin D, vitamin B, calcium,
potassium, magnesium, phosphorus and zinc, low-fat milk contributed the most both overall
and among consumers only. Specifically, among all (overall) survey participants including
consumers and non-consumers, low-fat milk contributed to micronutrient intakes as follows:
vitamin D, 3.8-5.2%; vitamin By, 21.4-25.6%; calcium, 23.5-26.3%; potassium, 9.3-
10.4%; magnesium, 6.9-7.9%; phosphorus, 12.9-14.8% and; zinc 8-9.4% among consumers
and non-consumers. Similarly, low-fat milk also contributed the most to micronutrients as
follows: vitamin D, 3.8-5.6%; vitamin By, 22.9-26.8%; calcium, 25.2-27.4%; potassium,
9.9-10.9%; magnesium, 7.4-8.3%; phosphorus, 13.8-15.4%; and zinc, 8.6-9.7% among

consumers only.
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2.5 Results
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2.6 Discussion

2.6.1 Summary of results and comments

Dietary consumption data at a national level in the UK with the NDNS has enabled the
examination of trends in dairy consumption over an 8-year period from 2008 to 2016
and comparison with the older surveys from 1994/1995 and 2000/2001. There have been
notable shifts in dairy consumption and some clear patterns have emerged.

Overall, milk was the highest contributor to total dairy consumption consistently over
time constituting about 80% of total dairy products in adults <65 years and about 85%
in elderly adults. It is noted that low-fat milk consumption was consistently higher than
full-fat milk over time contributing approximately 80% to the total milk consumption
among adults <65 years. Commensurate with this, full-fat milk consumption continued the
decreasing trend observed in earlier years through food supply and availability data[38],
dropping by 8.6 g/day among adults <65 years and by 81.1 g/day among elderly people
over the 8-year period of 2008-2016. The percentage of elderly consumers of full-fat
milk dropped by 14.4% over the 22-year period of 1994-2016. In contrast, the percentage
of elderly consumers of total, full-fat and low-fat yoghurt increased by 26.9%, 16% and
20.9% respectively over the same 22-year period. Smaller increases were observed for the
percentages of high-fat cheese consumers and smaller decreases for the percentages of
cream consumers in both age groups. Differences of consumption levels between men and
women were small.

Total dairy consumption contributed on average approximately 14% to total energy
intake, 25% to total fat, 5.5% to carbohydrate, and 18% to protein. Of the macronutrient
subtypes, total dairy consumption contributed 41% to saturated fat, 17% to monounsatu-
rated fat, 55% to trans fat, and 13% to sugars.

Of the micronutrients, total dairy consumption contributed approximately 25% to
vitamin A, 10% to vitamin D, 40% to vitamin B, 50% to calcium, 15% to potassium,
13% to magnesium, 27% to phosphorus, and 21% to zinc.

The highest dairy contributor to total fat and its types was cheese followed by butter.
For carbohydrates, sugars and protein, the highest contributor was milk. For micronutrients,
the highest dairy contributor was low-fat milk except for vitamin A, for which the highest
dairy contributor was high-fat cheese.

The highest dairy contribution to macronutrient intakes was observed for saturated
fat (approximately 41%) and for trans fat (approximately 50%), which are the main
macronutrients of concern for cardio-metabolic risk (as appraised in section 1.3). The
contribution of dairy products to saturated fat intake is in agreement with that reported
from the TRANSFAIR study, which consisted of chemical analysis of approximately 100
foods from 14 European countries and also from the use of purchase data or consumption
data (individual or household level) to derive food contributions to nutrient intakes[55].
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Specifically for the UK, this study used household level consumption data from the National
Food Survey 1997 and reported a contribution of dairy products to saturated fat intake of
38.8%[55]. However, for trans fat, dairy consumption contributed 24.7%|[55], while in
our analysis we observed a much greater (2-fold higher) contribution of approximately
50%, which actually increased from 51% contribution to trans fat intake in 2008/2009 to
62.1% in 2015/2016. It can be assumed that the increased contribution of dairy to trans
fat intake in the recent years, as reported in this PhD, is a consequence of the voluntary
decrease of the industrial trans fat content by the food industry in the UK because of the
reported harmful effects of industrial trans fat on health[56], while at the same time the
ruminant trans fat intake might not have considerably changed. Indeed, in the most recent
report on trans fat content of foods from the Department of Health, it was observed that the
industrial trans fat content of foods was significantly decreased compared to that observed
in foods 20 or 30 years ago[57].

It is of note that some descriptive statistics reported in the official reports of NDNS
differ from the statistics I reported here. For example, the contribution of milk and milk
products, as well as butter to saturated fat intake of people 19-64 years was reported to
be 27% previously[53], while this analysis reported 41% and the numbers were similar
both among consumers only and in the total sample. The biggest difference was for butter,
for which prior report was of a 5% contribution, while I reported a 15% contribution to
saturated fat intake. Such difference is expected if we consider that we estimated dairy
consumption also accounting for dairy content in composite foods and recipes. Butter is
an ingredient used very often in recipes, so whether we account for recipes or not should
make a large difference in the estimation of butter consumption levels.

2.6.2 Strengths and limitations

This descriptive study has several strengths. First, we used data from NDNS, which
includes a representative sample from the UK, so that we can generalise the results of our
study to a national level with confidence. Since the start of the rolling programme in 2008,
there are annual data available, which enabled us to look at consumption trends over time.
We further contributed to the precision of the consumption levels by incorporating in our
analysis dairy products consumed as part of composite foods and recipes. This was an
enhancement and an important contribution, since it made a big difference to nutrients
such as saturated fat, for which butter is a high contributor, but also a frequent ingredient
in recipes.

However, this PhD analysis has also some limitations. The rolling programme started
in 2008, so we could only investigate trends over 8 years, while it is of greater interest to
investigate trends over decades. Even the availability of the old survey data did not allow for
the investigation of trends in consumption patterns, because of the different methodology

used (weighed vs estimated food diary), but it only allowed the description of trends of
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the percentage of dairy consumed, which should be equally captured irrespective of the
dietary assessment method used. As a result, trends of dairy consumption for years earlier
than the NDNS rolling programme in the UK are available only as an approximation from
household level consumption data or national level dairy supply/availability/production
data.

2.6.3 Conclusion

The healthfulness of yoghurt has been consistently supported from previous evidence,
whereas the saturated fat content of full-fat milk has been used as the reason to recommend
lower consumption of full-fat milk and a preference towards low-fat milk and dairy products
in general[23]. These recommendations are reflected in the consumption levels and trends
observed in our study from a representative UK sample with a continuous decrease over
time in the consumption of full-fat milk and an increase in the consumption of yoghurt.
However, evidence regarding saturated fat intake from specific food sources such as dairy
products has started to change.

The importance and variability of the dairy food matrix is evident when considering
the contribution of dairy products to nutrient intakes. Dairy products contribute more
than a quarter to vitamin A, vitamin B, calcium, and phosphorus intakes, which are
important nutrients for health, but also to saturated and trans fat intakes, which have been
linked to potential harmful effects on health. The balance of effects from these nutrients
is what defines the final effect of dairy products as food entities on health. Research into
the mechanisms of action of the dairy food matrix on health in combination with close
monitoring of consumption levels in the population will contribute to informed formulation

of dietary guidelines and design of effective public health interventions.



Chapter 3

Previous evidence on dairy consumption
and cardio-metabolic markers

Summary

The differential associations observed between different dairy types and cardio-metabolic
disease outcomes (section 1.2) pose the question as to what the underlying pathways for
such associations are, which might further explain the observed heterogeneity. Biological
pathways to cardio-metabolic disease might be related to a number of factors including
adiposity, lipidaemia, glycaemia, inflammation, hepatic function and blood pressure.

Evidence from randomised controlled trials (RCTs) supports favourable effects of
total dairy consumption on body weight and composition under conditions of energy
restriction. Specifically, total dairy consumption decreased body weight, total fat mass,
waist circumference, abdominal fat and visceral adipose tissue and increased lean mass in
RCTs. Results on specific dairy types are limited.

Concerning lipid markers, there is established evidence from RCTs that butter increases
total, low-density lipoprotein (LDL-C) and high-density lipoprotein cholesterol (HDL-C)
when compared with other types of fat, whereas null effects on blood lipids were reported
for total, high-fat or low-fat dairy products. Cheese decreased LDL-C and HDL-C when
compared with butter. Evidence on other dairy types is sparse.

RCTs have failed to report any effects of total, low-fat or high-fat dairy products on
glycaemic markers including fasting blood glucose, insulin, haemoglobin Alc (HbAlc)
or the homoestasis model assessment for insulin resistance (HOMA-IR). As for other
markers, evidence on specific dairy types is sparse.

Fermented dairy consumption decreased inflammatory markers overall in RCTs, but
low-fat or high-fat dairy consumption did not have an effect on C-reactive protein (CRP).
The number of studies on specific dairy types is limited, and there are no studies on

associations between dairy consumption and markers of hepatic function.
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Finally, evidence from RCTs indicates a beneficial effect of fermented milk on systolic
(SBP) and diastolic (DBP) blood pressure, but no effects for total, low-fat or high-fat dairy
products. Milk, total and low-fat dairy products have been associated with a lower risk of
hypertension in prospective cohort studies.

Overall, although there are many studies on associations of dairy consumption with
cardio-metabolic risk markers, the evidence is not sufficient or consistent to draw conclu-
sions on associations of different dairy types with a spectrum of cardio-metabolic markers.
The inconsistency in the definition of dairy products as a food group and the limitations of
the studies that have been conducted so far suggest the need for more research to elucidate
the link between dairy consumption and cardio-metabolic disease.
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Cardio-metabolic diseases are multifactorial and thus the investigation of biological
pathways including adiposity, glycaemia, lipidaemia, inflammation, hepatic function and
blood pressure could elucidate the role of dairy products in their pathogenesis. There is an
extensive literature on associations of total and types of dairy consumption with several
cardio-metabolic markers. However, the evidence synthesis is not very straightforward
because different studies have investigated associations of different dairy types or groups
with different markers resulting in sparse evidence on associations between certain dairy
types and certain cardio-metabolic markers. In this chapter, evidence on associations
of total and types of dairy products with cardio-metabolic markers from randomised

controlled trials (RCTs) and prospective cohort studies is presented.

3.1 Markers of body weight and composition

3.1.1 Body weight

Randomised controlled trials

Meta-analyses of RCTs show differential effects of dairy products on body weight
depending on whether the interventions applied energy restriction or not[58]. After
I searched meta-analyses on associations of dairy consumption with cardio-metabolic
markers, I summarised the results for total, low- and high-fat dairy products in Table 3.1.

A meta-analysis of 37 RCTs reported an overall null effect of a mean 2.6+1 serv-
ings/day of total dairy consumption on body weight during a mean 7.7+7.9 months of
intervention[58]. After stratification by energy restriction status, the same meta-analysis
reported an increasing effect of total dairy consumption on body weight in trials without
energy restriction [b=0.36 kg (0.01, 0.7)], but a decreasing effect in trials with energy
restriction of 500 kcal/day on average [-0.64 kg (-1.05, -0.24)] in the intervention groups
compared to the control[58].

The distinction of trials based on the application of energy restriction or not is not
sufficient to describe the independent effects of dairy consumption on body weight. Instead,
it is important to know whether an experiment is isocaloric, thus whether the intervention
and control foods contain the same amount of energy in order to distinguish the effect of
energy from the effect of dairy consumption. During no energy restriction, it is even more
important to address this issue, because if the intervention is compared with the habitual
diet, then we have increased energy intake in the intervention group, so the increasing
effects of the intervention on body weight might be the result of the increase in energy
intake rather than a net effect of dairy products. A meta-analysis of 27 RCTs, which
included only RCTs with energy restriction, identified and reported that the allocation of
intervention and control foods was isocaloric, so it seems reasonable to assume that trials

with energy restriction have applied isocaloric interventions to the two trial arms[59]. Of the
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27 RCTs included in this meta-analysis, 15 overlapped with the more recent meta-analysis
reported above[58] and of the remaining 12 RCTs, six allocated an intervention of casein
or whey protein and five allocated an intervention of total (n=2) or types (n=4) of dairy
products[59]. This meta-analysis also reported a decreasing effect of dairy consumption
on body weight with a larger magnitude [-0.92 kg (-1.62, -0.2)][59]. The effect was even
more pronounced among women [-1.16 kg (-1.66, -0.66)], but it was attenuated to null
in case of mutli-component interventions that included resistance training[59]. Likewise,
older meta-analyses on the effect of dairy consumption on body weight with most of the
included studies overlapping with the aforementioned meta-analyses reported null effects
when examining trials with and without energy restriction together[60—62]. There were
weight decreasing effects when examining trials with energy restriction only[61, 62].

Under no energy restriction, both low- and high-fat dairy products increased body
weight in another meta-analysis of RCTs[63]. Meta-analyses on types of dairy products
are not available, because most of the interventions included total dairy products, often
giving the option to participants to select the type of preference based on a specific calcium
intake that they aimed to achieve and usually suggesting a minimum amount of milk to be
consumed[58]. Some interventions included milk in different forms (fluid or powder), of
different fat content or of different processing (whey protein or casein mixture)[58, 59].

Prospective cohort studies

Since the average duration of RCTs is limited to approximately 8 months, evidence
from prospective cohort studies can inform on longer term associations between dairy
consumption and body weight or BMI. The majority of the prospective cohort studies have
examined body weight rather than body mass index (BMI) in real-life settings. Prospective
cohort studies have reported null[64—66], positive[66] or inverse[67—69] associations be-
tween total dairy consumption and body weight after adjustment for total energy intake. It
can be assumed that adjustment for energy intake in observational studies is equivalent to
the application of an isocaloric experiment in RCTs to assess the association of dairy con-
sumption with body weight independent of total energy intake. However, in observational
studies, we should also accommodate the possibility of residual confounding due to the
use of the subjective measure of dietary assessment.

Similar results have been reported for high-fat dairy consumption with null[67, 70],
positive[66] or inverse[66, 69] associations with body weight. For low-fat dairy products
null associations with body weight have been more consistently reported[66, 67, 69—
71]. For the main dairy types, prospective analyses resulted in either null (milk[67, 70,
72], yoghurt[73], cheese[65, 67, 70, 71]) or inverse (milk[65, 72], yoghurt[65, 67, 70],
cheese[68, 72]) associations. The heterogeneity of these results from the prospective cohort
studies will be further explored in Chapter 5. After a literature search, I have summarised

the magnitude and variance of these associations in Table 3.2.
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3.1.2 Body composition

Randomised controlled trials

Some of the studies investigating associations between dairy consumption and body
weight, also examined associations with measures of body composition (Table 3.1). Five
meta-analyses of RCTs showed that total dairy consumption decreased body fat mass
in energy restriction trials[58—62] and two of them showed null effects in trials with no
energy restriction[58, 62]. For example, the meta-analysis that included the most RCTs
(n=27) reported a decrease of 1.24 kg in body fat mass after an intervention with a mean
of 2.7+£1 dairy servings/day during 5.143.1 months[59].

Three meta-analyses of RCTs reported that total dairy consumption increased lean
mass in energy restriction trials[58, 59, 61], although in one of them the effect was not
significant[58], but dairy consumption did not change lean mass in trials with no energy
restriction as reported by one of the meta-analyses[58]. For example, the meta-analysis
with the highest number of RCTs (n=27), reported that an average of 2.9 dairy servings/day
increased body lean mass by 0.36 kg over an average period of 4.2 months[59].

Measures of body fat and lean mass distribution are peripheral fat and appendicular
lean mass. Since the association between abdominal fat and cardio-metabolic disease
has been shown to be even stronger, compartments of abdominal fat including visceral
adipose tissue (VAT) and subcutaneous adipose tissue (SCAT) are also measured[74].
VAT or intraperitoneal fat is the part of the adipose tissue in the abdominal area, which
surrounds the organs, and SCAT is the part of the adipose tissue, which is accumulated
under the skin[74]. The equipment to measure abdominal fat is often expensive (computer
tomography, magnetic resonance imaging, dual energy X-ray absorptiometry), so most
of the studies measure waist circumference (sometimes also the ratio of waist to hip
circumference) as a proxy for fat mass distribution[74]. Meta-analyses of RCTs have
reported decreasing effects of total dairy consumption on waist circumference in trials
with energy restriction[58, 61], but null effects in trials without energy restriction[58]. In
accordance with the effects on body fat mass reported from the meta-analyses, one 6-month
and one 12-month cross-over RCT, which did not apply energy restriction, reported null
effects of four low-fat dairy servings on abdominal fat when compared with one or two
servings[75, 76]. Conversely, in two trials with energy restriction dairy consumption
decreased abdominal fat[77, 78], whereas in one trial with energy restriction no effect was
observed[79]. One of the trials, which examined VAT, also observed a decrease with higher
dairy consumption[78].

Prospective cohort studies

Evidence on associations of dairy products with waist circumference from prospective
cohort studies, after adjustment for total energy intake[64, 65, 71], BMI[68, 80, 81] or
both[67] shows null associations for cheese[65, 67, 68, 71], low-fat[71, 80] and total
dairy products[64, 67, 68], but inverse associations for yoghurt[65, 67] and high-fat dairy
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products[67, 80]. In addition, a prospective observational analysis of data from the
PREDIMED trial (3.2 years of follow-up) reported null associations with central adiposity
for all dairy types and groups studied apart from yoghurt and its sub-types, for which
inverse associations were found[82].
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3.2 Lipid markers

Randomised controlled trials of butter

There is a large number of studies on the associations between butter and blood lipids,
because of the hypothesis that it increases blood cholesterol due to its high content of
saturated fatty acids. Despite this large literature, it is challenging to draw conclusions
as there is no meta-analysis of these RCTs so far. A simple synthesis of results would
be subject to heterogeneity related to control groups, intervention duration and intensity,
study design, sample size, country of origin, participants’ gender, specific characteristics
of the study sample e.g. postmenopausal women, hypercholesterolaemic individuals or
individuals with metabolic syndrome. A meta-analysis is beyond the scope of the present
PhD project, but a qualitative appraisal of the literature is presented.

Previous meta-analysis

The only meta-analysis published on this topic was by Zock and Katan in 1997 on 20
clinical trials published between 1957 and 1995. This meta-analysis examined the effects
of a 10% energy substitution of hard and soft margarine with butter on total, low-density
lipoprotein (LDL-), and high-density lipoprotein cholesterol (HDL-C), total-to-HDL-C
ratio and triglyceride levels[87]. Butter increased total and LDL-C compared to both types
of margarine and the increase was more pronounced when soft margarine was used as
the control group (increase by 0.25 and 0.20 mmol/l of total and LDL-C respectively)
than when hard margarine was used (increase by 0.19 and 0.11 mmol/l of total and
LDL-C respectively)[87]. HDL-C and total-to-HDL-C ratio increased only when butter
substituted hard margarine (increase by 0.02 mmol/l and 0.20 respectively), while no effect
on triglyceride levels was observed when butter substituted either type of margarine[87].

Literature search

From a literature search in PubMed from 1980 to 2016 and extraction of relevant studies
from references of other papers, 56 RCTs, which use butter either in the intervention or
as a control and examine effects on blood lipids, were identified. Of those, 35 RCTs
remained[88—122] after exclusion of 21 RCTs because either they used butter as part of
both the intervention and the control group to compare the effects of other fat sources
(n=11), or the intervention did not include solely butter (n=>5), or they were included in the
meta-analysis by Zock and Katan published in 1997 (n=3) or the intervention or control
group was not of interest (n=2).

Description of identified studies

Among the 35 eligible RCTs, the majority of the trials are cross-over studies (n=27)[88—
95, 97,99, 101, 102, 104-115, 117, 118, 120] with a mean sample size of 43+42. Most
of the studies included both men and women (n=26)[88-90, 92, 94-96, 98, 100, 102, 105—
108, 110-112, 114-122], seven studies included men only[97, 99, 101, 103, 104, 109, 113]
and two studies women only[91, 93]. Nine of the trials are postprandial studies[90, 93, 97,
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101, 105, 106, 108, 109, 113], three had a duration of less than one month[92, 96, 103],
16 had a duration between one and three months[89, 91, 94, 95, 98, 100, 102, 104, 110-
112,114, 116, 119, 121, 122] and seven had a duration between three and six months[88,
99, 107, 115, 117, 118, 120]. Eight studies were done in Australia and New Zealand[90,
92,102, 115-119], 10 in northern Europe[89, 93, 94, 97, 99, 100, 106, 111, 113, 121, 122],
six in southern Europe[91, 95, 101, 104, 108, 109], five in the United States[105, 110,
112, 114, 120] and five elsewhere[88, 96, 98, 103, 107]. Thirteen out of the 35 studies did
not include individuals from the general population, but included hypercholesterolemic
individuals (n=4)[111, 116-118], individuals with metabolic syndrome (n=1)[98] or type
2 diabetes (n=3)[96, 106, 108].

High diversity was also observed concerning the food items used as comparison
(control) groups in RCTs on the effect of butter on blood lipids. In order to make a
qualitative summary synthesis of the results, it was considered reasonable to classify
the comparison groups according to the intervention content of different fatty acids
(monounsaturated fatty acids -MUFA-, polyunsaturated fatty acids -PUFA-, saturated
fatty acids —SFA- and trans fatty acids —TFA-). The category of high MUFA content
includes olive oil (n=12)[89, 91, 93, 95, 101, 104, 106, 109, 113, 119, 120, 122], rape-
seed oil (n=3)[99, 113, 121], palm oil (n=1)[113], argan oil (n=1)[96] and soft mar-
garine (n=3)[98, 105, 107]. The category of high PUFA content includes sunflower oil
(n=4)[90, 97, 109, 113], soybean oil (n=2)[110, 120], safflower oil (n=3)[115, 118, 119],
unsaturated margarine (n=4)[100, 114, 117, 121] and walnuts (n=2)[101, 104]. The cat-
egory of high SFA content included coconut oil (n=3)[115, 118, 122] and cocoa butter
(n=1)[120] and the category of high TFA content included hard margarine (n=5)[107, 110-
112, 114] and a canola oil and PUFA blend enriched with TFAs (n=1)[116]. The com-
parison groups which included less SFA than butter such as cheese (covered in the next
paragraph), milk (n=2)[92, 108] and the habitual diet (n=10)[89, 91, 94, 96, 98, 101-
104, 116], cannot be classified in any of the aforementioned categories and constitute a
separate category. Habitual diet as a comparison group is a special case, as its content
might be characterised by a higher heterogeneity. Certain comparison groups such as
carbohydrates (n=1)[119], and interesterified linseed and rapeseed oil that are high both
in PUFA and MUFA[93] do not belong to any of the aforementioned categories and they
have not been included in separate categories, as the number of relevant trials identified is
insufficient.

