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Chapter 1

GENERAL INTRODUCTION

The ongoing worldwide increase in life expectancy comes with challenges, as the 

goal is to not only live longer, but also in good health. In 2018, non-communicable 

chronic diseases like cardiovascular diseases, cancer and diabetes accounted for 71% 

of all deaths globally 1. Many risk factors for chronic diseases and associated mortality 

can be identified, covering the genetic, environmental and lifestyle domain 1,2, of 

which the latter receives lots of scientific attention due to its modifiable character. Of 

all lifestyle risk factors, suboptimal dietary factors account for most deaths globally 
3,4. Furthermore, nutrition provides the building blocks and fuel for our cells and 

is therefore essential for growth, development and survival. This makes nutrition 

different from other behavioral risk factors such as smoking or alcohol consumption: it 

is not a matter of elimination, but a matter of optimization of both quantity and quality 

in order to maximize its beneficial effects on health and diseases. For these reasons, 

diet quality is the lifestyle risk factor of primary interest in this thesis.

Nutritional science progressed over the past decades and high quality, evidence-

based dietary guidelines that aimed at a reduction of diet-related chronic disease risk 

have been developed. Such guidelines are often intended to serve heterogeneous 

populations. A remaining question is how such guidelines and their underlying 

scientific evidence can be translated into tools to assess diet quality in scientific 

research. Furthermore, while the importance of diet quality in healthy ageing is well 

established, it is unclear whether the benefits of a healthy diet differ over the life 

course. The aims of this thesis are therefore to develop a state-of-the-art diet quality 

assessment tool, and to investigate the association of diet quality and healthy ageing 

across the life course, during which diet and health are influenced by contextual 

factors like age, gender, socio-economic status and cardiometabolic diseases.

ORIGINS OF NUTRITIONAL SCIENCES AND DIETARY  
ASSESSMENT

The history of nutritional sciences
Medicinal qualities have been ascribed to food products in many cultures for 

centuries, but the discovery of the vitamins was the start of modern nutritional 

science. Vitamins were described for the first time in 1912 by Casimir Funk. As he 

observed that outbreaks of a group of diseases were primarily found in countries with 

monotonous diets consumed over a longer period of time, he hypothesized that the 
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diseases were caused by a deficiency of an essential substance in the food. Early 

analyses indicated these substances were likely to be amines, which were vital to 

life, and were therefore called “vitamines” 5.

In the following decades, nutritional science was focused on the identification of 

vitamins and their role in single nutrient deficiency diseases like scurvy (vitamin 

C deficiency), beriberi (vitamin B1 deficiency) and rickets (vitamin D deficiency) 6,7. 

These discoveries, among others, led to fortification of several food products and 

the issuance of the first recommended dietary allowances. Shortly after the second 

World War, these developments, together with economic progress, led to steep 

decreases in single nutrient deficiencies in high income countries 6. At the same 

time, however, the incidence of other diet-related diseases such as obesity, Type 2 

Diabetes, cardiovascular diseases and specific types of cancer started to increase.

In response to the increase of chronic diseases related to diet, the first dietary 

guidelines aiming to reduce chronic disease risk were issued in the United States in 

1980 8. At that time, nutritional sciences mainly focused on the influence of isolated 

nutrients on health. Therefore, these guidelines solely provided nutrient-based 

recommendations, such as to limit the intake of saturated and total fat, cholesterol, 

sugar and salt, and to eat foods with adequate starch and fiber.

At the end of the 20th century, the first epidemiological studies investigated food 

products and dietary patterns, and their associations with varying health outcomes 6. 

In this period studies consistently showed a beneficial health effect of Mediterranean-

like diets 9,10, after Ancel Keys first observed that general health in Mediterranean 

regions was beyond expectations 11. These advances contributed to a transition in 

nutrition sciences, as it became clear that modern diet-related chronic diseases could 

not be explained by single nutrients only, but also by complex biological effects of 

foods and dietary patterns 12,13. This asked for a revision of dietary guidelines, to inform 

the public on how to adapt their diet in accordance to the scientific developments.

Food-based dietary guidelines
Along with the transition towards a scientific focus on food products and dietary 

patterns, rather than nutrients alone, the World Health Organization (WHO) and 

Food and Agriculture Organization of the United Nations (FAO) first advocated the 

preparation and use of food-based dietary guidelines in 1998 14. An additional benefit 
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of food-based guidelines is that they can be more easily adopted by the public, 

as people tend to think in terms of foods, rather than nutrients. To date, more than 

100 countries have issued food-based dietary guidelines. Differences in guidelines 

may exist since guidelines are accommodated to a countries’ food availability and 

culinary habits, but most guidelines agree with regard to recommendations such as 

to increase the intake of fruits, vegetables, whole-grain products and fish 15.

