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General introduction

Chronic kidney disease (CKD) is a global public health problem that affects 8 to 

16% of the population worldwide.1 Cardio-metabolic diseases including diabetes, 

obesity, and hypertension are leading causes of CKD worldwide.1-3 CKD is defined 

as a persistent abnormality in kidney structure or function (estimated glomerular 

filtration rate [eGFR] lower than 60 mL/min per 1.73 m2 or albuminuria ≥30mg 

per 24 hours) for 3 months or longer.4 The eGFR is commonly calculated using the 

Chronic Kidney Disease Epidemiology Collaboration equation (CKD-EPI).5 

CKD is often progressive, ultimately resulting in kidney failure, and is an 

important cause of premature mortality and cardiovascular morbidity.6 Patients 

with kidney failure require kidney replacement therapy such as dialysis or 

transplantation, with poor outcomes and excessive cost.6-8 Early identification and 

treatment of CKD are important to delay the progression to kidney failure and 

reduce the risk of cardiovascular complications and premature death.9 Optimal 

management of CKD includes cardio-metabolic risk reduction, treatment of 

hypertension and albuminuria, avoiding nephrotoxins, adjustments in drug dosing 

as well as dietary management.3 Kidney transplantation improves the quality of life 

and life expectancy as compared with long-term dialysis treatment in patients with 

kidney failure.10 Management of complications including infections, malignancies, 

and cardio-metabolic diseases that occur after kidney transplantation is important 

for the care of kidney transplant recipients (KTRs).11

Variation in the prevalence of CKD

There were nearly 700 million individuals with CKD in the world population in 

2017, resulting in a prevalence of 9.1%.12 CKD resulted in 1.2 million deaths and 36 

million disability-adjusted life-years (DALYs) in 2017.12 Considerable geographical 

variation in CKD prevalence and burden has been reported (Figure 1). Many 

factors may drive this variation in CKD prevalence between different parts of the 

world, including genetic and socio-economic factors, environment-related CKD 

risk factors such as air pollution, as well as differences in the prevalence of CKD 

risk factors such as obesity, diabetes, and hypertension worldwide.13-15
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Figure 1. Worldwide age-standardized prevalence rate of CKD per 100 000 population. 
Adapted from “Analysis of the Global Burden of Disease study highlights the global, regional, 
and national trends of chronic kidney disease epidemiology from 1990 to 2016” by Xie Y et 
al., Kidney international. 2018 Sep 1;94(3):567-81.

In addition to variation between continents as apparent from Figure 1, the 

disparity in the prevalence of CKD between countries within the same continent, 

as well as disparities within large countries, have also been reported. In Europe, 

the reported prevalence of CKD varies between 1.0% in central Italy and 5.9% in 

northeast Germany.16 In the U.S., the prevalence of CKD is between 4.8% in the 

Northeast and 11.8% in the Midwest.17 In China, the prevalence of CKD varies 

from 1.1% in East China to 3.8% in Southwest China.18 Studies have observed the 

geographic variation in CKD by relatively coarse geographic scales, e.g., at the 

global, regional, and national level. Information, however, on the variation of CKD 

at the neighborhood level is scarce. 

Health status tends to cluster among individuals at the neighborhood level, 

which is partly because they are exposed to a common environment.19 The evidence 

supporting the importance of geographic variation at the neighborhood level is 

rapidly emerging.20,21 Living in socioeconomically disadvantaged neighborhoods 

is related to higher risks of diabetes, cardiovascular disease, and reduced life 

expectancy.21 Neighborhood poverty is reported to be strongly associated with a 

higher incidence of end-stage kidney disease (ESKD)22, supporting the relevance 

for kidney disease as well. Better identification of the distribution of CKD at the 
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neighborhood level, therefore, is important to help identify determinants of the 

geographic variation in CKD and to guide more effective CKD intervention and 

policies. In the Northern Netherlands, a region comprising 9 315 km2, significant 

small-scale spatial clustering of dietary habits, translating into different dietary 

patterns, was reported, supporting the relevance of spatial analyses of dietary 

habits at a smaller scale.23 Figure 2, for instance, illustrates significant spatial 

clustering of a dietary pattern characterized by frequent use of snacks and 

fast food in the Northern Netherlands. As dietary habits may differ between 

neighborhoods, therefore, these differences may also be involved in geographic 

differences in CKD prevalence.