Qualitative evidence synthesis

Based on this classification, overall, LDL-C increased when butter substituted food
sources of MUFA[88, 89, 95, 99, 101, 104-107, 109, 113, 119-122] or PUFA[8S, 100, 105,
110, 114, 115,117, 118, 120, 121], or TFA[87, 107, 112, 114, 116]. Results are conflicting
for lower SFA intake showing increase[88, 89, 91, 94, 102, 102, 103] or no effect[96,
98, 101, 104, 116] on LDL-C. For HDL-C, there was no effect when butter substituted
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food sources of MUFA[87-89, 93, 95, 99, 101, 105, 107, 120-122], an increasing effect
when it substituted hard margarine[87] and mixed effects when it substituted PUFA food
sources[88, 90, 105, 110, 114, 115, 117, 118, 120, 121] or the habitual diet[91, 94, 96,
98, 101, 102, 104] in most of the studies. Total cholesterol increased when PUFA food
sources[88, 100, 105, 110, 114, 115, 117, 118, 120, 121] or food items with generally
lower SFA content[89, 91, 94, 102-104, 116, 120] were substituted with butter. For
MUFA, results were conflicting showing no[91, 93, 95, 101] or increasing effects on total
cholesterol[87-89, 95, 99, 105, 107, 120-122]. Most of the trials reported null effects on
triglycerides when butter replaced any fat sources[87, 89-91, 93-99, 101, 102, 104, 105,
107-110, 113-117, 120-122].

Some characteristics of the 35 studies included in this qualitative evidence synthesis
are presented in Tables 3.3-3.6.

It is recommended for future research that a meta-analysis of the RCTs examining
the effects of butter on blood lipids, is conducted to obtain quantitative effects and to
account for all sources of heterogeneity. The last meta-analysis of part of these RCTs was
conducted in 1997 by Zock and Katan[87], thus an updated meta-analysis is needed.
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Evidence on other dairy types

Total dairy consumption did not exert any effects on total cholesterol in four RCTs[77—
79, 123], but exerted an increasing effect in one RCT[124] when compared with habitual
consumption under an isocaloric experiment and a decreasing effect in another RCT
when compared with a diet lower in dairy products under no energy restriction[125]. The
effects on total cholesterol reported by four RCTs for low-fat dairy consumption were
null[75, 76, 126, 127]. Evidence on dairy types in relation to total cholesterol and the ratio
of total to HDL-C from RCTs and prospective cohort studies is limited.

RCTs reported null effects of total dairy consumption on LDL-C[77-79, 123, 124] or
HDL-C[77-79, 124]. A meta-analysis of nine RCTs without energy restriction indicated
null effects of low- and high-fat dairy consumption on LDL-C or HDL-C[63] (Table 3.1).

Cheese consumption had a decreasing effect on total cholesterol, LDL-C and HDL-C,
but no effect on triglycerides, when compared with butter consumption, even though the
intervention and control group had the same intake of PUFA/SFA ratio, as reported in a
meta-analysis of five RCTs[83] (Table 3.1). In the same publication, through a narrative
review of RCTs on the effect of cheese on blood lipids when compared with tofu consump-
tion (n=4) or a modified cheese with a higher PUFA/SFA ratio (n=3), cheese increased
total cholesterol and LDL-C overall and had no effect on HDL-C and triglycerides[83].
Interventions of dairy types are limited.

Associations on total dairy consumption and LDL-C reported from prospective cohort
studies are null[64, 81], and the same holds for most associations with HDL-C[68, 81, 82,
128].

Null associations have also been reported between cheese and HDL-C[68, 71, 82, 129],
whereas evidence on associations between other dairy types and LDL-C or HDL-C from
prospective cohort studies is sparse. No effect on fasting triglycerides, was reported
from interventions of total[77, 78, 123, 124] or low-fat dairy products[75, 76, 126, 127]
and most of the prospective cohort studies also reported null associations for total dairy
consumption[64, 68, 81, 82, 128].

The number of studies on associations between specific dairy types and triglycerides is
limited. Specifically for yoghurt, there have been several RCTs examining its effect on the
lipid profile, but there is a high variability in the type of yoghurt used, as many of them
did not involve conventional yoghurt, but yoghurt with additional microbial species[130].
A review of such studies concluded that despite this heterogeneity most studies showed
beneficial effects of the different types of yoghurt on the lipid profile, which is not though
very informative for the effect of conventional yoghurt[130].

Evidence on associations of total and types of dairy products consumption with
apolipoprotein A1 (ApoAl), ApoB and non-esterified fatty acids (NEFA) is sparse.
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3.3 Glycaemic markers

Glucose

Evidence from RCTs does not show any effect of total dairy consumption on fasting
blood glucose[77-79, 123—125]. In a meta-analysis of eight RCTs, no effect on fasting
blood glucose was reported from interventions of low-fat or high-fat dairy products[63]
(Table 3.1). The number of interventions of dairy types also examining fasting blood
glucose is limited. Results from prospective cohort studies for total and low-fat dairy
consumption are conflicting, showing null[82, 128, 131, 132] or inverse[64, 71, 81, 82,
131] associations, while associations are consistently null for cheese consumption[71, 82,
131, 132]. Studies on associations of other dairy types and fasting blood glucose, as well
as on dairy consumption and postprandial glucose, are sparse.

Haemoglobin Alc

For haemoglobin Alc (HbAlc), there seems to be a tendency towards a null association
with total dairy consumption as reported in prospective cohort studies[81, 131, 132]. For
the association with dairy types the available studies are few, and evidence from RCTs is
sparse, so no meaningful conclusion can be drawn.

Insulin

Most of the RCTs reported null effects of total dairy consumption on fasting insulin[ 77—
79, 123, 124]. The number of interventions of dairy types examining postprandial insulin
are insufficient to draw conclusions. The number of prospective cohort studies for such
associations is even more limited.

Indices for insulin resistance

Homeostasis Model Assessment for Insulin Resistance (HOMA-IR) is highly correlated
(r=0.88) with euglycemic clamp, which is considered the gold standard for the measurement
of insulin sensitivity[133]. The index is estimated as shown in equation (3.1).

HOMA — IR — FastingPlasmaGlucose x FastingPlasmalnsulin 3.1)
22.5
Homeostasis Model Assessment for 3-cell function (HOMA-%B) is a less frequently

used index for the assessment of f-cell function and is estimated as shown in equation
(3.2).

HOMA — %B — 20 % FastingPlasmalnsulin

3.2
FastingPlasmaGlucose — 3.5 (3-2)

RCTs reported null[79, 123] or decreasing[ 124, 125] effects of total dairy consumption
on HOMA-IR and null effects of low-[63] or high-fat[63] dairy consumption. Evidence on
dairy types and evidence from prospective cohort studies, as well as for HOMA-%B, is

sparse and thus inconclusive.
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3.4 Inflammatory markers

In a systematic review of 52 controlled trials and prospective cohort studies (78 results
extracted), Bordoni et al. created an inflammation score from the studies identified. This
score was positive for a study if the results indicated a beneficial effect/association of
dairy consumption on inflammatory markers, negative if the results indicated an increasing
effect/association, or zero for null effects/associations[134]. The higher the absolute
value of the score, the more criteria the study met among a range of 12 criteria. These
criteria related to the study design (controlled trial, randomisation), the results (effect
magnitude, sustainable effects, dose-response effects) and the interpretation (biological
plausibility, clinical significance)[134].The most frequently investigated inflammatory
markers were C-reactive protein (CRP; n=51), interleukin-6 (n=44) and tumour necrosis
factor a (n=36)[134].

The findings of this systematic review indicated statistically significant anti-inflammatory
effects of dairy consumption (n=61), which were more pronounced in persons with
metabolic disease (n=24)[134]. No effects were indicated among people with gastroin-
testinal disorders (n=8) and pro-inflammatory effects were observed among people with a
reported milk allergy (n=6)[134]. When results were stratified by dairy fat content, both
low-(n=20) and high-fat (n=35) dairy consumption exerted anti-inflammatory effects with
more pronounced effects for low-fat dairy[134].

Stratification by fermentation status, showed that only fermented dairy products (n=16)
had a significant anti-inflammatory effect[134]. Despite the significant effects/associations,
it should be noted that the magnitude of the effects was low. In another meta-analysis of six
RCTs, low- and high-fat dairy consumption was not associated with CRP[63] (Table 3.1),
whereas results for dairy types and results from prospective cohort studies are insufficient

to draw conclusions.

3.5 Markers of hepatic function

According to my literature search, there are no studies available on the association
between dairy consumption and markers of hepatic function. However, there is some
evidence, which supports the generation of a hypothesis that dairy consumption could be
associated with hepatic function. Liver function tests i.e. gamma-glutamyl transferase
(y-GT), aspartate aminotransferase (AST), and alanine transaminase (ALT)[135, 136], and
non-alcoholic fatty liver disease (NAFLD)[137] have been reported to be associated with
incident type 2 diabetes. De novo lipogenesis is an underlying pathway for NAFLD[138],
which may be linked to cardio-metabolic disease through liver fat accumulation[139].

Diet provides the substrates for de novo lipogenesis i.e. fat and carbohydrates, but can
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also be associated with NAFLD through obesity, insulin resistance, hyperlipidaemia and
inflammation[ 140].

3.6 Blood pressure

Dairy consumption did not have an effect on systolic blood pressure (SBP) in a meta-
analysis of eight RCTs[84] (Table 3.1). Similar results were reported for low- and high-fat
dairy consumption and SBP or diastolic blood pressure (DBP) in a meta-analysis of seven
RCTs with no energy restriction[63] (Table 3.1). In another meta-analysis of 14 RCTs
investigating the effect of probiotic fermented milk, the pooled result indicated a decrease
in SBP and DBP with a more pronounced effect among hypertensive individuals[85]
(Table 3.1). In observational research, two meta-analyses of prospective cohort studies
concluded that total dairy products[84, 86], low fat-dairy products[86] and milk[86]
were associated with a 3-4% lower risk of elevated blood pressure per 200 g/d, but null
associations were reported for high-fat dairy products (n=6)[86], yoghurt (n=4)[86] or
cheese (n=8)[86] (Table 3.1). Evidence on low- and high-fat dairy types is sparse.

In summary, fermented dairy products may play a beneficial role in the regulation of
blood pressure, while total, low-fat dairy products and milk may exert such beneficial
effects mainly within high blood pressure levels, while they do not seem to have an effect

within normal levels.

3.7 Metabolic syndrome

Metabolic syndrome, which is a cluster of risk factors of type 2 diabetes (T2D) and
cardiovascular disease (CVD) including high blood glucose, high blood pressure, high
triglycerides, low HDL-C and central overweight/obesity[141], has been reported to highly
predict mainly T2D[142], but also CVD[143]. A meta-analysis of eight prospective
cohort studies with an average follow-up of 6.7 years showed a decrease in the risk
of developing metabolic syndrome by 15% for higher compared to lower total dairy
consumption categories[144]. For types of dairy products it is not possible to reach definite

conclusions due to the limited number of available studies.

3.8 Gaps in the literature

From the literature review presented above, it becomes evident that the combinations of
dairy exposures and cardio-metabolic outcomes investigated differ across studies substan-
tially. This results in inconsistent evidence and for certain associations, especially for
specific dairy types, too sparse evidence to draw any conclusions. Even in RCTs, consid-

ered the gold standard of the hierarchy of evidence, many limitations can be identified,
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such as questionable compliance, impossible blinding, short duration, low sample size,
diversity in comparison groups, no assessment of habitual consumption or funding by the
food industry[63].

In addition, the inconsistency of the definitions of dairy groups (total, low- and high-
fat), which have been used in different studies might result in inconsistent findings. Dairy
products are a heterogeneous food group with a variety of macro- and micro-nutrients.
Thus, a consistent definition of dairy exposures is needed for the comparability of results
across studies. This inconsistency is also evident from the relevant published meta-analyses,
which pool results from studies of different dairy products, as the number of studies for each
dairy type separately is not sufficient to draw conclusions. Consequently, there is a need for
a comprehensive set of exposures, outcomes and covariates and a consistent methodology
to be used in the study of the associations of dairy products with cardio-metabolic markers

to further elucidate the link to cardio-metabolic disease.






Chapter 4

Associations of dairy consumption with
cardio-metabolic markers: a
cross-sectional analysis in the Fenland

Study, UK

Summary

Background and aims: Epidemiological evidence on associations between dairy types and
cardio-metabolic risk is inconsistent. We aimed to investigate cross-sectional associations
between total and types of dairy products and markers of metabolic risk and adiposity.

Methods: We included 12,065 adults (54% women) aged 30 to 65 years recruited
to the Fenland study between 2005 and 2015 in Cambridgeshire UK. Diet including
dairy products (milk, yoghurt, cheese, cream, butter, ice-cream) was assessed with a food
frequency questionnaire. Markers of adiposity were measured with dual energy X-ray
absorptiometry and ultrasonography. Blood pressure and circulating concentrations of
lipid, glycaemic, and hepatic markers, C-reactive protein and adiponectin were measured.
Associations between dairy consumption and these outcomes were assessed using robust
regression, adjusted for socio-demographic, lifestyle, and dietary factors including total
energy intake and body-mass index and corrected for false-discovery rate.

Results: The median (IQR) of milk, yoghurt, and cheese consumption were 293(146 -
439),35.3 (8.8—71.8), and 14.6 (4.8 —26.9) g/day, respectively. Low-fat dairy consumption
was inversely associated with visceral-to-subcutaneous fat ratio [% difference per serving
(95% CI): -2.58 (-3.91, -1.23); p=0.0002]. Habitual daily consumption per one glass of
milk was associated with 0.33 kg higher lean mass (95% CI: 0.19, 0.46; p=2.5x10).
High-fat dairy products were positively associated with total and low-density lipoprotein
cholesterol [0.06 mmol/I (0.03, 0.09); p=3.5><10'5 and 0.05 mmol/1 (0.03, 0.08); p=7><10'6
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respectively], while low-fat dairy and milk consumption were inversely associated with
high-density lipoprotein cholesterol [-0.02 mmol/l (-0.03, -0.01); p=1.5x107% for both].
Other associations were not significant.

Conclusion: Our novel finding of an inverse association between low-fat dairy and
milk consumption and visceral-to-subcutaneous fat ratio suggests fat distribution as a
potential pathway for the link between dairy consumption and metabolic risk. These
findings should be confirmed in prospective and experimental studies, in other populations,

and combined with research investigating mechanisms.
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What is already known

* Dairy products have been associated with no or a lower risk of cardio-

metabolic disease endpoints.

* Evidence from randomised controlled trials supports favourable effects of
total dairy consumption on body weight and composition under conditions
of energy restriction, increasing effects of butter, but more favourable ef-
fects of cheese on blood lipipds, no effects of total dairy consumption on
glycaemia and no effects of total, high-fat or low-fat dairy consumption on

blood pressure.

» Evidence on specific dairy types, effects on other cardio-metabolic markers
such as inflammation and hepatic function and more long-term associations

of habitual dairy consumption with cardio-metabolic markers is limited.

What this research adds

e Low-fat dairy consumption was associated with lower visceral-to-

subcutaneous fat ratio by 2.58% per serving/day.

* Habitual daily consumption of one glass of milk was associated with 0.33 kg

higher lean mass.

* The cross-sectional design of this study does not allow causal inferences,
but findings are hypothesis-generating, which might be further examined in

prospective cohort studies and randomised controlled trials.

Publication

Trichia E, Imamura F, Brage S, De Lucia Rolfe E, Griffin SJ, Wareham NJ, Forouhi N
G. Associations of types of dairy consumption with cardio-metabolic risk and adiposity:
cross-sectional findings from over 12,000 adults in the Fenland Study, UK, (Manuscript in
revision at the Journal of Nutrition)

4.1 Previous evidence on cross-sectional associations

The main limitation of cross-sectional studies is the higher possibility of reverse causation
due to the weakness of this study design to fulfil the temporality requirement for causality,
as the exposure and the outcome are measured at the same time point. Certain phenotypes
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can influence people’s behaviour both in the context of actual consumption, but also in the
context of reporting their consumption and it can be assumed that the more apparent this
phenotype is, the higher the probability of behaviour change.

The most well-characterised phenotype related to change in consumption and reporting
behaviour is body mass index (BMI), as people with higher BMI might under-report or
consume lower amounts of foods perceived as unhealthy and over-report or consume
higher amounts of foods perceived as healthy[145-152]. An example could be that people
of higher BMI over-report or consume more low-fat dairy products and under-report or
consume less high-fat dairy products. For this reason, the validity of cross-sectional studies
on the associations between dairy products and body weight, BMI or obesity status could
be questionable. In addition, it might be useful for cross-sectional studies to adjust for
BMI when examining associations between dairy consumption and other cardio-metabolic
markers. Thus, for the appraisal of previous evidence on cross-sectional associations
between dairy consumption and cardio-metabolic markers, studies using body weight,
BMI or obesity status as outcomes and other studies not adjusting for BMI or another
measure of body mass were not considered. In future meta-analyses of cross-sectional
studies, it would be of interest to investigate heterogeneity of associations by adjustment
for BMI in individual studies, which is out of the scope of the present project.

Cross-sectional studies investigating associations of total and types of dairy products
with markers of body composition, lipid markers and markers of hepatic function also
adjusting for BMI are limited. Concerning glycaemic markers, results on the associations
between total dairy consumption and fasting blood glucose are inconsistent indicating
null[131, 153] or inverse[154] associations, whereas the number of studies for other
glycaemic markers and specific dairy types is limited. High-fat dairy consumption was
not associated with C-reactive protein (CRP)[154-156], while evidence on total and types
of dairy products is sparse. Results on associations between total dairy consumption and
systolic blood pressure (SBP) showed inverse[131, 154] or positive[ 157] associations and
for diastolic blood pressure (DBP) showed inverse associations[131, 154, 157], while for

dairy types results are limited and thus inconclusive.

4.2 Study aims

Based on the broader inconsistencies on associations of total and types of dairy products
with cardio-metabolic markers from prospective or randomised controlled trial (RCT)
evidence (Chapter 3) and that from cross-sectional studies (appraised above), this study
aimed to investigate associations of total and types of dairy products with markers of
metabolic risk and adiposity. Of special interest were associations between total and types
of dairy products and body fat mass and lean mass distribution, for which evidence is even

more limited, but they provide objective and precise markers of body composition.
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4.3 Methods

4.3.1 Study design and population

The Fenland study is a prospective cohort study with complete baseline measurements
(Phase 1; 2005-2015; n=12,434) and an ongoing Phase 2 (follow-up) since 2014. Eligible
participants were born between 1950 and 1975, were residing in Ely, Wisbech, Cambridge
or surrounding villages and were recruited through general practitioners. Exclusion criteria
included known history of diabetes, psychotic or terminal illness, inability to walk unaided,
pregnancy, or lactation. For the present, cross-sectional analysis, a sample of 12,065
participants was used after exclusion of participants with missing dietary data (n=17),
participants in the bottom and top 1% of total energy intake (n=250) and in the top 1%
of total dairy consumption (n=97) and pregnant women (n=5). The study was approved
by the Cambridge Regional Ethics Committee. All participants gave written informed

consent.

4.3.2 Dietary assessment

Participants’ diet over the last year was assessed with a 130-item semi-quantitative food
frequency questionnaire (FFQ)[158]. The FFQ consisted of two parts: the first part
included a list of items and nine frequencies from “Never or less than once/month” to “6+
per day” and the second part included questions on consumption of milk, breakfast cereals,
cooking fat, added salt and dietary supplements. The dietary data from the FFQ were
processed with the FFQ EPIC Tool for Analysis (FETA) software[159]. Dairy products
were assessed in servings/day and were categorised as previously described[160] and
shown in Table 4.1.
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4.3.3 Assessment of markers of metabolic risk and adiposity
Markers of body weight, body composition, and blood pressure

Trained research staff conducted all measurements according to standardised procedures.
BMI was calculated as weight divided by height squared (kg /m?). Waist and hip cir-
cumferences were averaged from two repeated measures with a non-stretch tape. Total
body fat and its distribution (peripheral fat, visceral adipose tissue - VAT-, subcutaneous
adipose tissue -SCAT-) and lean mass and its distribution (appendicular lean mass) were
estimated with a Dual-Energy X-ray Absorptiometry (DEXA; Lunar Prodigy Advanced
fan beam scanner, GE Healthcare, Bedford, United Kingdom; GE encore software, version
14.10.022 to 16, GE Medical Systems14). Abdominal ultrasonography (LOGIQ Book
ultrasound system, and Logic eGE Healthcare with a 3C MHz-RS and 2-5 MHz 3C-RC
curved array transducers respectively), was also used to derive VAT and SCAT[161] and
to assess hepatic fat. VAT was defined as the distance from the peritoneum boundary to
the lumbar spine and SCAT as the depth from the skin boundary to the linea alba. This
method has been validated against measurements of intra-abdominal and subcutaneous
adipose tissue with magnetic resonance imaging[162]. A semi-quantitative hepatic fat
score was derived from ultrasonography using a method previously validated against the
gold standard proton magnetic resonance spectroscopy[163]. The score ranged from 3 to
12, representing the increasing degree of hepatic fat. Blood pressure was measured with
an automated sphygmomanometer (Omron, 705CP-II) three times and the average of the

measurements was used.

Biochemical analyses

A 47.2 ml blood sample was taken from every participant after an overnight fast. Fasting
and 2-hour plasma glucose were measured during a standard (75g) oral glucose tolerance
test. Haemoglobin Alc (HbA1c) was measured in whole blood. Insulin, total cholesterol,
high density lipoprotein cholesterol (HDL-C), triglycerides, apolipoprotein A1 (ApoAl),
apolipoprotein B (ApoB), non-esterified fatty acids (NEFA), alanine aminotransferase
(ALT), y-glutamyl transferase (GGT), C-Reactive Protein (CRP) and adiponectin were
measured in serum. Low density lipoprotein cholesterol (LDL-C) was calculated from
triglycerides, HDL-C and total cholesterol using the Friedewald formula (LDL-C= Total
cholesterol — HDL-C — (Triglycerides/2.2)[164]. The Homeostasis Model Assessment
for Insulin Resistance (HOMA-IR) and HOMA for beta cell function (HOMA-%B) were
calculated using the HOMA calculator (https://www.dtu.ox.ac.uk/homacalculator/).


https://www.dtu.ox.ac.uk/homacalculator/
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4.3.4 Assessment of socio-demographic and lifestyle factors

A general questionnaire was administered for information on ethnicity, occupation, ed-
ucational level, income, marital status, smoking and medication use. Physical activity
was objectively measured over seven days using a combined heart rate and movement
sensor (Actiheart, CamNtech, Papworth, UK) and individually calibrated with a treadmill
test to derive physical activity energy expenditure[165]. This method has been previously
validated with doubly-labelled water[166].

