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BACKGROUND INFORMATION AND RESEARCH NEEDS 

Cardiometabolic risk factors 
The epidemic proportions of non-communicable diseases and health outcomes, such 
as type 2 diabetes, ischemic heart disease, heart attacks, and strokes continue to be 
major health concerns worldwide [1-3]. Type 2 diabetes is recognized as the fastest 
growing chronic health condition, globally, as evidenced by the fact that the global 
prevalence of adult diabetics adults over 18 years of age rose from 4.7% in 1980 to 
8.5% in 2014 [1]. Cardiovascular disease (CVD) is responsible for one-third of all 
deaths worldwide. It has been estimated that 17.9 million people died from CVD in 
2016, with 85% of these deaths attributed to heart attacks and strokes [2]. One of 
the underlying reasons for this increase in CVD at a global scale is the prevalence of 
obesity, which nearly tripled between 1975 and 2016 [3]. Obesity is considered a 
major cause of non-communicable diseases, and abdominal obesity, in particular, is 
associated with cardiometabolic risk factors and with an underlying condition of 
insulin resistance (IR) [4]. Specifically, IR is recognized as a key pathophysiological 
process in the development of cardiometabolic risk factors that leads to the 
development of non-communicable diseases [5]. Moreover, IR often coexists with 
other metabolic dysfunctions, including dyslipidemia, raised blood pressure (BP), and 
chronic low-grade inflammation (Figure 1). This cluster of factors is known as 
insulin resistance syndrome or metabolic syndrome [4-5].  

Figure 1. Links between insulin resistance and other cardiometabolic risk factors [5]. 
Note: Reprinted with permission from: Kahn R: Is the metabolic syndrome a real syndrome? Circulation 
2007;115:1806–1810. BP, blood pressure; LDL, low-density lipoprotein; ApoB, apolipoprotein B; HDL, high-
density lipoprotein. 
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IR is defined as the reduced ability of insulin to stimulate glucose uptake in 
peripheral tissues, mainly skeletal muscle [6]. Over time, IR causes impaired glucose 
metabolism, which, in combination with a lack of compensatory beta-cell function, 
can induce type 2 diabetes [6]. The linkages between IR and other metabolic 
dysfunctions also give rise to non-communicable diseases other than type 2 diabetes 
[4, 7-8]. For instance, IR, when linked to impaired lipid metabolism, is a causative 
factor in the development of non-alcoholic fatty liver disease (NAFLD) [7]. This 
condition is a precursor of other pathological conditions of the liver, including 
steatohepatitis, fibrosis, liver cirrhosis, liver failure, or hepatocellular carcinoma [9]. 
NAFLD has emerged, globally as a major cause of liver disease [10]. The increasing 
prevalence of NAFLD contributes to the burden of liver transplantations [11]. 
Furthermore, NAFLD is associated with the presence of type 2 diabetes and CVD [7, 
10, 12-13]; its incidence in individuals with type 2 diabetes is estimated to be around 
70% [12]. Advanced fibrosis associated with NAFLD is not only predictive of liver-
related mortality but also of increased mortality resulting from cardiovascular events 
[13]. Because NAFLD is frequently associated with abdominal obesity, dyslipidemia, 
and insulin resistance, it is also considered a component of metabolic syndrome 
which is also known as cardiometabolic syndrome [14]. Hypertension, which often 
coexists with IR and obesity, is another important cardiometabolic risk factor [2, 4-
5]. The link between IR and raised BP also contributes to the development of CVD 
and other chronic diseases, including chronic kidney disease [8].  

In this thesis, we will focus on several of the above-mentioned cardiometabolic 
risk factors. Table 1 presents a summary of commonly used definitions of these risk 
factors and the health burdens associated with them. 

Table 1. Definitions of cardiometabolic risk factors under investigation in this thesis 
along with associated health burdens. 
Condition Definition and health burden 
Obesity  Overweight is defined as a body mass index (BMI) ranging between 25.0 and

29.9, and obesity as a BMI ≥ 30 kg/m2 [3].
 In 2016, the global prevalence rates of overweight and obesity among adults

were 39% and 13%, respectively [3].
Non-alcoholic 
fatty liver 
disease 
(NAFLD) 

 NAFLD is characterized by increased hepatic triglyceride accumulation (> 5% of
total liver weight) [9].