The Health Council of The Netherlands issued their first fully food-based dietary 

guidelines in 2015. In the development of these guidelines, the Health Council 

performed 29 systematic reviews of international peer-reviewed meta-analyses of 

prospective cohort studies and randomized controlled trials on relations of foods, 

dietary patterns and nutrients with intermediate risk factors or chronic diseases. This 

process led to 15 fully evidence-based guidelines, which recommend to increase 

the consumption of vegetables, fruit, whole-grain products, legumes, unsalted nuts, 

fish and tea, to maintain the consumption of dairy, and to limit the consumption 

of red and processed meat, sugar-containing beverages and alcoholic beverages. 

Furthermore, it is advised to replace refined cereal products by whole-grain products, 

to replace butter and hard margarines by soft margarines, liquid cooking fats and 

vegetable oils, and to replace unfiltered coffee by filtered coffee 16. Adhering to these 

guidelines will naturally also result in a diet rich in nutrients such as unsaturated 

fats, fiber, antioxidants and minerals, which were often considered positive, and low 

in sodium, trans fat, saturated fat and sucrose, which are considered to be negative 

for health. Thus, a focus on intake of healthy food products will likely result in a 

nutrient-rich dietary pattern. This is not necessarily true the other way around, i.e. 

a focus on nutrients does not necessarily result in intake of healthy foods, since 

healthy nutrients can be part of food products of which healthfulness is debatable. 

For example, in earlier days, potato chips were often fried in fats with a high content of 

saturated fatty acids. After dietary guidelines advised to limit the intake of saturated 

fat intake, manufacturers have changed the production process. Nowadays, potato 

chips are mostly fried in plant-based oils high in unsaturated fatty acids. Therefore, 

this food product can be a dietary source of these healthy fatty acids, although it is 

not necessarily part of a healthy food-based dietary pattern. This is an example which 

further underlines the benefit of a focus on foods rather than nutrients 13. However, 

while the issuance of food-based dietary guidelines already serves a public health 

purpose, additional steps are needed to enable the integration of such guidelines 

and their underlying evidence in scientific research.
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Measuring dietary intake and dietary quality
In order to investigate the association of nutrition and health in scientific research, 

methods to assess individual’s dietary quality are required. A first challenge before 

being able to assess the quality of the diet, is to measure an individual’s dietary 

intake. Several dietary assessment methods exist, all with specific benefits and 

disadvantages. Food frequency questionnaires (FFQs) are among the most commonly 

used methods, and are used to estimate long-term, habitual food intake. They consist 

of pre-specified questions regarding the habitual frequency of consuming common 

food products over a specified time period in the past, usually a month. Questions 

on the frequency of consumption of an item are sometimes supplemented with 

a question on portion size. Although such questionnaires only provide a rough 

estimate of dietary intake, they can easily be self-administered and processing can 

be automated, what makes it an inexpensive and efficient dietary assessment method 

that is preferred in large-scale observational studies 17.

A second challenge in the assessment of diet quality is the choice for a scoring 

method. Many diet quality scores have been described in the literature, of which 

the Healthy Eating Index (HEI) 18, Dietary Approach to Stop Hypertension (DASH) 
19 and Mediterranean Diet Score (MDS) 9 are among those most frequently used. 

While all indices score the intake of nutrients, food products and/or food groups, 

differences exist in their composition. The difference in rationale behind the scores 

can explain some of the differences in their components. For the HEI, the selection of 

components was based on the Dietary Guidelines for Americans. The latest update 

of the HEI, reflecting the guidelines for 2015-2020, therefore scores the intake of fatty 

acids, added sugars and sodium, in addition to major food groups. The DASH score is 

based on adherence to the DASH eating plan, an appendix of the Dietary Guidelines 

for Americans specifically designed to target hypertension, and has many of the 

same characteristics as the healthy American eating pattern reflected by the HEI 20. 