4.3.5 Statistical analysis

Descriptive characteristics of socio-demographic, behavioural, clinical and dietary factors
were derived for the whole sample, as well as for the top and bottom categories of
milk (non-consumers and 585-732 g/d), yoghurt (non-consumers and top quartile within
consumers) and cheese (non-consumers and top quartile within consumers) consumption.
The mean and standard deviation (SD) for the continuous variables and the frequencies
and percentages of each category for categorical variables were calculated.

As primary exposures, I considered the three main dairy types i.e. milk, yoghurt and
cheese. As primary outcomes, I considered one representative marker from each of the
marker clusters of anthropometry, glycaemia, lipidaemia, inflammation, blood pressure
and hepatic function. Thus, I used the ratio of VAT to SCAT (VAT/SCAT), HbAlc,
total-to-HDL-C ratio, CRP, SBP and DBP and hepatic fat score respectively.

Positively-skewed outcome variables, (VAT/SCAT, HOMA2-IR, HOMA2-%B, fast-
ing glucose, 2-hour glucose, fasting insulin, triglycerides, NEFA, ALT, y-GT, CRP,
adiponectin), were log-transformed. A metabolic risk z-score was calculated[167] and
used in a secondary analysis to investigate the association between dairy products and
a composite index of cardio-metabolic markers, by taking averages of z-scores of blood
pressure (average of the z-scores of SBP and DBP), HbAlc, and waist circumference and
lipids (-1 x HDL-C and log-transformed triglycerides).

Missing covariates were imputed with multiple imputation by chained equations
(MICE) under the assumption of data missing at random[168]. Multiple imputation
involved linear, logistic and predictive mean matching models according to variable dis-
tribution and 5 imputation datasets were derived. Outcome variables were accounted for
in the imputation, but only participants with non-missing observations for the outcome
variables were included in the estimation models. Imputation diagnostics (comparison
of the original and the imputed data distributions, convergence of the imputation models,
fraction of missing information, Monte Carlo errors) were performed to assess the validity
of the imputation[169].

To examine cross-sectional associations between different dairy types and cardio-

metabolic markers, robust multiple linear regression was used, deriving multiple maximum
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likelihood (MM-) estimators, which are robust against the influence of outliers[170].
Poisson regression was used for hepatic fat score, where the ordinal variable (1 to 12) was
assumed to follow a Poisson distribution (better fit in preliminary analysis than ordered
logistic or negative binomial model, based on Akaike information criteria)[171].

The initial probability of false positive findings was set to 5%. Because of the large
number of tests, false discovery rate correction was applied accounting for correlations
between tests and assuming an arbitrary correlation pattern[172]. Associations were
considered significant if they passed this correction (p<0.00025).

Associations were adjusted for potential confounders based on previous knowledge
and biological plausibility using four statistical models. In model 1, I adjusted for socio-
demographic factors including age, sex, test-site and ethnicity, total energy intake, and dairy
products other than the dairy exposure. In model 2, I further adjusted for age at completion
of full-time education, pack-years of smoking, physical activity energy expenditure (all
continuous), and education level, occupation, household income, marital status, smoking
status, hormone-replacement therapy (HRT; for women only), lipid-lowering medication,
and anti-hypertensive medication (categorical). In model 3, I further adjusted for plasma
vitamin C levels (as a marker of diet quality, reflecting fruit and vegetable intake), dietary
supplement use, and consumption of non-dairy dietary factors. In model 4, I further
adjusted for BMI to partly account for the possibility of dietary misreporting and lifestyle
confounding due to obesity status. When the outcome was lean mass, models were further
adjusted for height.

Pre-specified tests for effect modification by sex and BMI for each association were
investigated. As sensitivity analyses, I repeated regression analyses in the complete-case
dataset and with 10 imputed datasets, to examine stability of results based on five imputed
datasets in the primary analyses. To assess whether non-linear associations were present,
restricted cubic spline regressions (three knots at the 10, 50™ and 90™ percentiles) were
fitted in the maximally adjusted model. For the same purpose, categorical exposures were
used with five categories including non-consumers and quartiles among consumers for
dairy types. The categories were generated from the residuals of the regression of total
energy intake against dairy products[173].

In post-hoc analyses, I examined whether the identified significant associations can be
explained by nutrients contained in dairy products including calcium, potassium, magne-
sium, phosphorus, vitamin A, vitamin B;, lactose, mono-unsaturated fat and saturated fat
from the dairy exposure one-by-one.

All analyses were conducted using Stata 14.2 (College Station, TX: StataCorp LP,
2015).
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4.4 Results

4.4.1 Descriptive characteristics

The analyses evaluated 12,065 adults (54% women) with a mean+SD age of 48.6+7.5
years. The median (IQR) dairy consumption was: milk 293(146 - 439) g/day; yoghurt 35.3
(8.8 —71.8) g/day; and cheese 14.6 (4.8 — 26.9) g/day (Table 4.2). Almost two-thirds of
high yoghurt consumers were women. Participants of non-white ethnic background were
2-4 times less likely to consume dairy products than participants of white background.
Yoghurt and cheese consumption were positively correlated with higher socio-economic
status, educational level and income and negatively correlated with likelihood of being
current smokers.

Among dietary consumption levels, overall, low-fat dairy consumption was approx-
imately six times higher than that of high-fat dairy (Table 4.3). For dairy types, low-fat
milk and yoghurt consumption were higher than consumption of the full-fat alternatives,
but high-fat cheese consumption was higher than low-fat cheese consumption. The con-
sumption of low-fat milk, fruit, vegetables, whole-grain cereals and fish were higher in
the highest quartile of yoghurt consumption, whereas consumption of alcohol, sugar-
sweetened beverages and processed meat was lower compared to non-consumers. For
the highest quartile of milk consumption, lower consumption of fruit and vegetables and
higher consumption of potatoes, processed cereals, sweet snacks, coffee and tea were

observed than among non-consumers of milk.
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4.4.2 Dairy products and body composition

Habitual milk consumption was significantly associated with higher BMI with each ad-
ditional glass of milk/day associated with 0.26 kg/m? (95% CI: 0.16, 0.36) higher BMI
(Table A.4). Similar patterns were observed for low-fat milk and low-fat and total dairy
products. Other dairy subtypes were not significantly associated with BMI.

Dairy products were not associated with the percentage of body fat (data not shown),
total fat mass, or peripheral body fat mass (Figure 4.1, Table A.S), nor were any significant
associations found between any dairy type and waist circumference or the ratio of waist to
hip circumference, as proxies for fat mass distribution.

Low-fat dairy consumption was associated with 2.6% (-3.91, -1.23) lower VAT/SCAT
ratio. A similar association was observed for VAT.

Habitual milk consumption was significantly associated with 0.33 kg (0.19, 0.46)
higher lean mass per one glass/day (Figure 4.1, Table A.5). Both full- and low-fat milk
showed similar associations (Figure 4.1, Table A.5). The association was partly attenuated
when adjusted for height, but was still significant (0.18 kg/glass of milk/day; 0.10, 0.27).

Effect modification by BMI was suggested for the association between high-fat
dairy and appendicular lean mass (p-interaction=0.0001). Among non-overweight adults
(BMI<25 kg/m?), appendicular lean mass was lower by 0.11 kg (-0.22, -0.001) per one
serving of high-fat dairy, but associations were not observed among overweight (0.05 kg;
95% CI: -0.07 to 0.18 kg) or obese adults (0.02 kg; 95% CI -0.16 to 0.20 kg).

No significant association was observed for cheese, butter, ice-cream or any other dairy

group and any marker of body composition.
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4.4.3 Dairy products and metabolic markers

No association was found between any type of dairy products and the ratio of total to HDL-
C (Figure 4.2, Table A.6). High-fat dairy consumption was weakly positively associated
with total cholesterol [0.06 mmol/L (95% CI:0.03, 0.09) per serving/day] and with LDL-C
[0.05 mmol/1 (0.03, 0.08)]. Of subtypes of high-fat dairy, butter consumption showed
similar associations. Slight attenuation of the association was observed after adjustment for
vitamin A, total, mono-unsaturated and saturated fat (Table A.7). Low-fat dairy and milk
consumption were weakly inversely associated with HDL-C [-0.02 mmol/l (-0.03, -0.01)
for both]. None of the dairy types were significantly associated with triglycerides, apoAl,
apoB or NEFA. Further adjustment for nutrients did not materially alter these findings.

Consumption of different dairy types was not significantly associated with glycaemic
markers, hepatic markers, blood pressure measures, CRP, adiponectin, or the metabolic
risk z-score (Figures 4.3- 4.5, Tables A.8- A.10).
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Hepatic fat score ALT GGT
Mean (SD) 43(1.2) 28.9 (16.6) 34.8 (35.3)
Milk Total — . e
Full-fat —_— i R N
Low-fat —_— —_— —_—
Yoghurt Total —_—— —_— —
Full-fat +
Low-fat —_— —_— —_—
Cheese Total _— N —t—
High-fat _— [ R
Low-fat e B a— —_— e e—
Fermented dairy —_— — -
Butter — —— —r
Ice-cream + —_— ——
Total  dairy T —-+ -
High-fat — —— —
Low-fat — —— ™
0.1 0 0.1 0.1 0 0.1-0.1 0 0.1
%IU/l change %IU/l change

Differences in hepatic markers per serving/day of dairy consumption

Fig. 4.4 Adjusted associations of types of dairy consumption (servings/day) with markers
of hepatic function. Statistically significant associations after correction for false discov-
ery rate are marked with an asterisk. ALT: Alanine Transaminase, GGT: Gamma-Glutamyl
Transferase

4.4.4 Additional analyses

Results were not altered when analyses with 10 imputed datasets or complete-case analyses
were done (data not shown). There was no indication of a non-linear association from
analyses with restricted cubic splines or categorical exposures after correction for multiple
testing. [Figure 4.6 as example, shows the associations between 3 main exposures (milk,
yoghurt and cheese) and 3 main outcomes (HbAIc, total-to-HDL-C ratio and CRP respec-
tively). The p-value for non-linearity was <0.05, but this was not statistically significant

after multiple test correction.
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Systolic BP Diastolic BP CRP Adiponectin
Mean (SD) 123.5 (15.8) 74.5 (10.2) 2.9 (5.5) 7.1(3.8)

Milk Total — —— L _

Full-fat —_—T G L —

Low-fat I 7 R ™
Yoghurt Total S — 4 L

Full-fat I E— B a—

Low-fat s o — i |,
Cheese Total _ — 1, L,

High-fat ———1— — T — —

Low-fat T A B — T
Fermented dairy — T — —
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Fig. 4.5 Adjusted associations of types of dairy consumption (servings/day) with other phys-
iologic markers including systolic and diastolic blood pressure, CRP and adiponectin.
Statistically significant associations after correction for false discovery rate are marked
with an asterisk. CRP:C-reactive protein
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Fig. 4.6 Non-linear associations of dairy products with HbAlc, ratio of total to HDL-
C and CRP. The plots were selected on the basis of nominally significant non-linearity.
A. milk and HbAlc (p-nonlinear=0.015), B. yoghurt and ratio of total to HDL-C (p-
nonlinear=0.015), and C cheese and CRP (p-nonlinear=0.015). HbA1c:Haemoglobin Alc,
HDL-C:High-density lipoprotein cholesterol, CRP:C-reactive protein

4.5 Discussion

4.5.1 Summary of results

This study resulted in two novel findings. First, habitual daily consumption of one serving
of low-fat dairy products was associated with a 3% lower ratio of VAT to SCAT as a marker
of fat mass distribution, a measure which is associated with diabetes risk independently of
total fat mass[174]. Second, habitual daily consumption of 1 glass of milk was associated
with a 0.33 kg higher body lean mass.
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4.5.2 Markers of adiposity

There are no previous studies on the association between dairy consumption and VAT/SCAT.
An RCT showed a reduction in VAT among those consuming 6-7 servings of dairy products
per day compared to those consuming less than 4 servings/day[78]. A cross-sectional
study of twins reported an inverse association between low-fat fermented dairy products
and VAT[175], but I have not identified any studies of the association between dairy
consumption and SCAT.

Although total dairy consumption has been consistently associated with a lower body
fat mass in RCTs[60-62], the number of studies for dairy subtypes is limited. I found no
significant associations between any dairy type and total or peripheral fat mass or waist
circumference and waist-to-hip ratio as proxies for fat mass distribution. The direction of
the associations I observed between low-fat dairy consumption and total body fat mass,
and waist circumference was consistent with that observed in previous studies and with
that observed for VAT/SCAT in the current analysis. The higher dairy amounts used in
trials compared to the consumption levels reported in observational studies could partly
explain the lack of significance in certain associations.

Although no mechanism has been reported for an inverse association between low-fat
dairy consumption and VAT/SCAT, a plausible explanation could be that the effects of
dairy nutrients on fat mass are more pronounced in VAT than in SCAT. For example,
VAT was reported to be more metabolically active with a more efficient glucose uptake
than SCAT[176]. Relevant underlying mechanisms for these associations include higher
lipolysis and lower lipogenesis due to lower parathyroid hormone and 1,25-(OH), vitamin
D levels related to calcium intake[177], and possibly a combination of higher satiety with
lower appetite related to dairy protein intake[178—180]. Potential mechanisms for the
associations of dairy products with body weight and composition are discussed in more
detail in Chapter 9.

With these current analyses and specifically the observed positive association between
milk consumption and body lean mass, we extend the previous understanding on the
positive association between total dairy consumption and total lean mass[61] to include
specific dairy subtypes. Dairy products and mainly milk have been consistently associated
with bone health due to their nutrient content including calcium, phosphorous, vitamin
D and protein, which might partly explain the positive association with lean mass[181].
Another potential mechanism is the increasing effect of milk on growth hormone[182, 183],
which has been associated with a higher lean mass through a higher bone mineral density

and muscle mass[184].
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4.5.3 Markers of metabolic risk

Concerning lipid markers, I did not find an association between any dairy type and the
ratio of total to HDL-C, though I observed a positive association between high-fat dairy
and mainly butter consumption and total cholesterol and an inverse association of low-fat
dairy and mainly milk consumption with HDL-C. The association of dairy consumption
with the ratio of total to HDL-C has not been extensively studied previously, except for
butter, which increased the ratio, and total and HDL-C separately when butter replaced
hard margarine[87], but butter had no effect when it replaced olive oil or walnuts in
RCTs[89, 95, 105]. Null associations have been reported between low-fat and high-fat
dairy consumption and HDL-C[63].

My findings of a positive association of high-fat dairy and mainly butter consump-
tion with LDL-C were consistent with findings of feeding trials, in which butter in-
creased LDL-C when it substituted margarine[87], monounsaturated[89, 95, 105] or
polyunsaturated[105] fat. However, in a meta-analysis of RCTs, low- and high-fat dairy
consumption did not show an effect on LDL-C, but it is not clear whether butter was
included in the high-fat dairy group in all the studies[63].

I found no association of any dairy type with triglycerides, ApoAl, ApoB or NEFA.
With the exception of butter consumption which seems to have a neutral effect on triglyc-
eride levels when it substitutes other fat sources[89, 105], the evidence is sparse for
associations between other dairy types and the rest of the lipid markers.

As in previous research, associations between dairy consumption and glycaemic mark-
ers were null in the current study including that between low- or high-fat dairy consumption
and fasting blood glucose or HOMA-IR in RCTs[63]. Evidence on associations between
other dairy types and glycaemic markers is sparse. Dairy products have an insulinotropic
effect in short-term trials due to their protein content, but this effect does not seem to be
maintained in the long-term[185], which may explain the different findings between trials
and prospective cohort studies.

I did not observe any association between dairy types and SBP or DBP, which is in line
with prior findings from a meta-analysis of seven RCTs, which reported a neutral effect of
low- and high-fat dairy consumption on SBP and DBP[63].

I also did not find any significant association of dairy consumption with hepatic fat,
markers of hepatic function, CRP or adiponectin. While there is little research about
dairy consumption and hepatic outcomes, our finding was consistent with a 6-month RCT
showing no effect of milk consumption on hepatic fat in comparison to water[186]. The
current findings for CRP and adiponectin were in agreement with a meta-analysis of six
RCTs[63].
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4.5.4 Strengths and limitations

This study has several strengths including its large sample size (n=12,065) and the inclu-
sion of several dairy subtypes and diverse cardio-metabolic markers, which allowed the
investigation of many potential pathways for cardio-metabolic disease. By employing
DEXA and ultrasonography, we were able to use more accurate methods to assess VAT
and SCAT than previous studies that used waist circumference and waist-to-hip ratio as
proxies of central adiposity[74]. Our statistical approaches were thorough including the
adjustment for important potential confounders including objectively measured physical
activity, the derivation of estimates robust to outliers, and the handling of missing data
with multiple imputation.

This study also has limitations. The cross-sectional design increases the risk of reverse
causation and limits inference for causal association. Although the questionnaire used
was assessed for validity in a similar population[158] and we adjusted for BMI as an
established factor of dietary misreporting, we cannot exclude the possibility of error due to
dietary misreporting caused by the use of self-reported methods of dietary assessment. In
addition, the use of the food frequency questionnaire does not allow the discrimination
of dairy types e.g.cheese or yoghurt to subtypes based on processing. This leads to loss
of information, as there is a high heterogeneity among subtypes of yoghurt and cheese
based on the way they are processed and produced with very different food matrices.
Consumption of high-fat dairy products has a limited range and lower levels compared
to low-fat dairy products, which might compromise the power to detect associations for
high-fat dairy. Finally, although we adjusted our models for many potential confounders,

we cannot exclude the possibility of residual confounding.

4.5.5 Conclusion

The novel finding of an inverse association between low-fat dairy products and VAT/SCAT
suggests abdominal obesity as a potential pathway for the association of dairy consumption
with cardio-metabolic disease. The association between milk consumption and a higher
body lean mass could also be a potential explanation for the overall positive metabolic
associations of dairy consumption. These findings are important for generating robust
hypotheses and should be confirmed and further investigated in prospective studies, clinical

trials and mechanistic studies.






Chapter 5

Associations of dairy consumption with
cardio-metabolic markers: a
prospective analysis in the EPIC
Norfolk Study, UK

Summary

Background and aims: Accumulating evidence suggests that some types of dairy products
are associated with lower cardio-metabolic risk. However, relevant pathways have not
yet been investigated in long-term epidemiological studies on habitual dairy consumption
and its relationship with metabolic risk factors. The aim of this study was to investigate
prospective associations of habitual dairy consumption with markers of metabolic risk and
adiposity.

Methods: We examined associations of changes in dairy consumption (servings/day)
with parallel changes in metabolic markers using multiple linear regression in 15,612
adults followed up from 1993-1997 aged 40-78 years at baseline in the EPIC-Norfolk
study, UK.

Results: An increase in low-fat fermented dairy products was associated with a lower
increase in body weight and BMI over an average follow-up of 3.7 years. For example,
a change in yoghurt consumption was associated with a lower increase in body weight
by 0.23 kg (95% CI: -0.46, -0.01). An increase in high-fat dairy products (-0.14£1.18
servings/day) was associated with higher increases in body weight and BMI [b=0.13
(0.05, 0.21) and 0.04 (0.01, 0.07) respectively]. An increase in total dairy consumption
(0.07£1.3) was positively associated with an increase in total cholesterol [0.02 mmol/I
(0.003, 0.04)]. A similar association was observed between high-fat dairy (including

butter) consumption and LDL-C, while increasing low-fat dairy consumption (0.06+1.02)
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was inversely associated with increasing total and LDL-C. A change in full-fat milk
(-0.11%0.62) was positively associated with HbAlc (p=0.027).

Conclusion: Our results support the differential associations of dairy types with
metabolic pathways including associations of increasing low-fat fermented dairy products
with lesser increase in adiposity and of increasing high-fat dairy products with greater
increase in circulating lipids.
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What is already known

* Dairy products have been associated with no or a lower risk of cardio-

metabolic disease endpoints.

* Evidence from randomised controlled trials supports favourable effects of
total dairy consumption on body weight and composition under conditions
of energy restriction, increasing effects of butter, but more favourable ef-
fects of cheese on blood lipipds, no effects of total dairy consumption on
glycaemia and no effects of total, high-fat or low-fat dairy consumption on

blood pressure.

» Evidence on specific dairy types, effects on other cardio-metabolic markers
such as inflammation and hepatic function and more long-term associations

of habitual dairy consumption with cardio-metabolic markers is limited.

What this research adds

* Of all the cardio-metabolic markers examined, changes in dairy consumption
were associated mainly with parallel changes in markers of adiposity and

lipidaemia over 3.7 years of follow-up.

* An increase in low-fat fermented dairy products was associated with a lower
increase in body weight and BMI. For example, a change in yoghurt consump-
tion by 1 serving/day was associated with a lower increase in body weight by
0.23 kg.

* Increases of high-fat dairy consumption were associated with higher increase
of total and low-density lipoprotein cholesterol (LDL-C), while increases of
low-fat dairy consumption were associated with lower increases of total and
LDL-C.

Publication

Trichia E, Imamura F, Khaw KT, Wareham NJ, Forouhi N G. Prospective associations of
total and types of dairy products with markers of metabolic risk and adiposity: findings
from the EPIC Norfolk study, UK (Manuscript under review by co-authors)
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5.1 Previous evidence on prospective associations

Effects of total and types of dairy products on markers of metabolic risk and adiposity
have been examined in several randomised controlled trials -RCTs- (Chapter 3). Even
though RCTs are considered the gold standard for the investigation of causal associations,
they also have some limitations (Chapter 3). For instance, most of these trials used mixed
dairy products in their intervention, which makes it difficult to distinguish the net effects
of specific dairy types. In addition, their average duration is limited to a few months. For
example, the average duration of 37 RCTs included in a meta-analysis on the effects of
dairy consumption on body weight and composition was 7.7 months[58]. It is of interest
to examine long-term associations of habitual dairy consumption with cardio-metabolic
markers, since cardio-metabolic disease is a chronic disease developing over several
years. Furthermore, since cardio-metabolic disease is multifactorial, characterised by
multiple biological pathways including body composition, lipidaemia, glycaemia, and
blood pressure, it is of interest to investigate associations of total and types of dairy
products with markers related to these pathways.