Figure 2. Spatial clustering of the “snack pattern” (age, sex, and neighborhood income 
adjusted) in the Northern Netherlands. Hot spots (red) represent clustering of individuals 
with a high adherence to the dietary pattern, cold spots (blue) represent clustering of 
individuals with a low dietary pattern score. Adapted from “A spatial analysis of dietary 
patterns in a large representative population in the north of The Netherlands – the Lifelines 
cohort study” by Dekker LH et al., Int J Behav Nutr Phys Act. 2017 Dec;14(1):1-5. The hot spots 
for the “snack pattern” roughly coincide with the urban areas of the region.
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1Diet and kidney health risk 

The diet plays an important role in the development and progression of CKD.24 

Dietary factors associated with incident CKD and kidney function decline have 

been investigated at different levels, e.g., nutrients, single food, food groups, 

and dietary patterns. Regarding nutrients, low intake of sodium, phosphorus, 

animal protein, and saturated fat or high intake of potassium, β-carotene, fibers, 

magnesium, calcium, and plant protein is protective against eGFR decline and 

incident CKD in healthy adults.24-26 For food groups, high consumption of vegetables 

and fruits can reduce the risk of incident CKD, whereas a high intake of red meat 

and processed meat is associated with an increased risk of incident CKD.27,28 When 

considering dietary patterns, healthy dietary patterns, e.g., Mediterranean diet29, 

the Dietary Approach to Stop Hypertension (DASH) diet30-32, vegetarian diets33, and 

patterns reflective of dietary guidelines34, are found to be associated with a lower 

risk of incident CKD.35 In addition, the Mediterranean diet and the DASH diet are 

found to decrease the risks of kidney function decline and all-cause mortality in 

kidney transplant recipients (KTRs).38-40 Conversely, unhealthy dietary patterns, 

e.g., Western-style diets and high fat and meat diets, are associated with a rapid 

eGFR decline and incident CKD.30,36,37 Compared with studies targeting individual 

nutrients or food, dietary patterns are more informative because they provide a 

broader picture of habitual dietary behavior and consider the complex composition 

of many food products and the interactions among nutrients within foods.41 

Food-based diet quality score and CKD 

Many countries have established national food-based dietary guidelines because 

they provide context-specific advice on healthy diets and lifestyle42, as important 

tools in the promotion of public health in general. Albeit not specifically developed 

to target kidney health, generic dietary guidelines may well be relevant for the 

prevention of CKD. In the U.S., one study reported that better adherence to the 2005 

Dietary Guidelines for Americans was associated with lower risks of incident CKD 

and rapid kidney function decline.34,43 In the Netherlands, the Dutch Health Council 

issued food-based dietary guidelines in 2015, based on systematic evaluation of 

the current scientific literature about relationships of the diet with chronic diseases 

and causal risk factors in the general population.44 Based on the current scientific 

evidence, nine food groups are considered as positive (vegetables, fruit, whole 
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grain products, legumes and nuts, fish, oils and soft margarines, unsweetened 

dairy, coffee, and tea) and three food groups are considered negative (red and 

processed meat, butter and hard margarines, and sugar-sweetened beverages) in 

relation to the top-10 chronic diseases in the Netherlands. The top-10 of chronic 

diseases in the Netherlands comprise coronary heart disease, stroke, heart failure, 

type 2 diabetes mellitus, chronic obstructive pulmonary disease, colorectal cancer, 

breast cancer, lung cancer, dementia and cognitive decline, and depression. As CKD 

was not among this top-10, the relevance of these 12 food groups underlying Dutch 