The MDS aimed to reflect adherence to the traditional Mediterranean diet, as local 

dietary habits were expected to contribute to the regional general health that was 

beyond expectations. In addition to major food groups, the traditional score rewards 

higher intake of monounsaturated fatty acids and moderate alcohol consumption. A 

difference between the traditional MDS and HEI is that the MDS rewards low intake 

of dairy, while the HEI supports high intake. In addition, the MDS did not score added 

sugars or sugar-sweetened beverages, of which detrimental effects on obesity and 

diabetes risk are now well established 21,22. Although studies found associations with 
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various health outcomes for all previously mentioned diet scores 23,24, advances in the 

field of nutrition ask for updated scientific tools to assess diet quality. It is therefore 

that a fully food-based diet quality score, in line with the latest scientific evidence 

on diet-disease relationships, is needed.

DIET AND HEALTH OVER THE LIFE COURSE

Diet quality and healthy ageing
A healthy diet is important over the whole life course, although it can serve different 

purposes in different phases of life. In childhood, a healthy diet is essential for growth 

and development 25, whereas its importance in the prevention of non-communicable 

diseases becomes more pronounced in adulthood 24. Finally, diet can help prevent 

frailty and sarcopenia in elderly 26,27. This thesis will mainly focus on the association 

of diet with non-communicable diseases and their risk factors in the cardiometabolic 

domain. Cardiometabolic health covers a broad spectrum of risk factors, such as 

overweight, insulin resistance, dyslipidemia and hypertension, as well as non-

communicable diseases such as Type 2 Diabetes and cardiovascular diseases 28. 

Already in childhood, overweight is a risk factor that can influence cardiometabolic 

health and disease in later life. Not only can childhood overweight track into 

adulthood 29, overweight that was already established during childhood was found 

to have a stronger association with Type 2 Diabetes than overweight established in 

adulthood 30. Type 2 Diabetes, on its turn, is associated with an approximately twofold-

increased risk for cardiovascular diseases 31. In late adulthood, the accumulation 

of cardiometabolic risk factors and diseases eventually affects risk of death. When 

considering diabetes, myocardial infarction and stroke, a history of any combination of 

two of these conditions is associated with a 12 year lower life expectancy at age 60 32.

Although changes in cardiometabolic health are to some extent inevitably linked 

to the process of ageing, modifiable lifestyle factors like diet quality can influence 

how health and disease progress over the life course. With regard to risk factors 

for cardiometabolic disease, an umbrella review of meta-analyses of randomized 

controlled trials (RCTs) confirmed that there is consistent evidence for a beneficial 

effect of adherence to a Mediterranean diet on body weight, BMI, waist circumference, 

total cholesterol, glucose and C-reactive protein 33. Similarly, an umbrella review 

focused on the DASH dietary pattern and cardiometabolic outcomes reported that 

meta-analyses of RCTs confirmed beneficial effects of the DASH diet on systolic 

and diastolic blood pressure, total and LDL cholesterol, HbA1c, fasting insulin and 
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body weight 34. For more advanced cardiometabolic endpoints, higher scores 

on various dietary indices including the (Alternative) Healthy Eating Index, DASH 

diet and Mediterranean diet, were associated with a lower incidence of Type 2 

Diabetes in meta-analyses of prospective observational studies 35. Similar beneficial 

associations have, among others, been found for the Healthy Eating Index vs. obesity 

risk 36 and diabetes, cardiovascular diseases and all-cause mortality 24, DASH diet vs. 

cardiovascular disease and diabetes 34 and Mediterranean diet vs. all-cause mortality, 

cardiovascular diseases and diabetes 33. Furthermore, adherence to a healthy diet 

does not only have the potential to extend life expectancy, but also to extend life 

expectancy free of major chronic diseases like cancer, cardiovascular diseases and 

Type 2 Diabetes by approximately 3.5 years 37.

From a biological perspective, there are multiple mechanisms through which diet 

quality can influence cardiometabolic health. An important and frequently studied 

intermediate risk factor in the association of diet and cardiometabolic health is body 

weight. A poor quality diet is often higher in energy as well, potentially resulting in 

energy imbalance and, subsequently, weight gain. However, many of the reported 

associations of diet quality with anthropometric outcomes included in a meta-

analysis of prospective studies were adjusted for energy intake, and outcomes 

were not markedly different from outcomes unadjusted for energy intake36. This 

illustrates that aspects of diet quality beyond energy intake may independently 

influence body weight. Such aspects may include a higher density of bio-active 

components, fiber and micronutrients, or synergy between the foods consumed, 

which might in turn influence endocrine and inflammatory processes. Besides body 

weight, other intermediate risk factors play a role in the association of diet quality 

and cardiometabolic health. This is also confirmed by previous mediation studies 

that only reported partial mediation by BMI for several diet-disease relationships 38–41. 