Some previous prospective cohort studies have investigated associations of habitual
dairy consumption with cardio-metabolic markers, but results are sparse and inconsistent
for specific dairy types (Chapter 3). Inconsistencies in findings might be related to
differences in the definitions of dairy groups (total, low- and high-fat) and the use of the
baseline consumption (n=9)[64-66, 68, 69, 71, 73, 80, 81], repeated measures (n=2)[67,
68] or change in dairy consumption (n=3)[66, 70, 72] across different studies. Associations
of the parallel change (change across the same time points for both the exposure and the
outcome) between dietary factors and anthropometric markers were shown to be closer
to associations described in RCTs compared with associations between baseline diet
and outcome change or associations between change in diet and prospective outcome
change[187]. However, the number of studies assessing associations of parallel change is
limited[66, 70, 72] especially for dairy types[70].

5.2 Study aims

The primary aim of this study was to investigate associations of changes in total and types
of dairy products with parallel changes in markers of metabolic risk and adiposity, as
potential pathways for the association of dairy products with cardio-metabolic disease.
The secondary aim of this study was to investigate associations of the repeated measures
of total and types of dairy consumption with prospective repeated measures of markers of

metabolic risk and adiposity.
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5.3 Methods

5.3.1 Study design and population

We evaluated data from the European Prospective Investigation into Cancer and Nutrition
in Norfolk (EPIC-Norfolk) study in the UK. More information on the study design of the
whole EPIC cohort[188] and Norfolk, UK arm[189] was previously published. Recruitment
was done through general practices from 1993 to 1997 at baseline with exclusion criteria
of having terminal or malignant disease, inability to attend a local clinic, alcoholism,
psychiatric disorder, inadequate command of English or blindness. Participants were
invited for a first follow-up between 1998 and 2000 and a second follow-up between 2004
and 2011. At each time point, participants provided general information, completed a
dietary assessment and measurement of several physiological markers. From an initial
sample of 25,639, we evaluated 15,612 adults after exclusion of participants with no dietary
data at baseline or follow-up (n=673), participants censored before the first follow-up
assessment (n=8,507) and participants with implausible values of total energy intake [<800
and >4000 kcal/day for men, and <500 and >3,500 kcal/day for women[190] (n=847)].
We also excluded participants with outliers of the changes in dairy consumption and
cardio-metabolic marker for each association examined (outside the range of 3 SD from
the mean). Participant informed consent was obtained and the study was approved by the

Norwich District Ethics Committee.

5.3.2 Dietary assessment

Diet was assessed at baseline and first follow-up (1998-2000) with a 130-item semi-
quantitative food frequency questionnaire (FFQ). Validity of the FFQ was internally
assessed at baseline against 7-day diet diaries[158]. The questionnaire ascertained habitual
consumption of foods over the past year with nine frequencies ranging from “never or less
than once/month” to “6 times per day”’; and additional questions on the type and amount
of milk consumed, details on breakfast cereals, fat for cooking, visible fat on meat, and
dietary supplements. The correlation coefficient between the dairy consumption from the
FFQ and that from the 7-day diary at baseline was 0.56 for milk, 0.57 for yoghurt, 0.33
for cheese and 0.54 for butter. Dietary data were processed with the FETA software[159]
, assessed in servings/day and grouped as shown in Table 4.1[160]. We considered total

milk, yoghurt and cheese as primary exposures .

5.3.3 Assessment of markers of metabolic risk and adiposity

As primary outcomes we considered changes in body mass index (BMI), waist circum-
ference, the ratio of total to high-density lipoprotein cholesterol (HDL-C), haemoglobin
Alc (HbAlc), systolic and diastolic blood pressure. BMI was defined as weight (digital
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scale, Salter, UK) divided by height squared (free-standing stadiometer). Waist and hip
circumferences were measured to the nearest 0.1cm with a D loop non-stretch fibreglass
tape to standardised protocol. Body fat was measured with bioelectrical impedance (Tanita,
UK) at the first and second follow-up. The average of two blood pressure measurements
was used (Accutorr sphygmomanometer, Datascope, UK). Non-fasting blood was collected
and lipid markers i.e. total cholesterol, HDL-C and triglycerides (RA 1000, Bayer Diag-
nostics, Basingstoke), and glycaemic markers i.e. HbAlc (Diamat ion exchange HPLC,
Bio-Rad Laboratories, Hemel Hempstead, UK) were measured. Low-density lipoprotein
cholesterol (LDL-C) was calculated using the Friedewald formula[164]. Trained research
nurses did all the assessments and the blood sampling. As part of the secondary outcomes,
the metabolic risk z-score was calculated as previously described[167] by taking averages
of z-scores of blood pressure [average of the z-scores of systolic (SBP) and diastolic
blood pressure (DBP)], HbAlc, waist circumference, -1 x HDL-C and log-transformed
triglycerides.

5.3.4 Assessment of socio-demographic and lifestyle factors

Socio-demographic factors including educational level, marital status and occupation,
medical history (disease status and medication use) and smoking status across the different
time points and baseline physical activity were assessed with the Health and Lifestyle
questionnaire[ 188]. Physical activity at follow-up was assessed with the EPIC physical
activity questionnaire (EPAQ2) designed based on validation studies using heart rate

monitoring after calibration with estimates derived from doubly labelled water[191].

5.3.5 Statistical analyses

The ratio of total to HDL-C, and triglycerides were not normally distributed and were
log-transformed. Missing values of the dairy exposures and covariates were imputed using
multiple imputation by chained equations (MICE) specified for continuous and categorical
variables individually[168], whereby we generated five imputed datasets.

In our primary analysis, we investigated the association of the change in dairy consump-
tion between baseline and the first follow-up with the parallel change of the markers using
multiple linear regression models. This approach was selected, because in observational
research it gave the results most biologically plausible and the closest to those from RCTs
for associations between diet and weight change[187].

As a positive control analysis, to confirm the plausibility of associations, we first
evaluated the prospective association of changes in butter consumption with changes in
LDL-C, which is a well-established association from RCTs[87].

Accounting for availability of covariates and their plausibility as confounders, we

developed regression models with three different levels of adjustment for potential con-
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founders. The first included socio-demographic factors i.e. age, sex, educational level,
age at completion of full-time education, occupational and marital status, physical activity
level, smoking status, total energy intake, medications (lipid-lowering, anti-hypertensive
and hormone replacement therapy), and follow-up duration. Mutually-exclusive dairy
products were adjusted for. The second model additionally included major food groups
and dietary supplement use. The third additionally included BMI unless the outcome was
BMI or the metabolic risk z-score. Models included baseline levels of covariates and their
changes if applicable. Baseline outcome values were not adjusted for to avoid collider bias
which could be larger than bias due to confounding of a baseline outcome[192—-194].

Accounting for possibilities of both type I and type II errors, we interpreted results
before and after false-discovery rate correction (two-sided alpha=0.05)[172, 195].

In secondary analyses, we conducted a longitudinal analysis for the associations of
the repeated measures of dairy consumption from baseline and the first follow-up with
the repeated measures of the markers from the first and the second follow-up using linear
mixed models. Although this analysis is not theoretically as valid as the primary analysis,
the decision to also proceed with it was based on the assumption that the parallel change
analysis might be under-powered upon the observation that the changes in some dairy
types were very small.

Pre-specified analyses were conducted additionally to test interactions with age, sex
and BMI for all the associations. We further conducted analyses to assess robustness of
our primary findings. We applied inverse probability weighting to assess potential bias due
to healthy survivor effects or effects due to censoring over the follow-up after deriving
the probability of censoring with logistic regression[196]. To assess stability of results,
we applied multiple imputation with 10 datasets and complete-case analysis; analyses
excluding participants with prevalent type 2 diabetes and additionally with hypertension,
hyperlipidaemia or cardiovascular disease; and analyses adjusting for the baseline outcome.
For all analyses we used Stata 14.2 (College Station, TX: StataCorp LP, 2015).

5.4 Results

5.4.1 Descriptive characteristics

Participants were followed for a mean+SD of 3.7£0.7 years. The mean£SD consumption
of milk, yoghurt and cheese at baseline was 1.740.8, 0.34+0.4 and 0.5+0.4 servings/day
respectively. The mean+SD of their change over the follow-up was -0.06+0.70, 0.02+0.40
and -0.04£0.40 servings/day respectively for milk, yoghurt and cheese (Table 5.1).
Changes in markers of metabolic risk and adiposity and lifestyle characteristics are
presented in Tables 5.2- 5.3. For example average increases in weight and waist circum-
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ferences were by 1.3+4.0 kg and 0.84+5.5 cm. In addition, total energy intake decreased
by 88.6+£478.5 kcal.

Socio-demographic, lifestyle, clinical and dietary characteristics varied by participants
consuming different types of dairy products (Table 5.4). Non-consumers of milk reported a
lower consumption of fruit, processed and whole-grain cereals, sugar-sweetened beverages
and tea, and higher amounts of artificially sweetened beverages. High yoghurt consumers
were more frequently women, of higher educational level, less frequently current smokers
and consumed more fruit, vegetables, whole-grain cereals, artificially sweetened beverages,
fruit juice and decaffeinated coffee and lower amounts of potatoes, sweet snacks and
alcohol. High cheese consumers were of higher educational level and consumed more

processed and whole-grain cereals, red meat, fruit juice and alcohol.

Table 5.1 Descriptive characteristics of total and types of dairy products at baseline, first
follow-up and the change between baseline and first follow-up in the EPIC-Norfolk study
(n=15,612)

Baseline 1st follow-up Change
Dairy products (servings/d) Mean (SD)
Milk Full-fat  0.33 (0.78) 0.23 (0.66) -0.11 (0.62)
Low-fat 1.39 (1.0) 1.43 (0.95) 0.04 (0.86)
Total 1.73 (0.82) 1.67 (0.82) -0.06 (0.71)
Yoghurt Full-fat  0.04 (0.12) 0.04 (0.14) 0.00 (0.16)
Low-fat  0.27 (0.39) 0.29 (0.41) 0.02 (0.40)
Total 0.30 (0.41) 033 (0.42) 0.02 (0.41)
Cheese High-fat 0.34 (0.29) 0.30 (0.27) -0.03 (0.28)
Low-fat 0.13 (0.27) 0.12 (0.26) 0.00 (0.28)
Total 0.47 (0.40) 043 (0.37) -0.04 (0.38)

Cream 0.07 (0.17) 0.07 (0.18) 0.00 (0.18)
Butter 043 (093) 044 (0.89) 0.00 (0.88)
Ice-cream 0.21 (0.28) 0.20 (0.30) -0.01 (0.30)
Fermented dairy products 0.77 (0.61) 0.76 (0.61) -0.01 (0.57)
Total dairy products High-fat 1.18 (1.41) 1.05 (1.29) -0.14 (1.18)

Low-fat 1.82 (1.18) 1.89 (1.14) 0.06 (1.02)
Total 322 (1.41) 3.15 (1.39) -0.07 (1.32)
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Table 5.2 Descriptive characteristics of markers of metabolic risk and adiposity at baseline,
first follow-up, second follow-up and the change between baseline and first follow-up in the
EPIC-Norfolk study (n=15,612)

Baseline 1st follow-up 2nd follow-up Change
Anthropometric markers Mean (SD)
Weight (kg) 73.0 (12.8) 74.1 (13.2) 741 (14.0) 1.3 (4.0
BMI (kg/m?) 26.1 (3.7) 26.7 (4.0) 26.8 (4.3) 06 (14
Waist circumference (cm) 87.3 (12.1) 88.0 (12.5) 942 (12.2) 0.8 (5.5
Waist-to-hip ratio 0.8 (0.1) 0.8 (0.1) 0.9 (0.1 0.0 (0.0
Body fat (%) T - - 327 (11.3) 31.6 (8.1) - -
Lipid markers
Total / HDL-cholesterol 47 (1.6) 44 (1.6) 3.7 (1.1) 0.2 (1.2)
Total cholesterol (mmol/l) 6.2 (1.2) 6.1 (1.2 54 (1.1) -0.1 (1.0
HDL-cholesterol (mmol/l) 1.4 (0.4) 1.5 (0.5) 1.5 (0.4) 0.1 (0.3)
LDL-cholesterol (mmol/I) 4.0 (1.0) 3.8 (1.0) 3.2 (1.0) -0.2 (0.9
Triglycerides (mmol/l) 1.8 (1.1) 1.9 (1.1) 1.7 (0.9) 0.1 (0.9
Other markers
HbA1c (mmol/mol) 349 (8.5) 36.6 (7.3) 40.1 (6.7) 1.6 (6.1)
Systolic blood pressure (mm 134.3 (17.9) 135.1 (18.2) 136.1 (16.7) 0.5 (14.9)
Hg)
Diastolic  blood  pressure 82.0 (11.0) 81.9 (11.2) 78.2 (9.3) -0.1 (10.5)
(mmHg)
Metabolic risk z-score -0.02 (0.59) 0.0 (0.61) 0.0 (0.58) 0.01 (0.34)

1 Body fat measurements were not available at baseline
Abbreviations: BMI: Body mass index; DBP: Diastolic blood pressure; HbAlc: Haemoglobin
Alc; HDL-C: High density lipoprotein cholesterol; LDL-C: Low-density lipoprotein cholesterol;
SBP: Systolic blood pressure; SD: Standard deviation
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Table 5.3 Descriptive characteristics of socio-demographic, behavioural, clinical and
non-dairy dietary factors at baseline, first follow-up and the change between baseline
and first follow-up in the EPIC-Norfolk study (n=15,612) ¥

Baseline 1st follow-up Change

Socio-demographic factors
Age (years) 58.6 (8.9) 62.1 (9.0) 3.2 (0.8)
Sex * Women 56.2 56.2
Educational level * Medium 419 41.9

High 14.7 14.6
Age completing education (years) § 8.7 (12.2) 8.7 (12.2) 0.0 (0.0
Socio-economic status * Medium 16.7 16.7

High 46.7 46.7
Marital status *§ Married 82.6 82.6

Widowed / 13.4 13.5

Separated
Lifestyle factors
Smoking status * Former smoker 41.4 42.7

Current 9.4 8.1

smoker
Physical activity *|| Moderately in- 29.6 15.9

active

Moderately ac- 24.3 20.3

tive

Active 19.3 15.3
Energy intake (kcal/d) || 2,018 (552) 1,929 (529) -88.6 (478.5)
Medications / Supplements
Lipid-lowering medication * Yes 1.5 4.7
Anti-hypertensive medication * Yes 16.4 21.8
Hormonal therapy * Yes 12.3 12.5
Dietary supplements *|| Yes 49.6 55.5
Non-dairy food dietary factors
(g/d) ||
Fruits 250.2 (180.4) 263.6 (187.7) 12.2 (170.9)
Vegetables 241.8 (1240.) 240.8 (123.3) -2.1 (110.8)
Potatoes 1152 (60.5) 111.7 (59.5) -3.7  (69.3)
Legumes 60.0 (37.6) 56.0 (35.8) -3.9 (38.3)
Processed cereals 82.1 (54.1) 78.9 (49.6) 2.9 (53.0)
Whole-grain cereals 78.9 (78.0) 69.1 (73.1) -10.3 (75.1)
Poultry and eggs 379 (23.9) 37.5 (24.7) -0.3 (25.9)
Red meat 62.0 (40.5) 57.7 (39.5) 4.1 (424)
Processed meat 279 (22.9) 27.5 (22.3) -04 (21.8)
Fish 37.7 (25.8) 374 (25.5) -0.2 (254)
Sauces 19.5 (17.9) 19.3 (18.6) -0.2 (204)
Margarine 16.6 (16.3) 144 (15.1) 2.2 (16.6)
Nuts 2.5 (74) 2.5 (1.7) 9.2)
Sweet snacks 116.6 (84.6) 108.3 (82.3) -8.6 (72.2)
Sugar-sweetened beverages 33.1 (72.1) 33.7 (75.6) 0.9 (83.2)
Artificially sweetened beverages 369 (1049) 36.0 (104.3) -0.3 (101.1)
Fruit juice 50.9 (69.1) 55.1 (72.0) 4.0 (73.7)
Regular coffee 329.5 (320.6) 298.6 (301.2) -27.9 (252.8)
Decaffeinated coffee 87.6 (207.1) 76.8 (191.7) -10.2 (187.7)
Tea 632.0 (365.2) 617.1 (360.5) -18.2 (250.6)
Alcoholic beverages 128.8 (232.2) 1254 (221.9) -1.5 (154.7)

tContinuous variables are presented as mean(SD) and categorical variables are presented as column percentages

I Total percentage of missing values: 13% at baseline, 59% (49% due to missing values of the physical activity
variable) at follow-up and 60% at both when accounting for non-ovelapping missing values for all the variables
*Reference categories: sex:men; educational level: low; socio-economic status: low; physical activity: inactive;
lipid-lowering medication: no; anti-hypertensive medication: no; hormonal therapy: no; dietary supplements: no

§ Missing values <5% at baseline and follow-up

|| Missing values <5% at baseline, but 20-50% at follow-up
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5.4.2 Dairy products and anthropometric markers

Low-fat fermented dairy products i.e. yoghurt (total and low-fat) and low-fat cheese
were inversely associated with body weight and BMI (p<0.05). While body weight was
increased by 1.3+4 kg, those who increased their habitual daily yoghurt consumption by
1 serving had a lower increase in body weight by 0.23 kg (95% CI: -0.46, -0.01) in the
most adjusted model (Figure 5.1). Changes in low-fat yoghurt and low-fat cheese were
inversely associated with changes in body weight [-0.31 kg (-0.56, -0.06) and -0.64 kg
(-0.97, -0.31) respectively] and BMI [-0.23 kg/m2 (-0.36, -0.11) and -0.13 kg/m2 (-0.22,
-0.04) respectively]. Changes in high-fat dairy products, full-fat milk and high-fat cheese
were positively associated with changes in body weight, BMI, or both. For example,
an increase in high-fat dairy consumption by 1 serving/day was associated with 0.13 kg
(0.05, 0.21) higher body weight (Figure 5.1). No associations were observed between
changes in any types of dairy products and changes in waist circumference or waist-to-hip
ratio (Figure 5.1). Associations adjusted for a smaller number of covariates did not give
materially different results (Table A.12).

Body weight BMI Waist circumference .Wais;/ Hip
circumference
Mean (SD) 1.3 (4) 0.6 (1.9) 0.8 (5.5) 0 (0)

Milk Total pre - — -

Full-fat —— —— 4 —

Low-fat N [ L -
Yoghurt Tgtal —— — R —

Full-fat _ -

Low-fat — — ———— —_—
Cheese  Total L — | —

High-fat —_— [ - [ R

Low-fat —_— _— [ I
Fermented dairy - - — —_
Butter s - - o
Ice-cream —— _—— JRN
Total dairy T T -+ -

High-fat -+ -+ 4 -+

Low-fat -+ - _

-1.6 0 1.6-0.6 0.6 -1.3 1.3 -0.01 0 0.01
kg kg/m2 cm

Changes in anthropometric markers for a change in dairy consumption (servings/day)

Fig. 5.1 Adjusted associations of changes in dairy consumption (servings/day) with changes
in anthropometric markers. BMI: Body mass index

5.4.3 Dairy products and metabolic markers

Changes in butter were positively associated with changes in LDL-C [0.05 mmol/l
(0.02, 0.07)] in the positive control analysis and also with changes in total cholesterol
(Figure 5.2).

An increase in total dairy consumption was positively associated with an increase in
total cholesterol [0.02 mmol/l (0.003, 0.04)], but not other lipids. Increasing levels of
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high-fat dairy consumption were associated with increasing LDL-C levels [0.04 mmol/l
(0.02, 0.06)]. Changes in total cheese consumption were not associated with changes in any
lipid markers but increasing habitual high-fat cheese consumption by 1 serving/day was
associated with 0.12 (0.04, 0.21) mmol/l higher total cholesterol, 0.04 mmol/1 (0.01, 0.07)
higher HDL-C and 0.09 mmol/l (0.02, 0.16) higher LDL-C. An increase of 1 serving/day of
habitual low-fat dairy consumption was associated with a decrease of total and LDL-C by
0.03 mmol/1 (-0.05, -0.01). Similar associations were observed for total and low-fat milk
consumption and LDL-C. An increase of habitual total and low-fat yoghurt consumption
was associated with 0.06 mmol/l (-0.12, -0.01) lower total cholesterol and 0.02 mmol/I
(-0.04, -0.01) lower HDL-C respectively.

From associations between changes in dairy consumption and changes in non-lipid
metabolic markers, only one significant association was observed between full-fat milk
and HbA1c [0.52 mmol/mol (0.06, 0.97)] (Figure 5.3). Results from models of change for
all the three different levels of adjustment used as described are presented in Tables A.12-
A.14.

Overall, although the aforementioned associations were statistically significant at the
nominal level, no association was significant when corrected for false-discovery rate (p>2x
10).
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HbAlc Systolic blood pressure  Diastolic blood pressure = Metabolic risk z-score
Mean (SD) 1.6 (6.1) 0.5 (14.9) -0.1 (10.5) 0.01 (0.3)
Milk Total e -+ —— ——
Full-fat _— — _— i
Low-fat —f — e -
Yoghurt Total . — —— JRN ——
Full-fat
Low-fat —_ —— — —_—
Cheese Total — L i — —
High-fat — = — o
Low-fat _ —_— _ —_—
Fermented dairy — —_ — —]
Butter —+ L 4 —
Ice-cream —t — RN S R —
Total dairy -+ + + +
High-fat -+ T+ T~ -+
Low-fat 4 + - -
-2 0 -5.1 0 5.1 0 0 0.2
mmol/mol mm Hg mm Hg

Changes in glycaemia, blood pressure and metabolic risk z-score
for a change in dairy consumption (servings/day)

Fig. 5.3 Adjusted associations of changes in dairy consumption (servings/day) with changes
in HbAc, blood pressure and metabolic risk z-score. HbAlc: Haemoglobin Alc.

5.4.4 Longitudinal analyses

In secondary analyses, results from the most adjusted longitudinal models relating repeated
measures of dairy products to repeated measures of cardio-metabolic markers at later time
points are presented in Tables 5.5- 5.7.

Results from the positive control analysis showed a positive association between butter
consumption and both LDL-C [0.32 mmol/I (0.15, 0.49)] as in the primary analysis and
additionally triglycerides [1.34 mmol/l (0.71, 1.99)] (Table 5.6).

However, some of these associations were different in comparison to the primary
results. Specifically, after correction for multiple testing, low-fat dairy consumption was
on average positively associated with body weight and BMI [0.19 kg (0.11, 0.28)] and 0.16
kg/m2 (0.1, 0.21) respectively] (Table 5.5). Similar associations were observed for milk
(total and low-fat) and yoghurt (total and low-fat) (Table 5.5). Yoghurt consumption was
also positively associated with waist circumference [0.54 cm (0.28, 0.79)] (Table 5.5). On
the contrary, high-fat dairy consumption was inversely associated with the ratio of waist to
hip circumference [-0.002 (-0.003, -0.001)] with similar associations for full-fat milk and
high-fat cheese (Table 5.5).