Dietary Guidelines for the prevention of CKD, therefore, remains to be established, 

although the cardio-metabolic diseases that were included in the construction of 

the Dutch Dietary Guidelines are risk factors for impaired kidney function. As a tool 

for food-based analysis of diet, recently, the Lifelines Diet Score (LLDS) has been 

established, which translates data from food frequency questionnaires (FFQ) into 

a comprehensive score based on the contribution of the different food groups as 

mentioned above.45 This tool can be used to validate the Dutch Dietary Guidelines 

for CKD in the Netherlands. Previous studies illustrated that the Mediterranean 

diet, one of the natural healthy dietary patterns, is associated with a lower risk of 

CKD development and progression in the general population.29,31,46-48 Many diet 

scores already exist, some reflecting natural diets49, some pre-designed31, but a 

fully food-based diet score, in line with current scientific evidence is scarce. This 

is relevant, considering the increasing recognition of the relevance of food-based 

dietary guidelines.44 To be able to better interpret the context-specific information 

on diet, moreover, it would be useful to know whether, in the general population 

in the Netherlands, the contemporary food-based LLDS and a well-established 

healthy diet score such as the Mediterranean diet score, are associated with 

kidney health risk. 

Kidney-specific dietary pattern  

To expand our understanding of the association of diet and chronic diseases, the 

relationship between kidney-specific dietary patterns and CKD may be relevant. 

Two general approaches have been used in the field of observational research to 

assess the association between dietary patterns and CKD: a-priori methods (e.g. 

diet quality score) and a-posteriori methods (e.g. principal component analysis, 

PCA). The a-priori methods use prior knowledge, such as dietary guidelines, to 

derive specific patterns, whereas the a-posteriori methods are entirely empirical, 
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1data-driven methods to describe common patterns of food consumption. 

However, these two approaches do not take intermediate disease-related risk 

factors into account.

Reduced rank regression (RRR) is a relatively novel method combining 

the strengths of both above approaches.50,51 RRR is better suited to identify 

dietary patterns that are related to disease-specific risk factors. RRR produces 

a combination of food groups to derive a dietary pattern explaining maximum 

variation in disease-related intermediate response variables (e.g., biomarkers). 

RRR can test specific hypotheses regarding a potential pathway (intermediate 

risk factors) between diet and disease of interest.51 The conceptual framework 

underlying the application of RRR in studying the association of dietary intake with 

disease outcomes is shown in Figure 3.

Figure 3. Reduced rank regression (RRR) conceptual framework. RRR determines linear 
functions of predictor variables (food groups) by maximizing the explained variation in 
the response variables (biomarkers). The dietary pattern score is calculated as the sum of 
z-standardized consumptions (mean=0, standard deviation=1) of food groups multiplied by 
an individual weight (factor loading).

RRR has been applied in several chronic diseases, e.g., diabetes, cardiovascular 

disease, and obesity.52-55 The eGFR as an important biomarker of CKD might be 

an ideal response variable to generate a kidney-specific dietary pattern. The RRR 

method makes it possible to identify a kidney-specific dietary pattern based on 

eGFR, which may be strongly linked with kidney outcomes such as incident CKD 

and eGFR decline. 

Kidney transplantation is an important treatment for end-stage kidney 

disease as it improves prognosis and quality of life. However, more than half 
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of the KTRs may suffer from MetS in the long term56, which increases the risk 

for post-transplantation diabetes, graft failure, and poor survival after kidney 

transplantation.57 In KTRs, metabolic syndrome (MetS) and its components are 

important contributors to excess mortality. Therefore, it’s important to target MetS 

in KTRs. The role of MetS components as mediators in the association between 

diet and outcomes of KTRs is still unknown. RRR can be applied to derive a dietary 

pattern that maximized the explained variation in the components of MetS in 

KTRs. Identification of dietary patterns by RRR may open novel avenues for dietary 

interventions. At the same time, specific food groups might be suitable for specific 

dietary recommendations. Recent studies have pinpointed a prominent role for 

ultra-processed foods in this regard.