Furthermore, a prospective cohort study of initially healthy women of the Women’s 

Health Study showed that inflammation biomarkers (29.2%), biomarkers of glucose 

metabolism and insulin resistance (27.9%), BMI (27.3%), blood pressure (26.6%) and 

traditional lipids including LDL, HDL cholesterol and triglycerides (26.0%) explain 

approximately similar proportions of the lower risk of cardiovascular disease events 

associated with higher Mediterranean Diet adherence 41. This emphasizes that diet 

quality, beyond quantity, can exert its influence on cardiometabolic health through 

various risk factors for disease.
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The role of life course factors in diet and health
During life, several factors can influence diet and/or health, what makes that the 

association of diet quality and healthy ageing is dynamic over the life course. Some 

factors that are involved in the life course, such as sex, are determined at birth. Other 

contextual factors, like socio-economic status, are not necessarily constant, but still 

exert influence throughout life. Furthermore, life events, e.g. acquiring a chronic 

disease, will only play a role from a specific moment in time onwards. A schematic 

overview of the association of life course factors with diet quality and healthy ageing 

over the life course is presented in Figure 1.

Here, socio-economic status will serve as a first example to explain the rationale 

behind this figure. Previous research has shown that a gradient in diet quality exists 

over levels of socio-economic status, with lower quality diets being present in lower 

socio-economic classes 42. The generally higher cost of a healthful, nutrient dense diet 
43 as well as differences in nutrition knowledge and beliefs 44–46 have been identified as 

contributors to this socio-economic gradient in diet quality. This influence of socio-

economic status on diet quality is reflected in Figure 1 by arrow 2. At the same time, 

it has long been known that socio-economic inequalities in cardiometabolic health 

exist 47. Although this disparity may be mediated by differences in lifestyle factors like 

diet quality (arrow 2 + 3), socioeconomic differences in exposure to stressful events 

and the resulting stress reaction (e.g. due to discrimination, financial concerns or 

poor living conditions) may also contribute to socioeconomic disparities in health 
47,48. Socio-economic status may therefore also influence healthy ageing through 

mechanisms other than diet quality (arrow 1).

For other life course factors, similar associations exist. Evidently, cardiometabolic 

health problems are associated with ageing. For example, the accumulation of 

atherosclerosis over the life course can ultimately result in a cardiovascular event 
49. In addition to higher prevalence in older age, gender differences also exist in 

the prevalence of cardometabolic diseases, for which men generally have a higher 

risk. For example, Type 2 Diabetes risk is higher in men, which is possibly related 

to differences in the distribution of adipose tissue between men and women. The 

capacity to store fat subcutaneously is lower in men, what makes that fat is more 

rapidly stored as ectopic fat in, among others, intra-abdominal, peri-vascular, 

liver or even pancreatic cells. A rise in ectopic fat, often accompanied by a rise in 

waist circumference, has more influence on insulin resistance than subcutaneous 
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fat. Therefore, men can develop diabetes at a lower average BMI than women, 

which contributes to their higher risk 50. While these are examples of physiological 

mechanisms through which age and gender can influence healthy ageing (arrow 

1), both factors are also known to be associated with diet quality. Higher quality 

dietary patterns were found among women and older adults 51,52. This means that the 

association of age and gender with healthy ageing, may in part rely on differences in 

diet quality as well (arrow 2 + 3).

Figure 1. Simplistic model of how life course factors and diet quality can influence healthy ageing.

Over the life course (blue bar), different health outcomes can serve as a read-out of healthy ageing 

(yellow bar). These health outcomes can be influenced by life course factors like age, gender, so-

cio-economic status or health status, either independent from diet quality (arrow 1) or indirectly, via 

their influence on diet quality (arrow 2 + 3). Unclear is whether these life course factors also influence 

the way in which diet affects the process of healthy ageing over the life course.

The possibility of differential effects of diet over the life course
We have already seen that life course factors can influence both diet and health, 

either directly or via each other. However, we have limited information on whether the 

association between diet and healthy ageing is constant over the life course and upon 

exposure to life course factors (Figure 1: question mark arrow). Will the adherence to 

a high quality diet elicit a similar health benefit for everyone?