Milk consumption was associated with higher ratio of total to HDL-C [1.18 (0.64,
1.72)] with similar associations observed for both full-fat and low-fat milk (Table 5.6).
Low-fat dairy consumption was associated with lower HDL-C [-0.01 mmol/l (-0.02, -0.01)]

(Table 5.6). Similar associations were found for total and low-fat milk.
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Concerning the other markers of metabolic risk, no association was found between
any dairy type and HbAlc after multiple test correction (Table 5.7). High-fat cheese
consumption was inversely associated with SBP [-1.68 mmHg (-2.6, -0.77)], while full-fat
milk was positively associated with DBP [0.5 mmHg (0.21, 0.79)] (Table 5.7). Finally,
low-fat dairy consumption was positively associated with metabolic risk z-score [0.03
(0.02, 0.04)] with similar associations observed for total and low-fat milk (Table 5.7).
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5.4.5 Additional analyses

We conducted stratified analyses by age, sex and BMI, when the interactions were sig-
nificant (p<0.05) (Tables 5.8-5.10). An increase in high-fat cheese consumption was
associated with a higher increase in body weight and BMI only among participants within
the 50-60 years age group [0.87 kg (0.33, 1.41), p-int=0.037 and 0.28 kg/m? (0.08, 0.48),
p-int=0.027 respectively] (Table 5.8). Stratified results by sex showed an inverse associa-
tion between an increase in low-fat milk and an increase in the ratio of total to HDL-C only
among men [-0.06 (-0.1, -0.02)] (p-int=0.02), whereas an increase of cheese consumption
was inversely associated with an increase in waist circumference only among women [-0.48
(-0.88, -0.08), p-int=0.009] (Table 5.9). Despite interactions with BMI being significant
(p-int<0.05), associations within strata of BMI were null (Table 5.10).

Although the magnitude or significance of the associations from the complete-case
analysis are different in certain cases, the directions of associations did not change (Ta-
bles A.15-A.17). From the main dairy types, the coefficient which substantially changed is
the one for the association between the change in yoghurt consumption and the change in
body weight, which became stronger [-0.47 kg (-0.77, -0.17); Table A.15].

Results from the specified sensitivity analyses in regards to quality of imputation,
prevalent diseases, and possible attrition bias were not substantially different compared to

results from the primary analysis (results not shown).



127

5.4 Results

xopur ssew Kpog [JAg :SUONBIARIQQY

(809) qniydoods aderaAe | -urea1d-991 (30 1) uoodseay | -1onng (3pg) uoodsarqe) | -ureard 9[qno(q {(3¢1) uoodsarqey
1 -weard 9[3uIS (30) SuIAIes WNIpaW -9s99y)) uoired 3¢ -1Mny3ox (8007) ssel3 a5e1oae | N[ :[L6112007 Aoualdy spiepuel§ pooq Aq pauyap se s3uraIag §

uonduwnsuod

Airep ur a3ueyd 9y} Jo (qSEFueaw Jo a3uel oy apIsino sjuedronted Jo uoIsnjox? ayj 03 anp 9zis ojduwres 9[3uIs € Jo peajsul UAIS st aguer azis o[dwes vy i

‘popnjout os[e sem a3ueyd I3y} ‘dn-mo[[0J IsIy pue

SU3SE( JE J[E[IBAE QIO SJBLIEAOD dUf} JO SAINSEAUW PAjeadar usyy *(2109S-Z YSLI JI[OQEISW JOJ 30U} UBY) JOYIO SUONEIDOSSE UL £ W/3Y) [INF Pue (ON ‘S9K) asn
juowo(ddns A1e101p ‘s0938I10A9q OI[OYOI[R puUR BI) ‘99100 ‘9oIn[ JINIj ‘SoTBISAIQ PIUSIIIMS A[BIOYILIR ‘SOTBIAIQ PIUAIIIMS-TEINS ‘SYOBUS 109MS ‘QULIBSIBW ‘S90NeSs
‘Ysy ‘yeaur passaood ‘yeswr pai ‘s3390 pue Annod ‘S[ea190 UTRIS-9[OYM ‘S[BID Passad01d ‘sinu ‘sownJof ‘seoreiod ‘so[qeiadoa ymiy jo (p/3) soyeiur (Kep/[eoy)
ayeul A310U9 TR10) ‘(U ‘ON ‘Sox) Aderay) juouwraoe[dar-auowtioy ‘(0N ‘Sox) uonedIpaw dAIsualredAy-nue ‘(ON ‘Sox) uonesrpaw Suramol-pid] ‘(1axours
JUQLIND PUE JOULIOJ ‘IOAU) SNIE)S SUMOWS ‘(QANIL ‘A1) A[9JBIOPOW ‘QATIORUI A[QJRISPOW ‘OAT)ORUT) [QAQ] AJIANIR [o1sAYd ‘(s1eak) owr dn-mo[[o] [enpIAIpUI
‘(suoniednooo [eroSeurWw JOYI1Y / [eUOoIssjoid Y31y ‘suonednodo 9JBIPOUWLIAIUL / [BLISRUBW JOMO] :WNIPAW ‘suonednddo aunnol pue aunnoI-ruas,/[edruyd}
:mo[) uonednooo Uo paseq SNJeIs SIOU0II-0100S ‘(pajeredas J0 POMOPIM ‘PILLIBW ‘O[SUIS) Snje)s [eILIew ‘(sIeak) uoneonpd swn-[[ny jo uonsdwoos je o3e
‘(Y31y ‘wInIpaw ‘MOJ) [9AJ] [RUOTIBONP? ‘X3S ‘(sIeaK) 93k :opn[oul Yorym ‘pajuasaid are sfopowr UoIssaI3al Jeaul] pasnlpe A[[ewrxew oY) Woij SUONBIOOSSY U

6100 170 01'0- s00 S00 620~ CI'0- L00 6¢0- 910" (o) 1sTEA s1onpoxd Aep jej-mo|
L20°0 1270 €I'0- ¥0°0 8¥°0 800 8C0 LY0 I1°0- 810 (Zw/3y) ING 98999 18)-YSIH
LEO0 9¢'0 6€0- 600 171 €e0 L8O 1€1 8¢'0- LYVO (3) ySrom 95991 JeJ-YSIH
uid D %S6 q 1D %S6 q 1D %S6 qQ  JvjIew doqejdw-oipae)  § (Aep/s3urAlas) uondumnsuod Aneq
90S°9 - €69 €99% - 029y 0€8°C-S6LT 1 98uea N
sIedk ()9< sxeak ()9-0S sIedk (S > ejeqns

L Apms Y[OJHON-DIJH Y} Ul sIBdA /"¢ JO uedW e J9)je dn-mo[[0] 1SI 9y} 0} UI[aseq WO} SIOYIeW J1[0qeIouW-0IpIed ur agueyd
oy i syonpoad Airep Jo sadA) pue [0} Ul 93UBYD 9y} JO SUOIIBIOOSSE Ul SUOT)ORIUI JUBOYIUSIS 10J o938 Aq SI[NSAI paynens ¢ 9[qeL,



Prospective associations in the EPIC Norfolk study, UK

128

(809) qniydooas
93eI10AR | -wWeaId-39] {(3(1) uoodsea) | -1onng ((30¢) uoodsargel | -weard 9[qno( {(3¢1) uoodsa[qes | -weard J[3uIs $(3(f) SUIAIIS
WNIPAW -9s3Y) ‘U0led 3G -HNY30x {(3007) SSe[3 a8e1oae [ -1 :[L611200T7 Aouady spiepuel§ pooq Aq pauyap se s3uraleg §

uondwnsuod A1rep ur a3ueyo Ay}
Jo gS¢TFueaw Jo a3uel ayy ap1sino sjuedronied Jo uorsn[oxa 9y 03 anp Jz1s odwes 9[3UIS B JO PeAISUI UIAIS SI a3uel 9z1s ojdwes v I
"papnyour os[e sem a3ueyd I1Y) ‘dn-MO[[0J ISIJ PUB JUI[ISEQ I8 J[B[TBAR QIOM SIIBLIBAOD U} JO SAINSLIW Pajeador usyAy "(9109S-Z JSUI
or[oqeIaw J0J 950y} ULy} JYI0 SUOTIBIdO0SSE UT £ i/3Y) [N Pue (ON ‘sdX) dsn judwa[ddns Arejarp ‘s3e10A9q JI[OYOI[E PUE B3) ‘9300
“@o1n[ 3y ‘so3BIOAIQ POUIIAIMS A[[BIOYIIIR ‘STBIIAQQ PAUIJIIMS-TE3NS ‘SYOBUS JOIMS ‘QULIBSIBW ‘SaoNES ‘YSY ‘Jeawl passaooid Jeowr
Pa1 ‘s339 pue Annod ‘s[eaIad ureI3-a[oym ‘S[ea1dd passadoid ‘synu ‘sown39) ‘seojeiod ‘so[qeradoa iy Jo (p/3) soyeur ‘(Aep/edy)
ayeIul A319U9 [B10) ‘(USJA ‘ON ‘SoA ) Adeioyy Juswaoe[dai-ouowioy ‘(ON ‘SO ) UOIBIIpaW dAISUIRdAY-nue ‘(0N ‘S9X ) UonedIpaw
Surromor-pidi[ (193OWS JUALIND pUE JQULIOJ ‘I9AU) SNJB)S SUDOUWS ‘(QANIR ‘QATIOR A[9JBISPOW ‘QAI)ORUI A[QJRIPOW ‘QAI}OBUL) [QAI]
Knanoe 1eorsAyd ‘(s1eak) awn dn-mof[oj [enpraipur ‘(suonednodo [euegeuew 1oy31y / feuolssajold Y3y ‘suorednooo sjerpowIojul
/ TelIaSeuBW IOMO] (WNIPAW sUonednodo QuUNNOI pue QUNNOI-TWIS/[BOIUYII] MO[) uonednddo uo paseq sniels SIUOU0II-0Id0S
‘(poreIedas 10 paMOpIM ‘paLLIBW ‘Q[SUIS) SNIe)s [BILIeW ‘(s1e9K) uoneonpa awn-[[nJ jo uonajdwos je a3e ‘(Y3IY ‘wnipaul ‘moJ) [QAJ]
[euonBONPI ‘X3S ‘(sIeak) a3e :opn[oul Yorym ‘pajuasald aIe S[opoWl UOISSaIZal Jeaul] palsnlpe A[[ewxew 9y} WOIJ SUONBIOOSSY L

6000 80°0- 880~ &Y 0- SLO ¢e0- 120 (wo) 1sTeM 9839Yd [e10L
1200 ¢c0 S80- 1¢0- 801 €C0- v (o) 15T 95902 18J-YSTH
LT0°0 0 0 0 0 100- 0  Qousmpunomo dif /istem HnySoA jej-mo]
00 ¢00 <00- <o0 00" ['0- 90°0- D~"1dH / TeI0L AT je)-M0T]
g 1D %S6 q 1D %S6 q  J3yaew dijoqeow-oipae) § (Kep/ssurards) uondwnsuod Lireq
€S6L - €9CL L809 - ¥0¥S F 9Buer N
UIWIOAN W ejens
L Apms

NIOHON-DIdH Y Ul s1eaK /"¢ JO uBaW € Jo)Je dn-mo[[0] 11y 9y} 0) QUI[Oseq WO} SISYIBW JI[0qeIdW-0IpIed Ul 93UeYd ) M
syonpoud Arep jo sad£) pue (8101 ur 93URYD AY) JO SUONBIOOSSE Ul SUONIRIUI JUBDYIUSIS I0J XIS AQ SINSAI paynens ' d[qeL,



129

5.4 Results

[0191s910yd urajoxdodi] ASUSP-MOT :D-TT {XOPUl ssewl Apog [INg :SUOnNBIAIQQY

(809) qniydooas

a3eroA®R | -WRAIO-99] {(3()]) uoodsea) | -1onng {(30¢) uoodsa[qe) | -wreald s[qno(q (3g1) uoodsayqes | -weard 9[3uIS {(30f) Suralas
WNIPAW -9539Y)) ‘U0Bd 3G -HNY30x {(3007) SSe[S a8eIvae [ - :[L611200T7 Aouady spiepuel§ pooq Aq pauyap se s3uralag §
uondwnsuod Airep ur 93ueyd Iy}

Jo gS¢TFueaw Jo a3uel oy} ap1sino sjuedronied Jo UoIsn[oxa 9y 03 anp Jz1s o[dwes J[3UIS B JO PRAISUI UIAIS SI d3uel az1s ojdwes v I
"papn[our os[e sem agueyod Jay} ‘dn-mo[[0J I1SIJ pUe QUI[aseq Je J[qB[IBAR 1M SIIBLIBAOD ) JO sainseaw pajeadar uaypy “(9109s-Z YSLI
o1[0qeIoW J0J 950U} ULy} JYI0 SUOTIRIdO0SSE UT < i/3Y) [N Pue (ON ‘sdX) asn judwo[ddns Arejarp ‘sa3e10A9q OI[OYOI[E PUk B3) ‘93JJ0d
‘9o Iy ‘safeIoAaq paujaams A[[RIOYNIR ‘SoFrIIA9Q PAUSIAIMS-IBTNS ‘SYORUS JoaMS ‘QULIBTIBW ‘SQ0Nes ‘Ysy ‘Jeattl passadod ‘yeowr
Pa1 ‘s339 pue Annod ‘s[eaIad ureI3-a[oyMm ‘S[ealdd passadoid ‘synu ‘sown39) ‘seojelod ‘sofqeradaa ymiy Jo (p/3) soyeiur ‘(Aep/edy)
ayeIul A319U9 [B10) ‘(USJA ‘ON ‘SoA ) Adeioyy Juowaoe[dai-auowioy (ON ‘SO ) UOIBIIPAW dAISUIRAAY-NUE ‘(ON ‘SO ) UOIBdIpaW
Surromol-pidi] ‘(J9)OWS JULIND PUB JOULIOJ ‘TOAJU) SNIB)S SUDJOUS ‘(QAIIOR QAR A[91BIOPOW ‘QATIORBUI A[9JBIOPOUL “QAT}ORUIL) [QAJ]
Knanoe 1eorsAyd ‘(s1eok) awn dn-mof[oj renpraipur ‘(suonednoso [euegeuew 1oy31y / [euolssajolrd Y3y ‘suorednooo jerpautIoul
/ TelIaSeus IOMO] [WNIPAW sUonednodo QunnoI pue QUNNOI-TWAS/[BIIUYII] MO[) uonednddo uo paseq sniels SIUOU0II-0I00S
‘(poreredas 10 pomopIm ‘paLLIBw ‘Q[SUIS) SNIE]S [BILIBW ‘(SIBIA) UONBONPI SwIl-[[nJ Jo uono[duios je 93e ‘(YSIY ‘WnIpow ‘Mof) [QAJ]
[euoIBONp? ‘X3S ‘(sIeaK) 958 :9pN[OUl YoIym ‘pajuasald oIe S[OPOUW UOISSAIFAI Jeaul] pajsnipe A[[ewIXew 9y} WOIJ SUONBIOOSSY L

¢00'0 €000 €I'0- LOO- 100 ¢ro- LOO- (o) 1sTRA syonpoid Airep [ejo,
¥0°0 G000 LOO- 100- 900 600- 100- (o) 1sTeM syonpoxd Arrep 1ej-ysiy
8200 co S00- 800 LO0 1T0- L00-  (I/]oww) [0191SI[0YO [BIO], s1onpoid A1rep pojuduiio]
[40X0) I'o ¢ro- 100- I7ro I1°0- 000  @ouarepunoxo diy /istem lopng
€000 ¢0'0 S00- €000 00 600- €00 (o) 1sTRAq lopng
[10°0 €000 100°0- [000 2000  C000- 000 (/1owwr) 5-1AT unySox
¥10°0 €0 900- ¢€I0 8C0 91'0- 900  (/]oww) [0INSI[OYD [LIO], unySox
urg 1D %S6 q 1D %S6 q JIyaew djoqelow-oipae))  § (Aep/ssuiatds) uondwnsuod Lire(
908 - 6LIL 6686 - 81S¢ aduea N
JW/8Y §T< W/3% ST > ejens

L Apmis Y[0JION-DIdH
Q) Ul s1eaKk /"¢ JO ueaW € J91Je dn-mO[[0] 1SIY ) O} QUI[aSEq WOIJ SIIeW JI[0qrIaW-0IpIed Ul d3uryd aY) Pim s1onpoid
Karep Jo sadA) pue [8)0) ur 93uLyd Y} JO SUONBIJOSSE Ul SUONIRIUI JUBIYIUSIS IO [ING Aq SINSAI pagnens o1°< JAqel,



130 Prospective associations in the EPIC Norfolk study, UK

5.5 Discussion

5.5.1 Summary of results

In the pre-specified primary analysis on associations of changes in dairy consumption
with parallel changes in cardio-metabolic markers, we observed an inverse association of
changes in low-fat fermented dairy consumption, with changes in body weight and BMI
over an average of 3.7 years. In contrast, there was a positive association of changes in
high-fat dairy consumption with changes in body weight and BMI. Increasing low-fat dairy
consumption was inversely associated with an increase in both total and LDL-C, while
increasing total and high-fat dairy consumption (especially butter or high-fat cheese), was

associated with a greater increase in total cholesterol, LDL-C and HDL-C.

5.5.2 Findings in context of previous evidence
Anthropometric markers

Our results on associations between changes in dairy consumption and changes in anthro-
pometric markers only agree with some other prospective cohort studies. Results from
these studies are mixed, most of them indicating either inverse or null associations and
sparse for the different dairy types or groups they examine.

We did not find any association between the change in total or low-fat dairy consump-
tion and changes in body weight or BMI, whereas we observed a positive association be-
tween changes in high-fat dairy consumption including full-fat milk and changes in weight
and BMI. Of the previous studies on prospective associations between dairy consumption
and body weight, six investigated associations of total dairy consumption[64—-69, 81], five
investigated associations of low-fat dairy consumption[66, 67, 69-71, 80] and four exam-
ined associations of high-fat dairy consumption[66, 67, 69, 80]. Results were conflicting
for total and high-fat dairy products with four of them indicating an inverse[66—69] and
five of them a null association[64—67, 70]. Null associations were reported in all the five
studies examining associations of low-fat dairy products[66, 67, 69—71, 80]. We also
observed inverse associations between changes in the consumption of low-fat fermented
dairy products i.e. total and low-fat yoghurt and low-fat cheese and changes in weight and
BMI. Our results agree with the results from three prospective studies on the association
between yoghurt and weight change[65, 67, 70]. One study did not find any association
between total or low-fat yoghurt and weight change[73].

We observed no associations between changes in any dairy type and changes in waist
circumference and the ratio of waist to hip circumference. Our results are in agreement
with the majority of the prospective studies, as null associations were reported in four out
of five studies on total dairy consumption[64, 65, 67, 68], all three studies on low-fat dairy
consumption[67, 71, 80] and all four studies on cheese[65, 67, 68, 71] in relation to the
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change in waist circumference. In contrast, inverse associations with the change in waist
circumference were reported from two studies on yoghurt[65, 67], one study on milk[65]
and one study on butter[80].

Results from RCTs are mainly available for total dairy products as most of the inter-
ventions included a mixture of the three main dairy types i.e. milk, yoghurt and cheese[58].
According to a recent meta-analysis of RCTs, an average total dairy consumption of 2.6+1
serving/day decreased body weight by 0.64 kg during an average period of 7.747.9 months
in 16 trials which applied energy restriction[58]. A decreasing effect was also reported for
waist circumference in trials with energy restriction[58]. The same meta-analysis, reported
an increasing effect of total dairy products on body weight in trials without any energy
restriction[58], potentially because in the case of energy restriction, the same restriction is
applied to both the intervention and the control group, whereas in the case of no energy
restriction, if the randomisation is not successful or the compliance differs between the
intervention and the control group, any effect might be due to differences in energy intake.

Potential mechanisms for an inverse association of low-fat fermented dairy products,
such as yoghurt and low-fat cheese with body weight, have been reported in relevant
studies. There is evidence that yoghurt has beneficial effects on gut function, which has
been linked to obesity and type 2 diabetes[198], owing to the fermentation process it has
gone through[199]. In addition, the content of most nutrients in yoghurt is higher than
that of milk, as yoghurt is more condensed and their bioavailability has been proposed
to be enhanced due to a lower gastric pH caused by the higher acidity of yoghurt[32].
That means that potential effects from nutrients e.g. an enhanced regulation of satiety and
appetite by dairy protein[178—180] might be more pronounced in yoghurt than in milk.

The underlying biological mechanism for the positive associations of the change in
high-fat dairy and milk consumption with the change in body weight and BMI after
adjustment for total energy intake is not clear. There is evidence of an increasing effect
of total dairy consumption on body lean mass with a simultaneous decreasing effect on
body fat mass, resulting in a decreasing total effect on body weight[58]. It is harder to
disentangle this balance of effects when examining dairy types, as the evidence is more
limited, so a potential explanation could be that for high-fat dairy products the increasing
effect on lean mass prevails over the decreasing effect on body fat mass, leading to a slight
body weight increase.

Metabolic markers and blood pressure

We did not observe any association between the change in dairy consumption and the
change in the ratio of total to HDL-C. Past evidence is limited except for butter, which
has been shown to increase the ratio when it replaces soft margarine[87] or olive 01l[89].
Our results of a positive association between the change in high-fat dairy consumption
including butter and high-fat cheese and the change in total and LDL-C and HDL-C
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(for high-fat cheese only) overall agree with evidence from RCTs. In a meta-analysis
of 20 clinical trials, LDL-C was reduced after replacement of butter with soft or hard
margarine[87]. Butter also increases LDL-C when it substitutes food sources of mono-[89]
or poly-unsaturated fatty acids[105].

Concerning associations of cheese consumption with lipids, a meta-analysis of five
RCTs concluded that cheese consumption over a period of 2-8 weeks results in a lower
increase in cholesterol (total, LDL, HDL) than butter of the same polyunsaturated fat to
saturated fat content[83]. In our study we observed similar associations between butter
and LDL-C (0.05 mmol/l decrease per 10 g of butter or 5.2 g of saturated fat) and high-fat
cheese and LDL-C (0.09 mmol/l decrease per 40 g of cheese or 8.67 g of saturated fat).
However, considering the nature of the FFQ, it is possible that there is measurement error
in the estimates, which could result in slightly different estimates than the true.