 NAFLD is the most common type of liver disease and has become highly
prevalent globally, affecting approximately 25% of the general population [10].

Hypertension  Hypertension is defined as systolic BP ≥140 mm Hg and/or diastolic BP ≥ 90
mm Hg [15].

 Hypertension is one of the most common disorders within the general
population, with a lifetime risk of 90% for elderly individuals [16].

 The overall prevalence of high blood pressure within the general population is
40% [2].
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Potential health benefits of physical activity 
The health benefits of physical activity have been known since ancient times. 
Hippocrates is reported to have said that ‘Eating alone will not keep a man well; he 
must also take exercise […] to produce health’ [17]. It has been established that the 
beneficial effects of physical activity on health can reduce the risks of developing a 
chronic disease. This has been described for more than 25 chronic medical 
conditions, with risk reductions amounting to at least 20–30% [18]. Physical activity 
(PA) is also highly recommended in the treatment of established chronic diseases, 
including diabetes, obesity, and cardiovascular diseases [15, 19-20].  

Existing studies have mostly focused on leisure-time PA or on exercise and 
sports, but only a few studies have considered a wider spectrum of physical activities 
performed in daily life [21-27]. Therefore, to explore the potential benefits of 
physical activity on health, it is essential to evaluate these benefits across different 
types and domains of activities performed within daily-life routines. Such habitual 
physical activities conducted in daily life, and their domains, are briefly introduced in 
the context of existing recommendations relating to PA in the following section.  

Definition of physical activity and recommendations for physical activity  
Physical activity is defined as ‘any bodily movement produced by skeletal muscles 
requiring energy expenditure above a basal level’ [28]. Exercise, which is a 
structured subset of PA, entails planned and repetitive bodily movements, often with 
the objective of maintaining or improving health and performance [28-29]. Habitual 
PA is the sum of all of the activities performed by individuals in their daily lives [28]. 
It can be characterized in terms of several dimensions, including intensity, duration, 
frequency, type, and context [28-31].  

Intensity: The absolute intensity of habitual PA is expressed in metabolic 
equivalent task (MET) values. One MET, which is defined as the amount of energy 
consumed while sitting at rest, is associated with the consumption, on average, of 
3.5 ml of oxygen per kg of body weight per minute (1 kCal/kg of body weight/hour) 
[32]. Absolute intensity of PA is usually categorized according to three intervals of 
metabolic rate: knowingly light, moderate, or vigorous PA [30-31]. However, 
definitions of these intervals vary across countries. For example, in the United States, 
MET values between 3.0 and 5.9 are considered moderate and those above 6.0 are 
defined as vigorous PA [31]. Alternatively, the guidelines for Dutch physical activity 
apply age-dependent categories [33] (Table 2).  

Table 2. Categories of intensity of physical activity in the Netherlands 
Age (years) Light MET Moderate MET Vigorous MET 
18–55 <4 4–6.5 6.5 
55+ <3 3–5 5 
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Duration: The duration of PA is the length of time spent on each session of 
activity [28]. Active engagement in PA of moderate to vigorous intensity for at least 
150 minutes per week is recommended [30-31, 33-36]. If the activities have low 
MET values (light intensity), their contribution to the health benefits gained through 
PA is considered negligible [37].  

Frequency: The frequency of a repetitive PA is usually expressed as the number 
of days per week when the activity is performed [28]. 

Type: Most kinds of exercise can be categorized as aerobic or anaerobic [28-29]. 
Aerobic exercise stimulates the heart and breathing rate for a sustained period of 
time. Examples of aerobic exercises include the use of cardio machines, swimming, 
running, or cycling. Anaerobic exercises lead to rapid bursts of energy through 
activities that are typically performed for brief periods at levels entailing 
(sub)maximum effort. Examples include weight lifting, sprinting, or jumping.  