Ultra-processed food consumption and kidney health risk

The Western-style diet, characterized by a high intake of highly processed and 

refined foods that contain excessive sugar, salt, and saturated and trans-fatty acids, 

can increase the risk of CKD and impaired kidney function.36,37 Ultra-processed 

foods (UPF) that are widespread in the Western-style diet have attracted great 

attention. To study the role of UPF in health risks, first, proper classification of 

foods as UPF is important, for which purpose the NOVA system classification is 

used. The NOVA system, a food classification based on the nature, extent, and 

purpose of industrial food processing, has been applied to understand the impact 

of modern industrial food systems on human health.58-60 The main purpose of 

industrial ultra-processing is to make products convenient (ready-to-eat/drink/

heat), hyper-palatable or more appealing (additives), highly profitable (low-cost 

ingredients, long shelf-life, emphatic branding), and attractive by sophisticated 

packaging.58 UPF are usually energy-dense products, rich in saturated fat, added 

sugar, salt, and additives, and low in dietary fibre and vitamins.58 Examples of 

typical UPF include savory snacks, soft drinks, sweets, ready-to-eat meals, refined 

starchy food, and reconstituted meat products. 

The consumption of UPF has increased during the past decades, albeit 

differing widely among countries, varying from 10% to a staggering 60% of total 

energy intake.61-67 A high proportion of UPF consumption has been recognized as 

a contributor to the development of cardiovascular disease, diabetes, obesity, 

hypertension, and all-cause mortality, and cancer.68-73 The cardio-metabolic 

disturbances, such as cardiovascular disease, diabetes, and obesity, are risk 
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1factors of CKD and impaired kidney function.74 Hence, UPF may have a detrimental 

effect on incident CKD and kidney function decline. One recent study reported 

that high consumption of UPF was associated with an increased risk of kidney 

function decline in Spanish older adults.75 However, this study is limited to a 

specific population aged over 60 years with relatively small sample size. Whether 

a high UPF consumption is associated with the risk of kidney function decline in 

the general population is not known.  

Aim and outline of this thesis 

The aim of this thesis is to apply new approaches to assess the association between 

diet and kidney health risk. More specifically, firstly, we investigate whether 

the regional differences in dietary habits are involved in the spatial distribution 

of kidney function at the neighborhood level in the Northern Netherlands; and 

secondly, we assess the associations of the food-based healthy diet score, kidney-

specific dietary patterns, and ultra-processed foods intake, respectively, with 

kidney outcomes in the general population or in KTRs. 

In chapter 2, we investigate the spatial distribution of kidney function, 

reflected by eGFR, at the postal code level in the Northern Netherlands, a region 

comprising 9 315 km2 with 986 postal codes; furthermore, we identify the 

determinants of the geographic variation in kidney function, exploring the possible 

contributions of neighborhood-level dietary and non-dietary determinants of this 

geographic variation in kidney function. 

In Chapter 3, we validate the Lifelines Diet Score (LLDS) underlying the 2015 

Dutch Dietary Guidelines for incident CKD and a ≥20% eGFR decline in the Dutch 

general population. In addition, we assess the association between the MDS, as 

a well-established healthy diet score, and these kidney outcomes in the same 

population.

In Chapter 4, the kidney-specific dietary patterns maximally explaining 

variation in eGFR are identified using the RRR method in women and men; and 

subsequently, we investigate the associations between these eGFR-based dietary 

patterns (eGFR-DP) and either a ≥ 20% eGFR decline or incident CKD in the general 

population. 

In Chapter 5, we apply RRR to derive a dietary pattern that maximally 

explains variation in the components of metabolic syndrome (MetS) to investigate 
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the role of MetS in the association between the diet and the adverse outcomes 

of KTRs. Subsequently, we investigate the association between this MetS-related 

dietary pattern (MetS-DP) and all-cause mortality prospectively in KTRs.

In Chapter 6, the associations of the amount of ultra-processed foods 

(UPF) in the diet with the annual change in eGFR and with the risk of a composite 

kidney outcome (incident CKD or eGFR decline ≥20%) are evaluated in the general 

population.

Finally, in Chapter 7, the results of the work presented in chapters 2 to 6 are 

summarized and discussed. The relevance of our main finding for the prevention 

of CKD and adverse outcomes of KTRs and future perspectives are presented.
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