We also observed inverse associations of the change in low-fat dairy consumption with
the change in total (mainly due to yoghurt) and LDL-C (mainly due to milk). Evidence
on associations of other dairy products with lipids is sparse. A meta-analysis of nine
RCTs reported null effects of low- or high-fat dairy products on LDL-C or HDL-C[63].
It is not clear though whether butter was included in the high-fat dairy interventions. A
positive association between high-fat dairy products and lipids is also supported from
evidence on the effect of saturated fat on lipids. Saturated fat has been consistently reported
to increase total, LDL-C and HDL-C, when it substitutes carbohydrates[200], mono- or
poly-unsaturated fatty acids[201]. Inverse associations of low-fat dairy products with blood
lipids could be attributed to calcium, which decreases lipogenesis and increases lipolysis,
an effect which might be more pronounced in low-fat than high-fat dairy products[177].

We found null associations between the change in dairy consumption and the change
in HbAIc, except for milk which was positively associated. Overall, our results agree with
evidence from a meta-analysis of RCTs, where neither low- nor high-fat dairy products
were associated with markers of glycaemia such as fasting blood glucose or homeostasis
model assessment for insulin resistance (HOMA-IR)[63]. Evidence on other dairy products
and glycaemic markers is insufficient to draw any conclusions. Dairy products have been
characterised as insulinotropic in the short-term, an effect that they do not seem to hold
in the long-term, which potentially explains the differential results according to the study
design[185]. We did not identify any significant associations between the change in
dairy consumption and the change in blood pressure in accordance with results from a

meta-analysis of seven RCTs in normotensive people[63].

5.5.3 Longitudinal analyses

Although some of the longitudinal associations in our secondary analysis were significant
after FDR correction, some of the results from associations with anthropometric markers
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were less concordant with results from other prospective cohort studies and RCTs, while
associations with lipids were more consistent.

For example, our positive control analysis of the association between butter and LDL-C
led to a positive association, which is consistent with evidence from RCTs as described
before (section 5.5.2). An example of disagreement with past evidence is the association
between yoghurt consumption and body weight, which was positive in the longitudinal
analysis even after adjustment for energy intake and other dietary variables, but inverse in
the analysis of parallel change. As described above and according to results from other
prospective cohort studies on the association between yoghurt consumption and body
weight, either inverse[65, 67, 70] or null[73] associations were reported.

The explanation of the results from our longitudinal analyses is not clear, but I can
speculate on possible reasons. Longitudinal associations might be biased if not adjusted for
the baseline outcome e.g. baseline body weight to account for baseline differences in body
weight. However, it is not advised to adjust for baseline outcome in observational studies,
where it is often not possible to know whether the baseline exposure e.g. dairy consumption
or other factors related to the exposure has influenced the baseline outcome[192], so that
adjustment for that could lead to collider bias and spurious associations[194]. Consequently,
we trust that our main analysis of parallel change is a valid approach to assess prospective
associations, but we cannot quantify any potential bias introduced to our longitudinal
analysis. In this analysis, we showed that such biases might be stronger for anthropometric
outcomes, maybe due to a greater inherent behavioural component, which is an important

point of consideration for prospective analyses in nutritional epidemiology.

5.5.4 Strengths and limitations

This study has several strengths. The prospective design of our study reduces the proba-
bility of reverse causation bias. The repeated measures of dairy consumption and cardio-
metabolic markers at the same time points allowed us to perform an analysis of parallel
change, which has been shown to give the most biologically plausible results compared
with other analytical approaches in observational prospective cohort studies[187]. We
used a comprehensive set of types and groups of dairy products in the associations ex-
amined and we investigated multiple potential pathways for the associations between
dairy consumption and cardio-metabolic disease. We also adopted a rigorous statistical
approach including the use of multiple imputation to handle missing data and the use of
inverse probability weighting in our secondary analyses to examine the presence of healthy
survivor’s effect[202].

This study also has limitations. The observational nature of the study does not allow
us to make any causal inferences, but we can generate hypotheses to be further tested in
RCTs. Diet was assessed with an FFQ, which is a subjective, self-reported method, usually

accompanied by a degree of measurement error, which we could not quantify in the present
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study. Although the analysis of parallel change has been identified as a suitable analytical
approach to investigate associations between diet and body weight[187], the change in
dairy consumption observed in our population over the 3.7 years of follow-up might not
have been as large and variable as needed to detect some associations. Finally, although we
adjusted for several potential confounders, we cannot eliminate the possibility of residual

confounding.

5.5.5 Conclusion

The current analysis of parallel changes in dairy consumption and markers of metabolic
risk, showed differential associations with adiposity and lipidaemia for different dairy
types, which extends previous understanding. The main result of an inverse association
between an increase in low-fat fermented dairy products and an increase in body weight
is a potential pathway for the previously described association with type 2 diabetes[160].
These findings contribute to greater understanding of the differential associations of dairy
products with cardio-metabolic health and should be further confirmed in clinical settings
and other populations.

We also showed that longitudinal analyses i.e. associations between exposure at
certain time points and outcome at later time points might include bias, as shown in
previous studies, but especially for anthropometric outcomes, which are affected more by
behavioural components and are thus more prone to bias. Knowing that this analysis might
entail bias, we pre-specified the analysis of parallel change as the primary analysis and we

based our conclusions on this analysis.



Chapter 6

Biomarkers of dairy consumption: Part
I. Development and validation of
metabolite scores

Summary

Background and aims: Measurement error in self-reported dietary assessment is a well-
recognised limitation of nutritional research, and there is interest in the use of objectively
measured nutritional biomarkers independent of such errors. To improve understanding
of the links between dairy products and cardio-metabolic disease, we aimed to develop
and validate metabolite scores predicting consumption of different dairy types and to
investigate their predictive value over blood fatty acids, which have been identified as dairy
fat biomarkers.

Methods: We evaluated metabolomic profiles using the targeted Biocrates platform
among 10,281 participants of the Fenland study for the discovery (n=6,035) and validation
(n=4,246) of metabolite scores predicting each of total and types of dairy products sep-
arately, accounting for socio-demographic, lifestyle and clinical factors. In the internal
validation set, we examined how well the metabolite scores with or without phospholipid
fatty acids (C15:0, C17:0 and trans-16:1n-7, as candidate biomarkers of dairy consumption)
could predict milk, yoghurt, cheese, butter, and total dairy consumption assessed from a
food frequency questionnaire. Next, we evaluated data from an untargeted metabolomics
platform (Metabolon) among 1,440 participants of the diabetes case-cohort set nested
within the EPIC Norfolk study to externally validate the metabolite scores for prediction
of dairy consumption.

Results: The area under the curve (AUC) statistic for consumption of the selected
dairy products ranged from 0.68 to 0.81 in the internal validation (p<0.05 for prediction
by metabolite scores). Addition of the odd-chain saturated fatty acids (OCSFAs) in the

discovery analysis resulted in an AUC range of 0.72-0.84. In the external validation set,
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AUC:s of 0.60, 0.62 and 0.64 respectively were observed for milk, butter and total dairy
(p<0.05 for milk only), increasing to 0.65, 0.66 and 0.77 respectively (p<0.05 for all) when
OCSFAs were included in the models. For yoghurt and cheese, AUCs were 0.69 and 0.66
respectively in multivariable models, but each of the metabolite scores did not significantly
predict each dairy type in the external validation before and after adding phospholipid fatty
acids.

Conclusions: A set of metabolites could predict milk, butter and total dairy consump-
tion with internal and external validity. External validity of yoghurt and cheese was not
confirmed. These findings indicate that the use of metabolomics is a promising approach
for the identification of novel biomarkers of dairy consumption and we recommend the
replication of our approach in other populations and the use of more sets of metabolites
and biological samples e.g. metabolites related to the gut microbiome, which might better

reflect fermented products like yoghurt and cheese.



137

What is already known

* Measurement error of self-reported methods of dietary assessment is a com-

mon limitation in nutritional epidemiology.
* The use of nutritional biomarkers is independent of this measurement error.

* The odd-chain saturated fatty acids (OCSFAs; C15:0 and C17:0) and trans-
16:1n-7 have been suggested as candidate biomarkers of dairy fat, but with

limitations.

* To overcome limitations of candidate biomarkers of dairy fat, it is of interest
to identify novel biomarkers, which can be potentially achieved with the use

of metabolomics.

What this research adds

* In a discovery analysis, SM-OH C14:1 was one of the top metabolite signals
predicting all dairy types, SM C16:1 predicted milk and total dairy products,
and LPC a C17:0 predicted cheese, butter and total dairy products.

* We developed metabolite scores predicting total and each dairy type in the

discovery and internal validation set.

* In the external validation set, metabolite scores significantly predicted milk,

butter and total dairy products, but not yoghurt or cheese.

* The metabolite scores had predictive value in addition to the phospholipid
fatty acids for all the dairy types, while fatty acids had predictive value in
addition to the metabolite scores only for butter in the internal validation set.

Publication

Trichia E, Imamura F, Koulman A, Brage S, Griffin SJ, Langenberg C, Khaw KT, Ware-
ham NJ, Forouhi N G. Development and validation of dairy prediction models using
metabolomics in two UK cohorts and the associations of derived metabolite scores with

type 2 diabetes risk (Manuscript under preparation)
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6.1 Measurement error in dietary assessment

The measurement error, which accompanies the self-reported methods of dietary assess-
ment is a common limitation in nutritional epidemiology[203]. Several approaches have
been proposed to reduce and partly account for measurement error. First, adjustment of
associations between diet and any outcome for energy intake estimated from the same
dietary assessment method as the exposure -thus having correlated measurement errors-
may reduce measurement error by partly cancelling out the correlated errors [152, 204].
When the method of dietary assessment is the food frequency questionnaire (FFQ), this
only gives a crude estimate of total energy intake. However, it is still important to do the
adjustment, primarily to partly account for the confounding related to it, but also to partly
account for the correlated measurement errors[204].

In addition, dietary misreporting has been shown to be differential across methods of di-
etary assessment and groups of people. Although there is no gold standard of self-reported
dietary assessment methods, the error derived from multiple-day food diaries and 24-hour
recalls is on average smaller than that from FFQ[152, 205, 206]. If only one method of
dietary assessment is available in a study, it is not possible to address the error which is
specific to this method. However, taking into consideration several predictors of dietary
misreporting might partly account for measurement error. The most well-characterised
predictor of energy misreporting is body mass index (BMI) with under-reporters being
overall overweight or obese and over-reporters usually being underweight[145—-152]. The
ability of high BMI to predict dietary under-reporting is not limited to the current status,
but extends to a high-BMI history or generally BMI fluctuations across time[149, 151].
Other proposed predictors of energy under-reporting are older age[145, 147, 148, 151],
women[147, 151, 206], high percentage of body fat[151, 206], lower education[147, 151]
and some psychosocial factors including social desirability, dissatisfaction with body
image, dieting and restrained eating[ 150, 151]. Energy over-reporting has been less stud-
ied, but some suggested younger age[151], men[147], current smoking[147] and low
socio-economic status[148] as predictors additionally to underweight.

In some studies, energy under-reporters also reported lower intake of total fat[148, 149,
151], saturated fat[149], carbohydrates[151], sugar[149—-151], added salt[148], fibre[ 149,
151], frequency of snacks[148] and consumption of fried foods[148], whereas they reported
higher intakes of total protein[148—150], fibre[148], calcium[148], iron[148], vitamin
C[148], and folate[ 148]. Considering that dairy products are important sources of saturated
fat, protein and calcium, as we described in section 2.5.4, self-reported dairy consumption
is also prone to measurement error. In addition, some dairy types, specifically milk and
butter are included in many composite foods, which might be one additional level of
complexity and source of error. As we reported in section 2.5.4, we identified large
differences in the amounts of milk and butter consumption when we accounted for their

content in composite foods compared to previously reported estimates.
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Even if consistent efforts have been made to account for measurement error, no
universal solution has been identified so far, as it is often impossible to know all the
potential sources and correlates of error which the self-reported nature of dietary assessment
methods entails. Consequently, there have been attempts to replace this subjective element
with more objective methods of dietary assessment including the doubly labelled water
technique for the estimation of total energy intake and the identification of biomarkers of

dietary intake, which reflect nutrient intakes or food consumption.

6.2 Nutritional biomarkers

The assessment of nutritional biomarkers also entails challenges and measurement errors.
However, these are of a different nature and thus uncorrelated with the measurement errors
from the self-reported dietary assessment methods[204]. Although the use of nutritional
biomarkers overcomes the errors related to the subjective nature of the self-reported
dietary assessment, there are still some points to consider when designing or conducting a
nutritional biomarker study[204]:

* Between-person variation due to genetic, hormonal, homeostatic, metabolic and gut

microbiome-related differences, as well as the interplay between them.

* The range of intake of a nutrient or food in a population relative to the plateau that
the corresponding biomarker might reach in the biological sample.

* Lifestyle factors e.g. smoking, physical activity and alcohol consumption.
* Pathological conditions and use of medications.
* Differential bioavailability of biomarker-related food components.

* The specificity of the biomarker to a nutrient or food. Specificity is more difficult to

be achieved for foods with overlapping nutrient profiles.

* Whether a biomarker can reflect diet in an absolute way (recovery biomarkers) or
a relative way (concentration biomarkers). Ideally, a dose-response quantification
is desirable, which can be achieved with recovery biomarkers such as biomarkers
detected in 24-hour urine or doubly labelled water. However, the majority of
biomarkers are concentration biomarkers, which are still informative for ranking

individuals with low or high habitual consumption.

* The reference period of a biomarker, which depends on the kinetics of the food
component and the type of biological specimen the biomarker is stored in. When
it is of interest to assess the habitual intake of people in an epidemiological study,

biomarkers with a short half-life are useful only for foods which are consumed on a
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regular basis, so that we do not have high inter-individual variability depending on
the day of tissue collection[207].

* Differences in food production, storage, processing or preparation.
 Technical errors related to laboratory methods.

The uncorrelated errors between nutritional biomarkers and self-reported dietary assess-
ment and the useful information we can obtain from both methods, imply that biomarkers
cannot replace self-reported dietary assessment, but both are useful tools to complement
each other and used in combination.

6.3 Odd-chain and trans-16:1n-7 fatty acids as biomark-

ers of dairy consumption

Results from associations of dairy consumption with cardio-metabolic disorders are mainly
derived from studies using self-reported methods of dietary assessment, so it is of interest
to identify potential biomarkers of dairy consumption. The first studies, which explored
such biomarkers, used a hypothesis driven approach to investigate fatty acids as potential
biomarkers of the ranking of dairy consumption (concentration biomarkers). This hypothe-
sis, which included the odd-chain saturated fatty acids (OCSFAs) C15:0 (pentadecanoic
acid) and C17:0 (heptadecanoic acid), was generated from the observation that these fatty
acids are produced by microbial fermentation or microbial de novo lipogenesis in the
ruminant duodenum and are transferred to the ruminant milk, which is then consumed
by humans, but cannot be produced endogenously in the human body[208]. Before that
observation, the only use of OCSFAs was as internal standards in the chemical analyses of
fatty acids with gas or liquid chromatography[209, 210]. Instead the focus was on even-
chain fatty acids, which constitute more than 99% of fatty acids in human blood plasma
in contrast to the very small amounts of OCSFAs[208]. Likewise, OCSFAs constitute on
average 1.6% of the total saturated fat in milk, whereas C14:0, C16:0 and C18:0 constitute
11.2%, 28.9% and 11.1% respectively[35]. However, C16:0 is more abundant in meat
(e.g. 36% of the saturated fat in beef) and C18:0 is more abundant in cocoa products
(approximately 30% of total saturated fat) and meat (approximately 20% of total saturated
fat)[35], so their specificity as dairy biomarkers was questionable. In addition, coconut oil
contains more C14:0 than milk (18% of total fatty acids in coconut o0il)[35], but it has been
studied as a potential biomarker of dairy fat, since it can be assumed that consumption
levels of coconut oil are on average lower than that of dairy products in certain populations.

From a literature review and citations of relevant papers, I identified 27 studies[154, 201,
211-235] examining crude correlations or adjusted associations of potential biomarkers
of dairy fat intake including C14:0 (n=12)[213, 216, 217, 220, 223-225, 228-230, 232,
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235], C15:0 (n=24)[211-220, 222-235], C17:0 (n=20)[211-220, 222, 225, 228-235],
trans-16:1n-7 (n=12)[154, 201, 217, 219, 221, 223-226, 229, 230, 232] and trans-18:1n-
7 (vaccenic acid; n=2)[217, 229]. These associations were with total dairy products
(n=16)[211-213, 215, 216, 219, 220, 222, 224-226, 228, 230, 231, 233, 235], high-fat
dairy products (n=11)[154, 201, 214, 221, 223-225, 229, 231, 232, 234], low-fat dairy
products (n=6)[201, 223-225, 231, 232], full-fat milk (n=5)[201, 218, 221, 223, 224],
low-fat milk (n=5)[201, 221, 223, 224, 231], cheese (n=5)[212, 215, 221, 226, 231],
high-fat cheese (n=3)[201, 223, 224], low-fat cheese (n=3)[201, 223, 224] and butter
(n=8)[201, 212, 218, 221, 223, 224, 227, 231] consumption, whereas for yoghurt the
number of studies identified was small[223, 231]. The first study on this hypothesis
examined the correlations of estimated dairy consumption with C15:0 and C17:0 in adipose
tissue[211]. The estimated correlations in this study were high enough (r=0.34-0.61 and
r=0.2-0.35 between total dairy consumption and C15:0 or C17:0 respectively) to generate
further interest in OCSFAs as potential biomarkers of dairy consumption[211] (Table 6.1).

When comparing results from such studies, it is important to account for the biological
sample used as different samples have different reference time periods. There is a constant
exchange of fatty acids between the different tissues from the stage right after their intake
from the diet to their introduction to the blood circulation in the form of chylomicrons,
their uptake from different tissues to their storage in the adipose tissue[236]. Due to
this constant movement, the fatty acid content of the different tissues is correlated[236].
However, according to the reference period of intake we are interested in, we might
achieve a higher correlation with dietary intake if we choose the most relevant sample,
but also the most precise method of dietary assessment. For example, it seems that dairy
consumption from multiple food diaries had overall higher correlations with blood fatty
acids than consumption from multiple 24-hour recalls[213] or FFQ[215], and intakes from
24-hour recalls in turn had higher correlations than intakes from FFQ[220] (Table 6.1).
The biological samples used in the majority of the studies to measure fatty acids are
adipose tissue, blood (total fatty acids or non-esterified fatty acids or fatty acids from
phospholipids, cholesteryl esters or triglycerides) and erythrocytes[236]. Biomarkers in
adipose tissue reflect average intake over 1 — 1.5 year, biomarkers in erythrocytes reflect
average intake over a few months -as the life cycle of erythrocytes is approximately 120
days- and biomarkers in serum and plasma samples reflect more short-term intake over a
few hours to weeks[237].

Of the studies identified (Table 6.1) , seven analysed adipose tissue samples[211,
213-216, 222, 235], four erythrocytes[217, 218, 225, 232], 23 serum or plasma sam-
ples (phospholipids, n=13[154, 201, 212, 213, 216, 219-221, 223, 224, 228, 229, 233];
cholesteryl esters, n=2[212, 213]; total plasma, n=5[217, 225, 230, 232, 234]; total serum,
n=3[215, 226, 227]; whole blood, n=1[231]). The majority of the studies assessed dairy
consumption with an FFQ, (n=20)[154, 201, 211, 214, 215, 217-228, 231, 232, 235],
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while seven studies used a food diary[211-213, 215, 216, 229, 233] and two studies used
a 24-hour recall[213, 220]. C15:0 was moderately correlated with total and high-fat dairy
consumption and this correlation was stronger than that of C17:0, while the sum of the two
biomarkers showed a slightly stronger correlation[211, 213] (Table 6.1). Correlations of
C14:0 lie on the same levels as those of C17:0. Trans-16:1n-7 was also correlated with
dairy consumption and the correlation was weaker than that of C15:0, but stronger overall
than that of C17:0. Correlations with low-fat dairy products and low-fat dairy subtypes

were overall low, ranging from -0.01 to 0.17.

6.4 Limitations of odd-chain saturated fatty acids and
trans-16:1n-7 as candidate biomarkers of dairy con-

sumption

Although results from existing studies show OCSFAs and trans-16:1n-7 as promising
biomarkers of dairy fat, there are several potential limitations of their use as dairy biomark-
ers. First, the specificity of OCSFAs as dairy biomarkers has been questioned both because
they have been associated with other foods and because they do not seem to be specific to
individual dairy types. After OCSFAs are produced in the ruminant duodenum by microbial
fermentation not only are they transferred to milk, but they are also contained in ruminant
meat[208]. Thus, the correlation with dairy consumption might be population-specific
depending also on the consumption levels of other food items, such as ruminant meat
(e.g. beef), but also fish which can be important food sources of OCSFAs when consumed
in relatively high amounts[238, 239]. OCSFAs have also been inversely correlated with
alcohol consumption[216, 218, 219, 228, 232] with correlations ranging from -0.1 for
erythrocyte C15:0[232] to -0.44 for phospholipid C15:0[216] and from -0.14 for erythro-
cyte C17:0[218] to -0.52 for phospholipid C17:0[216]. A potential explanation for these
correlations is that alcohol consumption increases the substrate for the production of the
even-chain fatty acids C16:0 and C18:0, which is acetyl-CoA through the conversion of
ethanol to acetate in liver and the subsequent conversion of acetate to acetyl-CoA[240]. Be-
cause fatty acids are measured in relative concentrations, it can be inferred that an increase
of even-chain saturated fatty acids will lead to a decrease of the relative concentrations of
other fatty acids i.e. OCSFAs.