Context: Another important dimension of PA in daily life relates to its context or 
the domain of activity to which it belongs [28]. Clinical guidelines rarely specify the 
contexts in which the required amount of PA is to be achieved despite their potential 
importance [30-31, 33-36]. In this thesis, we assessed habitual PA within the 
following domains: leisure (recreational activities or sports), commuting, 
occupational, and household activities [33]. Physical activities categorized within the 
domain of leisure are performed to induce pleasure or relaxation and are not 
primarily oriented to work or household tasks. Examples of leisure activities are 
cycling, hiking, walking, and sports. Commuting entails the PA of traveling between 
the place of residence and the work or study location. Occupational activity refers to 
activities that are intentionally performed in relation to an individual’s occupation. 
Household activities encompass the duties and tasks associated with running a 
household and include cleaning, cooking, childcare, grocery shopping, and doing the 
laundry.  

The first set of clinical guidelines for physical activity introduced by the American 
College of Sports Medicine, focused largely on providing recommendations on the 
types of activities that should be performed to achieve the goal of ‘aerobic exercise, 
3 times a week for 20 minutes at each session’ [17]. Current clinical guidelines reflect 
a shift, advocating a simpler message, with a greater focus on intensity and duration 
and less focus on the type of exercise that can be either aerobic or anaerobic [30-31, 
33-36]. For instance, the Dutch guideline on PA [34] provides the following 
recommendations for adults over 18 years:  

 Moderate or vigorous activity performed for at least 150 minutes every week
and spread out over several days,

 Activities that strengthen muscles and bones (for elderly individuals this may
include balance exercises) performed least twice a week, and

 Avoidance of long periods of being seated.
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The need to study the health potential of domain-specific physical 
activities 
The health-related roles of daily-life physical activities, which encompass a variety of 
domains (e.g., occupational and non-occupational), could differ [23, 27, 39-40]. 
The inclusion of increased PA within options for improving the management 
of cardiometabolic risk factors, especially in the context of individuals’ daily-life 
routines, may be of critical importance. Previous studies have tended to focus on the 
benefits of physical activities conducted at leisure on health with the results 
obtained for other domain-specific physical activities being mixed [21-27]. A few 
studies have found that occupational physical activities provide health benefits 
[24-27, 38]. However, there is a growing body of evidence indicating that 
occupational PA has no clear health-related benefits [23, 39-40]. Lund et al. 
identified a longitudinal association between heavy occupational activity and an 
increased incidence of sickness absence [39]. The findings of a meta-analysis 
covering 13 prospective cohort studies were that occupational PA has no potential 
for reducing the risk of hypertension [23]. Larsson et al. reported a 
positive association between occupational PA and IR [40]. Furthermore, whereas 
some studies have shown that active modes of transportation (active 
commuting) are beneficial for reducing cardiometabolic risks [24, 41], others 
have not found this association [27, 42-43]. Another finding is that PA within the 
occupational and commuting domains are major contributors to the total daily-life PA 
of many adults [44-45]. However, as previously noted, it is not clear from the clinical 
guidelines whether an individual can reach the recommended level of MVPA 
through all of the different domains of daily-life activities, notably those related 
to leisure, commuting, and occupational MVPA [30- 31, 33-36]. Therefore, there is 
a need to investigate whether all domain-specific physical activities have the 
same impacts on health and on cardiometabolic risk factors.  

Sex, age, and other population-specific considerations  
In this thesis, we focus on sex, age, and other population-specific factors that could 
potentially modify the relationship between PA and cardiometabolic risk.  

Sex: Of the cardiometabolic risk factors, obesity may need to be considered 
from a sex-specific perspective, given that differences in the fat distribution of men 
and women may play different roles in increasing cardiovascular risk [46]. While CVD 
is a major cause of mortality in both men and women [47], its rate in women, 
especially younger women, is increasing [48]. Therefore, we will test the association 
between obesity and future cardiovascular events in men and women using different 
obesity measures to improve sex-specific cardiovascular predictions. In addition, we 
will estimate the potential benefits of PA in preventing body weight gain and will 
examine how this differed for men and women.  
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Age: Cardiometabolic risk is known to increase with age [16, 47]. However, it is 
unclear whether the health effects of PA become more important with increasing age 
or, conversely, whether they are outweighed by other, more important clinical factors 
(e.g., comorbidities and medication use), thereby becoming less important with 
advancing age. The role of age in risk prevention is also clearly an important public 
health issue that is related to the concept of healthy aging. Existing data suggest 
that the prevention of chronic diseases in later life begins during earlier phases of 
adult life [49]. Therefore, in this thesis, we will present age-dependent associations 
of PA in relation to cardiometabolic risk factors.  