It can easily be understood that differences in cardiometabolic health among 

subgroups of the population can be due to uneven distributions of risk factors. A 

previously mentioned example of this is that a poor quality diet is more common 
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among groups with a lower socio-economic status, which can therefore contribute 

to a higher prevalence of chronic diseases in these groups. A term to describe this 

mechanism, proposed by Diderichsen et al. is differential exposure 53. The majority 

of studies investigating the associations of risk factors with health outcomes across 

strata of a given contextual variable focus on this differential exposure. The possibility 

that the effect of a risk factor differs across groups, the concept of differential effect 
53, is less often studied, yet not less important. Within the same example, this 

would mean that a poor diet quality is more, or less, likely to cause health issues in 

individuals with a lower socio-economic status than in individuals with higher socio-

economic status. In other words, the vulnerability to the risk factor in question differs 

across strata of socio-economic status. Whether such a differential effect of diet 

quality on healthy ageing exists for strata of the life course factors mentioned before, 

is currently unclear.

Differential effects of diet quality across life course factors could have major 

implications for epidemiological research and subsequent public health policies. 

In case of differential effects, scientific studies could lead to overall conclusions 

that are not true for subgroups of the study population, since the overall estimates 

represent an average of associations in subgroups. It is therefore of major importance 

to investigate how the association of diet quality and healthy ageing is influenced 

by life course factors, as this will help to tailor public health strategies to subgroups 

of the population.

OUTLINE OF THIS THESIS

Aim of this thesis
The aim of this thesis is twofold. First, this thesis aims to establish how diet quality 

can be measured. The second aim is to investigate the association of diet quality 

and health outcomes in the cardiometabolic domain over the life course, and across 

subgroups of the population.

General design
The studies included in this thesis were performed in the population-based Lifelines 

Cohort, and the GECKO Drenthe birth cohort. The Lifelines Cohort study is a multi-

disciplinary prospective population-based cohort study examining in a unique three-

generation design, the health and health-related behaviors of 167.729 persons living 

in the North of the Netherlands. All participants were included in the study between 
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2006 and 2013. So far, three follow-up assessments have taken place, covering a great 

variety of self-reported questionnaires and physical examinations 54. Baseline food 

frequency questionnaire data is available for approximately 129.000 adult participants. 

This data is used for chapter 2, and chapters 5 to 8 (see Figure 2). The GECKO Drenthe 

birth cohort is a population-based cohort including children born in 2006 and 2007, 

designed to study the determinants and development of childhood overweight 55. 

Children are followed by routine anthropometric check-ups at Community Health 

Services and self-reported questionnaires. For approximately 1000 children, data 

from food pattern and food frequency questionnaires is available at age three and 

five. The data from this cohort is used for chapters 3 and 4 (see Figure 2).

Figure 2. Graphical outline of the thesis chapters and their position in the life course.

135558_Petra_Vinke_BNW-def.indd   19135558_Petra_Vinke_BNW-def.indd   19 3-9-2020   14:32:583-9-2020   14:32:58



20

Chapter 1

THESIS OUTLINE

PART 1:
Measuring diet quality

Chapter 2 describes the development of the food-based Lifelines Diet Score, which 

was based on the scientific evidence underlying the 2015 Dutch Dietary Guidelines. 

The chapter provides descriptives of its application in adults of the Lifelines cohort. 

In the other studies included in this thesis, the Lifelines Diet Score is used to express 

diet quality.

PART 2:
Diet quality and body weight over the life course

Chapter 3 describes the association of diet quality in early childhood (age three), with 

changes in BMI and overweight incidence in the following seven years. This study 

was performed in the GECKO Drenthe birth cohort.

Chapter 4 builds on Chapter 3, but additionally investigates the role of sugar-

sweetened beverages and their timing of consumption during the day, in BMI changes 

in early childhood (age five to ten).

Chapter 5 describes the sex- and age-specific association of diet quality and 4-year 

weight change in adults of the Lifelines Cohort, aged between 18 and 93 years at 

baseline.

PART 3:
Diet quality and cardiometabolic endpoints in adulthood

Chapter 6 describes the socio-economic disparities in the association of diet quality 

and Type 2 Diabetes incidence in adults of the Lifelines Cohort.

Chapter 7 builds on Chapter 6, but further investigates the role of ultra-processed 

foods in the development of Type 2 Diabetes in adults of the Lifelines Cohort.

Chapter 8 describes the association of diet quality and all-cause mortality across 

levels of cardiometabolic health in a 7.6-year prospective analysis including adults 

of the Lifelines Cohort.
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