Second, while OCSFAs and trans-16:1n-7 in contrast to even-chain saturated fatty
acids were thought not to be produced endogenously, but to be synthesised only by the
ruminant bacteria[241], there has been evidence that they may be derived from alternative
biological pathways as well. This became evident for C17:0 when it was observed that
while the ratio of C15:0 to C17:0 in milk is approximately 2:1, the same ratio in human
sample tissues overall is reversed and approximately 1:2 and thus C17:0 must be derived
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Table 6.1 Previously published crude correlations or adjusted associations of fatty acids C14:0,
C15:0, C17:0 and trans-16:1n-7 with total and high-fat dairy products

C14:0 C15:0 C17:0 Trans-16:1n-7
Dairy products Total High-fat Total High-fat Total High-fat Total High-fat

Blood
Assessment of changes
Albani, 2015[231] - - T T T T - -
Plasma
Correlations
Yakoob,2016[232] - - - 0.26 - 0.19 - 0.24
Yakoob,2014[225] 0.08 0.05 - 0.19 - 0.12 - 0.10
Sun, 2007[217]1 % 0.18,0.17 - 0.28,0.29 - 0.13,0.13 - 0.19, 0.20 -
Assessment of changes
Jenkins, 2017[234] - - - 1 - ~ - -
Abdullah, 2015[230] > - 0 - T - ~ -

Serum
Correlations
Santaren, 2014[226] - - 0.20 - - - 0.00 -
Brevik, 2005[215] § - - 0.37,0.27 - 0.22,0.09 - - -

Phospholipids
Correlations
Da Silva, 2014[154] - - - - -
de Oliveira Otto,2013[224] 0.14 0.09 0.22 0.16 - - 0.07 0.13
Mozaffarian, 2013[223] - 0.10 - 0.15 - - - 0.15
Micha, 2010[201] - - - - -
Saadatian-Elahi, 2009[220] || 0.44, 0.25 - 0.33,0.15 - -0.08, 0.13 - -
Thiebaut,2009[219] - - 0.13 - 0.10 - 0.00 -
Rosell, 2007[216] 0.27 - 0.43 - 0.23 - -
Wolk, 2001[213]# 0.41, 0.36 - 0.40, 0.46 - -
Smedman, 1999[212] - - - 0.34 - 0.00 - -
Assessment of changes
Weitkunat, 2017[233] - - > - ~ - - -
Nestel, 2014[229] > - T - > - T
Mozzafarian, 2010[221] - - - - - - - T

Cholesteryl esters
Correlations
Wolk, 2001[213]# 0.35,0.39 - 0.32,0.40 - 0.22,0.36 -
Smedman, 1999[212] - - - 0.46 - 0.00 - -

Erythrocytes
Correlations
Yakoob,2016[232] - - - 0.16 - 0.13 - 0.21
Yakoob,2014[225] -0.01 0.01 - 0.07 - -0.01 - 0.09
Sun, 2007[217] & 0.12,0.11 - 0.22,0.23 - 0.11,0.14 -

Adipose tissue
Correlations

Laursen, 2018[235] 0.34 - 0.39 - 0.25 - - -
Aslibekyan,2012[222] - - 0.34 - 0.16 - - -
Rosell, 2007[216] 0.47 - 0.52 - 0.3 - - -

Brevik, 2005[215] § - - 0.39,0.25 - 0.06, 0.16 -

Baylin, 2002[214] - - - 0.31 - 0.31 - -

Wolk, 2001[213] # 0.48,0.58 - 0.58, 0.69 - 0.20, 0.22 - - -

Wolk, 1998[211]%** - - 0.61,0.34 - 0.35,0.20 - - -

*Five randomised controlled trials[229-231, 233, 234], eight prospective cohort studies[201, 211-213, 221, 223, 224, 232], one
case-cohort study[235], three nested case-control studies[217, 219, 225], one case-control study[222], and six cross-sectional
studies[154, 214-216, 220, 226] were included

tChanges were assessed with linear regression[221, 229-231] or t-tests [233, 234]

+The first correlation is derived from cross-sectional data and the second from 4-year prospective data

§The first correlation is derived from 14-day food diary data and the second from food frequency questionnaire data

|| The first correlation is derived from 24-hour recall data and the second from food frequency questionnaire data

#The first correlation is derived from 21-week food diary data and the second from 14 24-hour recall data

**The first correlation is derived from four one-week food diary data and the second from food frequency questionnaire data
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from an additional source to a higher extent than C15:0[242]. Even-chain fatty acids
are produced from repeated condensation of malonyl-CoA with acetyl-CoA[243]. Under
presence of propionate, a short-chain fatty acid produced by the gut microbiome, propionyl-
CoA is produced, which competes with acetyl-CoA for the condensation of malonyl-
CoA and which then produces OCSFAs as shown in Figure 6.1[233, 244, 245].Through
this mechanism, it has also been proposed that higher fibre intake might lead to higher
production of OCSFAs[233]. A second alternative pathway is a-oxidation of even-chain
saturated fatty acids C16:0 and C18:0 to produce C15:0 and C17:0 respectively[208]. This
pathway is better characterised for C17:0 from two animal studies[234]. In the first study,
infusion with C18:0 led to higher serum levels of C17:0 in rats[234]. In the second study,
supplementation with phytol, which produces phytanic acid, a substrate competing with
a-oxidation of C18:0 to produce C17:0, resulted in lower serum levels of C17:0[234].
Concerning trans-16:1n-7, it has been suggested that it is partly derived from the partial
B-oxidation of trans-18:1n-7[246].

Schematic representation of the odd-chain saturated fatty acid production removed for
copyright reasons. Copyright holder is Karolin Weitkunat.

Fig. 6.1 Mechanism of endogenous odd-chain saturated fatty acid production from propi-
onate. Figure adapted from Weitkunat et al[233]
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Third, technical error from the laboratory methods employed can lead to higher varia-
tion. The low levels of OCSFAs in sample tissues might lead to unstable measurements[247].
In addition, although trans-18:1n-7 is the predominant trans fatty acid in milk, human
sample contents of trans-16:1n-7 and trans-18:1n-7 are similar[217, 248]. It has been
suggested that depending on the choice of gas chromatography capillary column and the
temperature, there might be co-elution of trans-16:1n-7 and iso C17:0 -a branched-chain
fatty acid- leading to erroneously higher concentrations of trans-16:1n-7[248].

Finally, a natural source of variation by country can be different ruminant feeding
practices related to energy, fat and fibre intake of the animals[33].

In order to account for the limitations of the known potential biomarkers of dairy fat

intake, it has been attempted to identify novel biomarkers through metabolomics.

6.5 Use of metabolomics for the identification of novel nu-

tritional biomarkers

Different study designs have been employed to identify or validate a biochemical compound
as a nutritional biomarker including animal studies, observational studies and dietary
interventions[204]. The traditional method followed in these studies has been to examine
associations between food consumption or nutrient intake and one or more candidate
biomarkers under a hypothesis-driven deductive approach. Although the inductive, data-
driven approach, has been more conservatively used and has even received criticism in
the context of research quality due to the lack of an initial hypothesis, it has also been
identified as very important for the advancement of science and the generation of new
hypotheses[249]. Remarkable examples of how inductivism has contributed to scientific
advancements include Darwin’s theory of evolution and Watson and Crick’s discovery of
the DNA structure[249].

With the use of the “-omics” technologies i.e. genomics, transcriptomics, proteomics
and metabolomics, spreading in several fields of systems biology research, hypothesis-
free, exploratory analyses can be used to identify potential biomarkers of dietary intake.
Since metabolomics, which is the study of low-molecular weight metabolites (usually
<1,500 Da), is the final downstream product of the genome and thus more directly linked
to the phenotype compared to the other “-omics” approaches, it is particularly useful
for the identification of potential biomarkers[250]. The use of metabolomics has been
exponentially increasing for the last few decades due to the development of high-throughput
methods including nuclear magnetic resonance (NMR) and mass spectrometry (MS)[250].
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6.6 Metabolomics in epidemiology and nutrition research

Following this trend, the usefulness of metabolomics has been evident also in food and
nutrition research with several applications from the identification of food compounds
also including contaminants, allergens, toxins, quality and geographical origin[251] to
contributions towards personalised nutrition (identification of person’s nutritype) and the
identification of potential biomarkers of dietary intake for the advancement of dietary
assessment[252]. To identify novel nutritional biomarkers, one needs to explore that part of
the human metabolome which includes all those metabolites directly derived from foods or
produced from the ingestion and metabolism of the food consumed, also known as the food
metabolome[207]. The large number of compounds constituting the food metabolome (>
25,000) and the multiple stages of food metabolism that these compounds might be related
to, makes the characterisation of the food metabolome highly complex[207]. The fate of a

food compound can be one of the following[207]:

* Digestion in the mouth, stomach or small intestine into simple nutrients readily
available for absorption. In this case, the food compound is not a very useful
biomarker as usually the simple nutrients can be found in multiple foods or even

produced endogenously making it hard to trace their dietary source.

* Processing by the gut microbiota. In this case, the end products of the processing
might be included in the human metabolome and although some of them might be

used as dietary biomarkers, the pathways involved are more complex.

* Absorption and metabolism usually in the liver or kidneys. In this case, the com-
pound and/or its metabolites are released in the circulation or stored tissues and it is
more likely that the food compound is a more specific biomarker of a food.

According to a recent literature review of metabolomics studies for the identification of
dietary biomarkers, metabolomics has been more extensively used for the identification of
biomarkers of fruits, vegetables, meat, fish, bread, whole grain cereals, nuts, wine, coffee,
tea, cocoa and chocolate and the classification of individuals according to the dietary
pattern they mostly adhere to e.g. vegetarian, Mediterranean diet, a prudent or a Western
dietary pattern[207, 252].

6.7 Previous studies on the exploration of dairy biomark-

ers using metabolomics

So far, 12 studies on the investigation of potential novel dairy biomarkers from metabolomics
analyses have been identified[227, 229, 253-262] (Table 6.2). Of those, six have assessed
blood metabolomic profiles with MS[227, 229, 255, 259, 261] or H-NMR[254], seven
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have assessed urine metabolomic profiles with MS[256, 262] or H-NMR[253, 257, 258,
260, 262] and one study has used H-NMR in faecal samples[257] (Table 6.2). Most of the
studies were randomised controlled trials (RCTs) and two of the studies were observational
(cross-sectional[261] or nested case-control[227]). Of these studies, two included only
patients with irritable bowel syndrome[254, 255], one included children[253], one included
twins[261] and three included overweight or obese people[229, 258, 260].

Despite the metabolite signals identified from these studies as summarised in Table 6.2,
which can be used for the exploration of candidate biomarkers of dairy consumption,
several limitations can be identified. The two studies by Pedersen et al have included
patients with irritable bowel syndrome[254, 255] with limited generalisability, as the
bioavailability of nutrients in these patients might be limited due to symptoms like di-
arrhoea, which may result in limited absorption. The study by Hjerpsted et al, which
assessed potential biomarkers of cheese consumption, used butter with the same amount of
fat as a control, which automatically excludes the identification of potential biomarkers
of dairy fat[256]. The metabolite signals derived from this study were mainly products
of tryptophan or tyrosine metabolism, supporting a higher content of these amino acids
in cheese than in butter[256]. Although these amino acids might be specific to cheese
when compared with butter, they are not specific to cheese when compared with other
foods such as meat[256]. The same holds for other amino acids or products of amino acid
metabolism that were reported from other studies such as tyrosine[257, 261], phenylala-
nine, valine and trimethyl-N-aminovalerate (product of lysine or proline)[261]. In addition,
some metabolites reported are not specific to dairy products, although sensitive to dairy
consumption. Such metabolites are urinary citrate, which might be produced from the
citric acid contained in dairy products, but it may also originate from cranberry juice, grape
juice or tea and even produced endogenously[257, 260]; urinary creatinine, creatine and
urea, which are markers of protein catabolism[257, 258, 260]; urinary trimethylamine-N-
oxide, which is a gut metabolite of choline, a nutrient contained in dairy products, eggs,
fish and meat[260]; urinary 3-phenyllactic acid, which is a product of the metabolism
of lactic acid bacteria and also contained in honey as a preservative[262]; and urinary
hippurate[253, 257, 260], which is a product of the gut microbiota[263].

Some studies identified certain lipid classes[227, 229, 259, 261], such as several sh-
pingomyelins [259, 261] and phospholipids[229, 259, 261], as potential dairy biomarkers.
These metabolites could be identified as potential biomarkers of dairy fat, but since they
constitute broad lipid classes, lipids specific to dairy consumption need to be identified.
In addition, such metabolites may not be relevant for very low-fat dairy products such as
skimmed milk, for which non-lipid molecules are more likely to be potential biomarkers.
Finally, urinary lactose, galactose and galactonate as potential biomarkers of milk con-
sumption and urinary 3-phenyllactic acid as potential biomarker of cheese consumption
reported in the study by Munger et al. could be very specific for this study[262]. As
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the authors mentioned, excess amounts of lactose and galactose coming from the 600 ml
of milk used in the intervention may result in increased urinary excretion of these and
also galactonate, which might not be relevant for lower habitual consumption levels of
milk[262]. Thus, while these could be good biomarkers, they might not be useful for
dietary assessment or clinical applications in real-life settings.

Overall, single molecules in metabolomics are less likely to serve as specific biomarkers
to individual dairy types. Thus, instead of investigating single molecules as potential
biomarkers as done in previous metabolomics or nutritional biomarker studies, we aimed
to develop metabolite scores. The combination of selected molecules to create scores
might be more specific to the consumption of an individual food compared to single
biomarkers[207]. Especially since the candidate biomarkers of dairy consumption do
not discriminate between different dairy types, the use of a compound score of multiple

biomarkers may effectively reflect individual dairy types.
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6.8 Study aims

The aims of this study were to
1. Identify metabolites predicting dairy consumption using metabolomics

2. Develop and validate metabolite scores that reflect consumption of total and types of

dairy products

3. Examine whether the metabolite scores could provide predictive ability in addition
to C15:0, C17:0 and trans-16:1n-7, which have been identified as candidate dairy

biomarkers

6.9 Methods

The reporting of the process for the development and validation of the dairy prediction
models was based on the TRIPOD (Transparent Reporting of a multivariable prediction
model for Individual Prognosis Or Diagnosis) guidelines[264].

6.9.1 Study design and population

Targeted metabolomics data from the Fenland study comprised the discovery set for
the exploration of potential biomarkers of dairy consumption and development of the
metabolite scores. Untargeted metabolomics data from the EPIC Norfolk incident diabetes
case-cohort study comprised the external validation set. The discovery and validation sets
were selected to investigate associations between metabolite scores and type 2 diabetes
risk in EPIC Norfolk study (Chapter 7), for which the metabolite scores must be derived

from an independent set.

Discovery and internal validation sets

A summary of the study design is presented in Figure 6.2. In the present analysis,
we evaluated 10,281 participants from the baseline assessment of the Fenland study
(section 4.3) after exclusion of those with no metabolomics data (n=1,751), and no dietary
data (n=14), pregnant women (n=3), men with energy intake less than 800 kcal, or more
than 4,000 kcal or women with energy intake less than 500 kcal or more than 3,500 kcal
(n=200) and participants with more than the 50% of the metabolites missing (n=186). The
sample was split into two subsets: a discovery set and a validation set (internal validation).
The validation set was selected based on the availability of measurements for the fatty
acids C15:0, C17:0 and trans-16:1n-7 (n=4,246), because the third aim of this study was to
assess the additive value of the metabolite scores to models with fatty acids as candidate

dairy biomarkers and the scores would be derived ideally from an independent set. Fatty
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acids were measured in samples randomly chosen by picking every other box up to 5,000
samples covering the whole cohort (approximately 12,000 samples). The rest of the

samples constituted the discovery set (n=6,035).

| External validation and
investigation of association with
type 2 diabetes risk

I Discovery and internal validation

Fenland Study EPIC Norfolk diabetes case-cohort study
_ (n=1503; cases: n=673;
(n=12, 435) non-cases: n=830)
Participants excluded: .
n=2,154 Participants excluded:
n=63
Reasons:
*  Pregnant women: n=3 Reasons:
«  No metabolomics data: « More than 50% of
> n=1,751 Pl Mietabolites missing:
«  More than 50% of the n=2
metabolites missing: « No dietary data:
n=186 n=44
No dietary data: n=14 v « Outliers of total
Outliers of total ener energy intake: n=17
intake: 12200 n=1,440
cases: n=641
\ 4 non-cases: n=799
n=10, 281
Secondary analyses:
«| Participants excluded
with no fatty acid data:
7 n=848
A 4 A 4 n=502
Discovery set: Validation set cases: n=356
n=6,035 (with fatty acids): non-cases: =236
n=4,246

Fig. 6.2 Flow diagram of the inclusion process of participants in the discovery, internal
and external validation sets

External validation set

The external validation was performed in a diabetes case-cohort study of 1,440 participants
(initial sample: 1,503) nested within the EPIC Norfolk study (section 5.3) after exclusion
of participants who were missing dietary data at baseline or follow-up (n=44), men with
energy intake less than 800 kcal or more than 4,000 kcal or women with energy intake less
than 500 kcal or more than 3,500 kcal (n=17) and participants with more than 50% of the
metabolites missing (n=2). In the secondary analysis, where OCSFAs were also included
in the discovery, we further excluded participants with no fatty acid measurements (n=848)

leaving 592 participants for this analysis (356 incident diabetes cases and 236 non-cases).

6.9.2 Metabolite and fatty acid measurement

As mentioned (section 6.5) the two laboratory techniques for metabolomic analyses are
MS and NMR. MS is usually coupled with liquid (LC) or gas (GC) chromatography. In
large epidemiological studies, LC might be preferable, with much smaller preparation
times than that of GC, which requires a derivatisation step in the beginning, in order to

make the compounds volatile[265]. However, LC has some disadvantages compared to
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GC. For example, ion suppression, which is the unsuccessful ionisation of some molecules
due to the competition with other molecules is more common in LC than GC resulting in
GC being more sensitive especially for smaller compounds[265]. Both MS and NMR have
advantages and disadvantages and no method can assess the global metabolome. NMR
is a fast method (2-3 minutes/sample), as it does not require any prior derivatisation or
separation and it is quantitative, but it has low sensitivity, is expensive, requires relatively
large samples and cannot detect inorganic compounds[266]. Although NMR was more
popular initially, MS has been gaining more ground in epidemiological studies, due to
the lower and decreasing cost, the requirement of small samples, and its high sensitivity,
which has made it very useful also in the identification of nutritional biomarkers, which
are expected to be detected in low concentrations[265]. However, MS might have low
reproducibility, because of the variation in the pH and the column temperature and column
ageing or contamination[267]. These problems can be handled with the use of a buffer
such as formic acid or trifluoroacetic acid to maintain the pH, the use of a thermostat
and the use of a pump system to re-equilibrate the column[267]. In addition, MS is less
quantitative and slower (20-30 minutes/sample) than NMR[266]. In both of the studies,
metabolomics profiling was conducted with MS. More details on the specific methods are
presented in the following sections.

The reporting of the methods for the metabolite measurement is based on the proposed
reporting standards by the Chemical Analysis Working Group as part of the Metabolomics
Standards Initiative[268].

Metabolomics assay in the discovery and internal validation sets

Fasting blood samples were collected after an overnight fast. For the preparation of blood
plasma, blood was mixed with heparin, an anticoagulant, which does not interfere with the
analytical samples[269]. Samples were stored in -80°C in the MRC Epidemiology Unit
Biorepository Freezer until analysed. Before the analysis, the samples were removed from
the freezer, placed on roller mixers at 30 rpm to thaw for 15-20 minutes and centrifuged
for 1 minute at 2,000 rpm. Calibration standards and internal standards were also briefly
centrifuged and quality control (QC) samples were centrifuged for 5 minutes at 2,750
rpm. All vials were then shaken for 15 minutes at 1,200 rpm and vortexed and then
transferred to 96-well plates with rows A-H and columns 1-12. Derivatisation agent (50
ul) was added to all the wells. The internal standards (10 ul) were added to all wells for
quantification apart from A1, which included the blank (deionised water with phosphate
buffer saline). Positions B2-D2 contained the zero samples (blank samples with internal
standards). Positions E1-C2 contained the calibration samples, positions D2-F2 contained
the commercial QC samples, positions G2 and H12 contained the pooled QC samples and
positions H3-G12 contained the study samples. The sample processing was done on a
Hamilton STAR liquid handling station (Hamilton Robotics Ltd, Birmingham, UK).
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Targeted metabolomic profiling of 10,684 blood plasma samples was performed with a
commercial kit (Absolute IDQ p180 kit, Biocrates Life Sciences AG, Innsbruck, Austria).
Flow injection analysis (FIA) MS (AB SCIEX 5500 Qtrap mass spectrometer, Sciex Ltd,
Warrington, UK), isocratic with methanol, in positive ionisation mode was performed for
lipids and acylcarnitines , FIA-MS in negative ionisation mode was performed for hexose,
while for amino acids and biogenic amines, ultra-performance liquid chromatography MS
(UPLC-MS; Waters 1td, Machester, UK couples to ABSciex 5500 Qtrap mass spectrometer,
Sciex Ltd, Warrington, UK) was performed with a 5-minute gradient elution starting with
100% water and changing to 95% acetonitrile and 0.2% formic acid over a Waters Acquity
UPLC BEH C18 column (2.1 x 50 mm, 1.7mm).

The raw metabolomics data were processed with the MetIDQ software (provided with
the kit). The data went through checks for outliers, non-detects, peak picking, normalisation
using the QC samples (metabolite values were divided by the ratio of the mean value of
QC samples within a plate to the mean value of QC samples across all the plates) and
finally batch correction. Normalisation is very important to distinguish between biological
variation and noise due to column degradation, changes in room temperature or pH of
the mobile phase, matrix effects or the repeated use of the ion source and results can be
substantially different when it is not applied[265].

Values under detection limits were replaced with numbers randomly selected from
a uniform distribution between 0.1 and a minimum observed within batch. After ex-
clusion of 13 metabolites based on the results from the QC and the batch correction,
174 metabolites were left including amino acids (n=22), biogenic amines (n=12), acyl-
carnitines (n=40), phosphatidylcholines (PCs) (n=74), lysophosphatidylcholines (LPCs)
(n=14), sphingomyelins (SMs) (n=11) and hexose. Amino acids and biogenic amines were
quantified and expressed in absolute scale, whereas the lipids, acylcarnitines and hexose

were semi-quantified due to lack of standards and thus expressed in a relative scale.

Metabolomics assay in the external validation set

Non-fasting blood samples were collected at baseline from the 1,503 participants of the
diabetes case-cohort study nested within the EPIC Norfolk study. Samples were stored in
-80°C until one day before the analysis and overnight in liquid nitrogen the night before the
analysis. Deproteinisation was done with methanol, which has been shown to promote an
optimised extraction and deproteinisation[270], under vigorous shaking for two minutes
(Glen Mills GenoGrinder 2,000). The samples were then centrifuged and placed on a
TurboVap (Zymark) to remove the organic solvent. The order of the study samples on the
plates was randomised and QC samples (two commercial QC standards and four pooled
QC samples) were evenly distributed across the study samples. A blank sample and
internal standards, which compensate for the technical noise that might be introduced to

the analytical process[269] were also used.
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Untargeted metabolomic profiling was performed in 1,503 blood citrated plasma
samples (DiscoveryHD4® platform, Metabolon, Inc.; Waters ACQUITY UPLC, Thermo
Scientific Q-Exactive spectrometer with a heated electrospray ionization (HESI-II) source
and Orbitrap mass analyzer with 35,000 mass resolution). Samples were divided into five
fractions of which two were used for reverse phase UPLC tandem MS (MS/MS) with
positive ion mode electrospray ionization (ESI; mobile phases with 0.1% formic acid in
water and 0.1% formic acid in methanol), one was used for reverse phase UPLC MS/MS
with negative ion mode ESI (mobile phases with 6.5 mM ammonium bicarbonate in water,
pH=8 and 6.5 mM ammonium bicarbonate in 95% methanol and 5% water) , one was used
for hydrophilic interaction liquid chromatography (HILIC) UPLC MS/ MS with negative
ion mode ESI (mobile phases with 10 mM ammonium formate in 15% water, 5% methanol,
80% acetonitrile and 10 mM ammonium formate in 50% water and 50% acetonitrile)
and one was kept as a backup. The UPLC column used was a 2.1 mm x 100 mm Water
BEH C18 1.7 mm at 40°C and the HILIC column was a 2.1 mm x 150 mm Waters BEH
Amide 1.7mm at 40°C. Gradient elution with water, methanol, 0.05% pentafluoropropionic
anhydrate and 0.1% formic acid was used in all the columns.