Population-specific considerations: Evidently, age is an important factor in 
cardiometabolic health [16, 47], with the number of comorbidities increasing 
especially among older individuals. Thus, the question of whether PA potentially 
benefits individuals with chronic diseases should be explored. Consequently, we will 
investigate the role of PA in specific populations such as the general population and 
renal transplant recipients (RTRs), of which the latter have a particularly high risk of 
developing cardiometabolic diseases [50, 51]. 

AIMS AND OUTLINE OF THIS THESIS

The main objective of this thesis is to examine the associations between daily life 
MVPA and several cardiometabolic risk factors (Figure 2). A particular focus of this 
investigation is on ascertaining whether these associations depend on domains of 
daily-life PA. Because the potential health benefits of PA may change over the course 
of an individual’s life, we study whether the associations are age-dependent over the 
life course within the general population. While it is known that the incidence of 
comorbidities increases with age, there is still a knowledge gap on whether or not 
the benefits of PA persist in specific populations, such as individuals with chronic 
diseases. Therefore, we test the benefits of daily-life PA for improving long-term 
health outcomes in RTRs. Furthermore, we examine the relation between PA and 
body weight development as well as the association between the body fat and the 
development of cardiovascular diseases in men and women. 

Chapter outlines: 
In Chapter 2, we examine the potential benefits of increased daily-life PA on NAFLD 
using data from the large-scale, population-based Lifelines cohort study. We also 
examine how this association is altered in individuals with impaired glucose 
metabolism and diabetes as well as across different age groups. The potential health 
effects of PA within two domains of daily-life activity, namely non-occupational and 
occupational activity are explored in this chapter.  
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Figure 2. Depictions of the health-related associations examined in this thesis.  
Note: Blue arrows indicate the main objective of this thesis. Dotted lines indicate the other research questions 
with different colors. NAFLD, non-alcoholic fatty liver disease; CVD, cardiovascular disease;  CPA, commuting 
physical activity ; LTPA, leisure-time physical activity; OPA, occupational physical activity. 

Chapter 3 focuses on the associations of all domain-specific daily-life physical 
activities, namely commuting, leisure-related, and occupational activities, with blood 
pressure and the hypertension risk. The independent relationship of daily-life physical 
activities with blood pressure is tested using subgroups of BMI status and after 
adjusting for BMI. We also study whether the associations are age-dependent over 
the life course. 

In chapter 4, we prospectively explore the association between domain-specific 
daily-life physical activities and changes in the body weights of men and women after 
4-years of follow-up and assess whether these associations change over the life 
course within the general population. Moreover, we explore the potential benefits of 
individual daily-life physical activities within the non-occupational domain, namely 
cycling, walking, sports, and odd jobs.  

Chapter 5 presents an examination of the health potential of increased daily-life 
PA in RTRs. We assess the association between daily-life physical activities and the 
development of post-transplant diabetes, cardiovascular mortality, and all-cause 
mortality in these patients.  

Chapter 6 presents a comparative examination of the association between 
estimated body fat, measured through bioelectrical impedance analysis, with future 
cardiovascular events, and the associations of BMI and waist circumference with 
cardiovascular events. We focus, in particular, on differences between men and 
women relating to these associations. 

Chapter 7 identifies important considerations relating to the data processing of 
self-reported PA questionnaires, in this case, the Short Questionnaire to Assess 
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Health-Enhancing Physical Activity (SQUASH). These considerations include 
accounting for age corrections, accurate assignments of Metabolic equivalent (MET) 
values and appropriate categorization of activities into intensity degrees of light, 
moderate, or vigorous. 

Finally, Chapter 8 provides a summary and discussion of the main results of the 
thesis, methodological considerations, and future perspectives. 

As a homage to my heritage, the chapter numbers are written out in Mongolian 
calligraphy, in the traditional script dating from the 13th century, which is no longer 
in everyday use today.
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