Metabolite identification was based on the retention index, accurate mass matched to
the Metabolon internal library of metabolites within a range of =10 ppm and the standards
used. The raw metabolomics data were processed and went through normalisation by
“block correction” i.e. setting median to 1 and adjusting each data point proportionately
and QC checks with in-house software from Metabolon, Inc. After QC procedures, 940

metabolites where quantified, of which 308 were unknown.

Approximate metabolite matching between the targeted and untargeted platforms

Due to the different assays used in the Fenland study (targeted platform) and the EPIC
Norfolk study (untargeted platform), some of the molecules included in one dataset could
not be exactly matched with similar molecules of the other dataset. Thus, in order to
perform the external validation, matching of the metabolites between the two metabolomic

platforms was performed.

Fatty acids assay

Plasma phospholipid fatty acids (38 individual fatty acids) were measured in 4,791 partici-
pants in the Fenland study and 592 participants in the EPIC Norfolk diabetes case-cohort
study. For the measurement of fatty acids, the same method was used in both studies.
Phospholipids were isolated from total plasma lipids with solid-phase extraction and then
free fatty acids were extracted with hydrolysis and derivatisation. The free fatty acids were
methylated to form fatty acid methyl-esters, which are volatile and were then used in GC
(7890N; Agilent Technologies) with a 30 m capillary column with a diameter of 0.25 mm.

Sample was processed with sequential multipurpose sampler systems (Gerstel GmbH &
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Co. KG, Mulheim an der Ruhr, Germany). One blank sample and two QC samples were
used in all the batches: one from human plasma pooled from the study samples and one
from horse plasma. Standards of all fatty acids were used for the GC calibration. Study
and QC samples were stored in -80°C before analysis. Fatty acids were identified by
comparing their retention times with those of the standards. Fatty acids were expressed in
relative amounts. More details of the methods applied were published previously[271].

6.9.3 Metabolite annotation

Nomenclature of amino acids followed the recommendations by the [UPAC-IUB Com-
mission on Biochemical Nomenclature[272]. For all the lipids, “Cx:y” indicates x carbon
atoms and y double bonds. For the acylcarnitines, x denotes the number of carbon atoms
of the carboxylic acid, which is esterified with carnitine. Thus, carnitine is denoted as CO.
For PCs there is the additional indication of “aa” when it contains two fatty acids or “ae”,
when it contains one fatty acid and one fatty alcohol. So a PC might be denoted as PC aa
Cx:y or as PC ae Cx:y. If it is an LPC, then this becomes LPC aa Cx:y or LPC ae Cx:y.
Finally, SMs are denoted as SM Cx:y or SM-OH Cx:y if it is a hydroxy-SM.

6.9.4 Dietary assessment

In both studies, an 130-item semi-quantitative FFQ was used for the dietary assessment
reflecting habitual dietary intakes over the past year. The FFQ was validated against 7-day
food diaries in the EPIC Norfolk study[158]. Participants could choose one from the nine
frequencies of dairy consumption ranging from “never or less than once/month” to “6 times
per day” and provide more details on the type and amount of milk consumed. Correlations
between the dairy consumption as reported in the questionnaires and as reported in the
7-day diaries were 0.56 for milk, 0.57 for yoghurt, 0.33 for cheese and 0.54 for butter.
Questionnaire data were processed with the FETA software[ 159]. Dairy outcomes included
milk, yoghurt, cheese, butter and total dairy products (sum of milk, yoghurt, cheese, butter

and cream).

6.9.5 Statistical analysis
Data processing

Further metabolomic and fatty acid data pre-treatment was performed, which is an im-
portant step to emphasise biological information and interpretability[273]. This involved
log-transformation to reduce heteroscedasticity, centering by subtracting the mean to leave
only the relevant variation and auto-scaling by dividing by the standard deviation to make
the metabolites comparable[273]. Missing values were imputed using multiple imputation

with chained equations[168] and due to the low number of missing values (Tables 6.5
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and A.18), a single imputed dataset was used in subsequent analyses. Data were processed
in Stata 14.2 (College Station, TX: StataCorp LP, 2015).

Due to the skewed distributions of most of the dairy products, which did not approxi-
mate the normal distribution even after transformation, binary variables of low and high
consumers were created for milk, yoghurt, cheese, butter, and total dairy products (sum
of milk, yoghurt, cheese, cream and butter). Milk consumption, which was more fre-
quently consumed than the other dairy types, was divided into <1 serving/day and >2
servings/day. Yoghurt, cheese and butter consumption were divided into <1 serving/week
and >1 serving/day. Total dairy consumption was divided into <1 serving/day and >3
servings/day. The log-transformed energy densities of milk and total dairy products (in
2,000 kcal of total energy intake), which approximated the normal distribution were also

used as outcomes.

Methods for metabolomics data analysis

Metabolomics data can be analysed with the use of multiple univariate models for each
metabolite or the use of a multivariable model including all the metabolites. The use of
a multivariable method has the advantage of accounting for the correlations between the
explanatory variables i.e. the metabolites and thus their relations, which might be more
informative than the associations with each metabolite separately[274]. In addition, we
can avoid the use of multiple test correction, which in some cases may increase the risk of
false negatives[274].

Multivariable methods can be categorised into unsupervised and supervised. Unsu-
pervised methods do not get any input about which variable we would like to base our
predictions on, in contrast to supervised methods. Unsupervised methods reported in
metabolomics studies include principal component analysis (PCA), which can be used
in a hypothesis-free exploration or for dimensionality reduction, but also other machine
learning methods such as k means clustering and parallel factor analysis[275]. Although
unsupervised methods such as PCA are used widely and routinely in nutritional and other
metabolomics studies[252], they are not very useful for nutritional biomarkers identifi-
cation, because we are interested in the discrimination of the sample based on a specific
dietary consumption profile, which is not very likely the same as the discrimination that the
unsupervised methods will show[275]. Supervised methods used in metabolomics studies
include regression and its variations e.g. penalised regression, discriminant analysis meth-
ods e.g. partial least squares-discriminant analysis (PLS-DA), which is the most extensively
used method in nutritional metabolomics studies[252] or other machine learning methods
such as random forests, support vector machines and artificial neural networks[275].

All the methods have their advantages and disadvantages and the choice of a method
is often a trade-off between interpretability, easy and fast application, and flexibility. For

example, while ordinary regression is easily interpretable, in our case it might not be very
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useful. We expect high multicollinearity between metabolites, which might be handled
less effectively with the ordinary regression. PLS-DA is a method, which easily over-fits
the data, so a well-designed validation and caution with the interpretation of the results are
needed, when this method is applied[274]. Machine learning techniques can effectively
deal with high-dimensional data, they do not require assumptions that other methods
do, and they empirically have a high prediction accuracy but at the same time some of
them introduce the risk of over-fitting, are time consuming and difficult to apply and
interpret[276-281].

Regularisation or penalisation or shrinkage methods apply a penalty on the regression
coefficients leading to biased effect estimates, but simultaneously decreasing the vari-
ance introduced due to mutlicollinearity between the different explanatory variables (e.g.
metabolites)[280]. The three main types of penalised regression are the Ridge, LASSO
(Least Absolute Shrinkage and Selection Operator) and elastic net regression and a compar-
ison of their characteristics is presented in Table 6.3. The first penalised method was Ridge
regression, which applies a penalty on the sum of squares of the regression coefficients (L2
norm), keeps all the coefficients in the model (no shrinkage to zero) and applies similar
weights to highly correlated variables[282]. After Ridge regression, the LASSO regression
was introduced, which applies a penalty to the absolute values of the regression coefficients
(L1 norm), shrinks some coefficients to zero, thus dropping variables out of the model and
keeps only one out of a group of perfectly correlated variables[283]. LASSO regression
gives a better prediction accuracy than Ridge regression, because it decreases the variation
after variable selection[283]. On the other hand, this variable selection attribute makes
LASSO less stable than Ridge[283]. Another limitation of the LASSO is that the sample
size poses a restriction to the number of variables that can be selected to be kept in the
model[283]. The third main type of penalised methods among several variations of the
LASSO[284], is elastic net, which is a combination of the former two methods, as it applies
both an L1 and an L2 penalty at a ratio, which can be defined[285]. Elastic net combines
the advantages of both methods and overcomes their disadvantages, and it has been char-
acterised as the stabilised version of LASSO, as it applies equal weights on absolutely
correlated variables, without dropping them, thus giving the ability to investigate group
effects and the number of variables to keep in the model is independent of the sample
size[284]. These penalties can be used both in linear and logistic regression models.

Discovery and validation of dairy prediction models

Elastic net regression had the lowest prediction error when compared with Ridge, LASSO,
principal components, partial least squares, support vector and random forest regression
in a metabolomics study[280]. Due to its suitability for high-dimensional data with

multicollinearity, its advantages over the other penalised methods and its relative simplicity
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Table 6.3 Comparison of characteristics of the three main penalised regression

methods
Ridge LASSO Elastic Net

Penalty Y B%(L2) |B] (L1 Y B?%and |B| (L1+L2)
Shrinkage to zero No Yes Yes
Perfectly correlated variables Equal weights Keeps only one in the model Equal weights
Relative prediction accuracy Lower Higher Higher
Relative stability Higher Lower Higher
Restriction on number of vari- No Yes No

ables by sample size

Abbreviations: LASSO: Least Absolute Shrinkage and Selection Operator

compared to other machine learning methods, elastic net regression was applied for the
development of dairy prediction models.

These models were used for each dairy type specified in three sets of analyses. The
first set included all the 174 metabolites from the targeted metabolomics platform of the
Fenland study. The second set included only the 82 metabolites, which were matched with
the metabolites from the untargeted metabolomics platform of the EPIC Norfolk diabetes
case-cohort study. The third set included the 82 matched metabolites and the two OCSFAs
C15:0 and C17:0.

For binary dairy outcomes, elastic net logistic regression with a stochastic gradient
descent (SGD) classifier was used in Python Scikit Learn module v0.19.1[286]. Prior to
application, fine-tuning of the SGD algorithm was performed for all the different models
by level of adjustment (Table 6.4) using the Scikit Learn GridSearchCV function, which
used exhaustive combinations of input values for several parameters of the algorithm and
3-fold cross-validation to give the set of parameters which resulted in the best predictions.
In our case, we tuned the parameters of L1 ratio (inputs: 0.05, 0.15, 0.25, 0.35, 0.45, 0.55,
0.65, 0.75, 0.85), which defines whether the elastic net penalisation will be closer to a
Ridge or a LASSO penalty, alpha (inputs: 10°1>, 1019, 108, 104, 0.001, 0.01, 1, 5, 10, 20),
which is a constant that multiplies the penalty, and the maximum number of iterations for
the model to reach convergence (inputs: 5, 50, 100, 500, 1,000). For linear dairy outcomes,
elastic net linear regression with 3-fold cross validation was used (Scikit Learn function:
ElasticNetCV).

Five different levels of adjustment were used in the models (Table 6.4). Model 1 (base
model) included age (continuous in years), sex, test site (Cambridge, Ely, Wisbech), smok-
ing status (never smoker, ex-smoker, current smoker), physical activity energy expenditure
(continuous in kj/kg/day), lipid-lowering medication (Yes, No), hormone replacement
therapy (Yes-women, No-women, Men), BMI (continuous in kg/m?). Model 2 included the
metabolites (continuous). Model 3 combined model 1 and model 2. Model 4 additionally
included educational level (low, medium, high), socioeconomic status based on occupa-
tion (low- technical/semi-routine and routine occupations; medium- lower managerial

/ intermediate occupations; high- professional/higher managerial occupations) and anti-
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Table 6.4 Predictors included in the models for the prediction of dairy consumption

Model Predictors
Discovery and validation of prediction models
Model 1 age, sex, test site, physical activity, smoking status, lipid-lowering medication, HRT, BMI

Model 2 Metabolites

Model 3 Model 1 + model 2

Model 4 Model 3 + educational level, occupational status, anti-hypertensive medications

Model 5 Model 3 + total energy intake, fruit, vegetables, cereals, red meat, processed meat, fish, margarine,
sweet snacks, SSBs, caffeinated coffee, tea, alcoholic beverages, dietary supplements

Predictive value of metabolite scores for dairy consumption in addition to C15:0, C17:0 and trans-16:1n-7

Model 1 age, sex, test site, physical activity, smoking status, lipid-lowering, HRT, BMI

Model 2 C15:0, C17:0, trans-16:1n-7 fatty acids

Model 3 Metabolite score

Model 4 Model 1 + model 2

Model 5 Model 1 + model 3

Model 6 Model 4 + total energy intake, fruit, vegetables, cereals, red meat, processed meat, fish, margarine,
sweet snacks, SSBs, caffeinated coffee, tea, alcoholic beverages, dietary supplements

Model 7 Model 1 + model 2 + model 3

Abbreviations: BMI: Body mass index; HRT: Hormone-replacement therapy; SSBs: Sugar-sweetened beverages

hypertensive medication (Yes, No). Model 5 was additionally adjusted for dietary variables
including total energy intake (kcal/day), dietary supplements (Yes, No) and intakes (g/day)
of fruit, vegetables, cereals, red meat, processed meat, fish, margarines, sweet snacks,
sugar-sweetened beverages, coffee, tea, alcoholic beverages and dairy products other than
the dairy outcome.

Metabolite scores were created from the sum of the metabolites weighted by the elastic
net coefficients. Apart from the scores with all the metabolites, we also created scores with
the top metabolites only, as the main contributors to dairy prediction and which are more
likely to be validated in an independent set without noise that the rest of the metabolites
might add. As top metabolites, we defined those that were above the mean+2*SD of the
regression coefficients. As per the TRIPOD guidelines, the same models were developed
also without any penalisation (Appendix 1 Tables A.21, A.24, A.27)[264].

The internal and external validation were performed by applying the discovery elastic
net coefficients as weights to create the metabolite scores in the internal and external
validation sets respectively and their inclusion in logistic prediction models (without
penalisation).

Assessment of the predictive value of the metabolite scores in addition to C15:0,
C17:0 and trans-16:1n-7

The subset used as the internal validation set in the previous analysis, was also used
to evaluate whether the metabolite scores have predictive value over the use of C15:0,
C17:0 and trans-16:1n-7, which have been described as candidate biomarkers of dairy
consumption. Logistic and linear regression models were developed without penalisation

with the Statsmodels v0.9.0 Python module. Seven different sets of predictors were
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used in the models (Table 6.4). We selected covariates which could potentially predict
dairy consumption or potentially confound the association between metabolites and dairy
consumption and also be relatively easily available in a clinical setting. Dietary factors
were included in secondary models, because the overall scope of this project was to
develop metabolite scores, which could be used independent of self-reported dietary data.
Model 1 included age, sex, test site, smoking status, physical activity energy expenditure,
lipid-lowering medication, hormone replacement therapy and BMI as described in the
previous analysis. Model 2 included C15:0, C17:0 and trans-16:1n-7. Model 3 included
the metabolite scores standardised. Model 4 was a combination of model 1 and model 2.
Model 5 was a combination of model 1 and model 3. Model 6 was model 4 additionally
adjusted for the same dietary variables as reported in the previous analysis. Model 7 was
the combination of model 1, model 2 and model 3. Metabolite scores including the top
metabolites only were used in secondary analyses. Further secondary analyses included
additional adjustment for C14:0 and additional adjustment of model 4 for educational level,
socioeconomic status and anti-hypertensive medication. Likelihood ratio tests were used
to statistically compare the different nested models (with or without the fatty acids and

with or without the metabolite scores).

Metrics for the evaluation of the prediction models

According to the TRIPOD guidelines, it is suggested to estimate and report primarily met-
rics for calibration or discrimination. Areas under the curve (AUC) were estimated (Scikit
Learn function: roc_auc_score) and the receiver operating characteristic (ROC) curves
(1-specificity against sensitivity) were produced for logistic prediction models (Scikit
Learn function: roc_curve). As metrics of the overall performance, R? was calculated for
the linear models and the accuracy (Scikit Learn function:accuracy_score).

Prediction models were developed and validated in Python 3.6.3 using Jupyter Note-
books [287].

6.10 Results

6.10.1 Descriptive characteristics

Descriptive characteristics of participants in the discovery, internal and external validation
sets are presented in (Table 6.5).

Participants in the discovery set were 46.8% women with mean (SD) age of 48.9 (7.4)
years.Almost half of the participants were of medium educational level and high socio-
economic status. Almost one third of them were current smokers with a mean (SD) BMI
of 26.9 (4.8) kg/m>. Distributions of socio-demographic, lifestyle and dietary variables

were similar between the discovery and internal validation sets.
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Participants in the diabetes case-cohort study nested within the EPIC Norfolk study
were older, of lower educational level and socio-economic status, less frequently smokers,
more frequently on anti-hypertensive medication and HRT and consumed more milk,
margarines, sweet snacks, tea and less yoghurt and red meat than participants in the

discovery and internal validation sets within the Fenland study.

6.10.2 Metabolite matching between the two cohorts

In total, we matched 82 metabolites. Exact matching was possible for 21 out of 22 amino
acids, 10 out of 12 biogenic amines and 15 out of 40 acylcarnitines, as shown in Table 6.6.
For the lipid compounds i.e. PCs, LPCs and SMs, the application of FIA-MS/MS did not
allow for differentiation of the fatty acids contained in these lipids based on number of
carbon atoms and their type of bond. For this reason, the lipids reported from the targeted
metabolomics platform are the sum of all the isobaric (same weight within a range of
40.5 Da) and isomeric (same number of atoms, but different structure) compounds of
these lipids. Likewise, specific hexose sugars could not be identified, so their sum was
reported as hexose. On the other hand, the untargeted metabolomics platform identified
specific isobaric/isomeric compounds for some lipids, while for others, it identified sum
of compounds, but with a higher specificity than the targeted platform. Approximate
metabolite matching was performed based on the number of carbon atoms, the number of
double bonds and the molecular mass (also accounting for positive or negative ion mode).
After this process, approximate matching was possible for nine out of 14 LPCs, 17 out of
74 PCs, eight out of 11 SMs and hexose, that was matched with three sugars (Table 6.6).
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Table 6.5 Descriptive characteristics of socio-demographic, lifestyle and clinical factors in
the discovery and validation set of the Fenland study and the external validation set of the
EPIC Norfolk diabetes case cohort study*

Discovery set Internal validation set External validation set

Participants (N) 6,035 4,246 1,440
Socio-demographic factors
Age (years) 48.9 74 478 7.3 60.1 9.0
Sex (ref. Men) Women 46.8 45.5 48.9
Testsite (ref. Cambridge) Ely 353 349

Wisbech 27.2 29.5
Educational level (ref. Low) & § Medium 459 459 37.6

High 34.4 33.7 12.3
Socio-economic status (ref. Low) § § Medium 19.7 19.5 16.0

High 53.8 53.2 42.1
Lifestyle factors
Smoking status (ref. Never) & § Former smoker 539 542 43.0

Current smoker 33.7 323 12.7
Physical activity (ref. Inactive) T & Energy expenditure 53.7 22.1 544 224

(kj/kg/d)

Moderately inactive 26.9

Moderately active 219

Active 16.7
Energy intake (kcal/d) § 1,924 571 1,939 579 2023 578
BMI (kg/m?) # § 269 48 26.8 4.7 27.6 45
Medications / Supplements
Lipid-lowering medication (ref. No) # Yes 4.3 3.5 1.9
Anti-hypertensive medication (ref. No) & Yes 7.2 7.2 23.6
Hormone replacement therapy (ref. No for women/ Yes 29 2.8 16.0
Men) %
Dietary supplements ¥ § Yes 41.0 42.4 542
Types of dairy products
Milk § Energy density 1.5 1 1.6 1.0 1.8 0.9

< 1 serving/d 38.8 37.8 21.5

>2 serving/d 27.0 27.1 41.0
Yoghurt § < 1 serving/wk 35.6 36.6 53.5

>1 serving/d 13.1 12.6 7.3
Cheese § < 1 serving/wk 279 28.0 24.8

>1 serving/d 8.1 9.0 8.2
Butter § < 1 serving/wk 51.9 539 63.4

>1 serving/d 17.8 18.3 19.4
Total dairy products § Energy density 3.0 1.4 3.0 1.4 3.1 1.4

< 1 servings/d 6.7 7.0 39

>3 servings/d 39.1 39.4 43.8
Non-dairy dietary factors (g/d)
Fruits § 240.6 203.3 2448 198.7 241.1 198.9
Vegetables § 258.1 1432 2534 135.5 233.1 120.3
Cereals § 169.3 100.6 169.2 96.4 154.4 85.5
Red meat § 742 467 729 484 64.3 46.0
Processed meat § 31.7 269 323 29.3 314 25.5
Fish § 429 334 432 35.4 37.2 25.5
Margarines § 7.5 100 7.8 10.5 17.2 16.7
Sweet snacks § 90.6  69.1 91.9 70.7 115.9 85.9
Sugar-sweetened beverages § 432 951 399 84.7 41.0 84.8
Coffee § 360.6 3483 356.6 347.2 385.1 337.4
Tea § 485.7 371.2 4923 3732 636.2 370.0
Alcoholic beverages § 151.2 2495 149.7 238.1 120.7 229.9

*The mean and SD is presented for continuous variables and column percentages are presented for categorical variables

FTestsite is not applicable in the EPIC Norfolk study. Physical activity was objectively assessed in the Fenland study and expressed as a continuous
variable for physical activity energy expenditure. Physical activity level was assessed with a questionnaire in the EPIC Norfolk study and categorised into
four categories.

#Missing values for each variable were < 3% with total non-overlapping missing values of 4% across all variables in the discovery set and 6.4% in the
internal validation set

§Missing values for each variable were < 2% in the external validation set with total non-overlapping missing values of 3.8% across all variables in the
external validation set
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