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CHAPTER 1

Despite considerable achievements of modern medicine, cardiovascular disease 
(CVD) continues to be the worldwide leading cause of morbidity and mortality.1,2 
While significant advances have been made in pharmacological treatments, there is a 
growing recognition of the crucial role that healthy lifestyle plays in prevention and 
treatment of CVD and type 2 diabetes (T2D).3–6 International guidelines on prevention 
and treatment of CVD and T2D recommend not smoking, adopting a healthy diet, 
maintaining a healthy body weight, avoiding a sedentary lifestyle, achieving 150-300 
min/wk moderate-intensity or 75-150 min/wk vigorous-intensity physical activity, and 
avoiding psychological stress as measures to attenuate cardiovascular risk factors and 
to lower the risk of (recurrent) cardiovascular events (Table 1).5-8

However, scientific evidence describing the relationship between healthy lifestyle 
behaviour and cardiovascular outcomes is largely derived from observational studies 
performed in apparently healthy populations without manifest CVD. Whether these 
results translate to patients with a history of CVD, remains largely unknown. Patients 
with CVD frequently receive medications that can potentially limit the effectiveness of 
lifestyle interventions, because their effect is partly mediated by the same risk factors 
(e.g. blood pressure). Furthermore, these medications could limit patients’ ability to 
adhere to lifestyle recommendations (e.g. beta-blockers) and potential adverse effects 
of recommended lifestyle behaviours may be more pronounced in patients with 
manifest CVD (e.g. arrhythmia triggered by vigorous exercise). Therefore, this thesis 
examines the role of a healthy lifestyle, more specifically healthy diet and physical 
activity, in CVD prevention in patients with a history of CVD or T2D.

HEALTHY DIET

Food is essential for survival. A healthy diet should provide adequate energy intake, 
foods and nutrients to sustain a healthy life and prevent nutritional deficiencies. 
However, in developed countries, nutritional deficiencies are seldom a problem. We 
live in a world of easily available, energy-dense, nutrient-poor foods, which has resulted 
in a concerning epidemic of overconsumption and obesity. In Europe and the United 
States, the number of people who are overweight or obese has surpassed the number 
of people living with a healthy body weight.9,10 This unsettling trend has far-reaching 
consequences. Unhealthy dietary habits are taking their toll on population health: 
30-40% of cardiovascular deaths are attributable to unhealthy dietary habits11,12 and 
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one in five premature deaths could be prevented with lifelong adherence to a healthy 
diet.11 Unhealthy dietary habits are estimated to contribute to 8 million deaths and 
188 million disability-adjusted life years annually.1

Unhealthy diet as a risk factor for developing cardiovascular disease
Observational studies have shown that unhealthy dietary habits are associated with an 
increased risk of developing CVD and with increased levels of traditional cardiovascular 
risk factors including body weight, systolic blood pressure and low-density lipoprotein 
cholesterol (LDL-C).13,14 Excessive intake of calories, especially from diets low in fibre 
and high in sugary foods and beverages, plays a central role in the development of 
obesity.15 People with unhealthy dietary habits have higher systolic blood pressure than 
those with healthy dietary habits. Specifically, high sodium and low potassium intake 
are important contributors to inadequate blood pressure control.16 Dietary patterns 
with high saturated fat and trans-fatty acids content have been shown to result in 
modest but meaningful increases in LDL-C levels.17–19 Some extreme diets, such as a 
carnivore diet devoid of plant-based food items, can even result in LDL-C levels that 
are within a familial hypercholesterolemia range.20

Unhealthy dietary habits also negatively affect other CVD risk factors, such as insulin 
resistance and low-grade inflammation.21–23 Diets rich in refined sugars and red meat 
trigger a cascade of obesity and metabolic dysfunction that culminates in increased 
insulin resistance.22 Dysfunctional adipose tissue generates a chronic state of low-
grade inflammation through increased production of proinflammatory adipokines 
like interleukin-6 and tumor necrosis factor-alpha.24 These high circulating levels of 
proinflammatory cytokines and adipokines could ultimately lead to metabolic syndrome, 
characterized by abdominal obesity, hypertension, impaired glucose tolerance and 
dyslipidemia. Metabolic syndrome has been associated with nearly twofold increased 
risk of developing cardiovascular disease.25,26

Many studies studied food items in isolation and have shown adverse associations 
with cardiovascular event risk for some, such as red meats and sugar-sweetened 
beverages and protective associations for others such as fruits and legumes.27 Studying 
single food groups or nutrients is a useful tool for answering etiologic questions in 
nutritional epidemiology. However, food items are not consumed in isolation, but in 
meals with a myriad of possible combinations with other food items. Translating the 
complex interplay between food and CVD into actionable advise is, unfortunately, 

1
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not as simple as eating “an apple a day”, which has been investigated and debunked 
to “keep the doctor away”.28 It may therefore be more suitable and better reflective 
of disease risk to study complete dietary patterns instead.29 Several dietary patterns, 
such as a Mediterranean and plant-based diets, have been associated in observational 
studies with 15 to 30% reductions in relative risk of acute myocardial infarction, stroke, 
cardiovascular mortality and all-cause mortality.30–33 Efficacy of dietary interventions to 
reduce cardiovascular event risk has rarely been assessed in randomized clinical trials. 
The majority of clinical trials on dietary interventions evaluated short-term effects on 
cardiovascular risk factors. Based on such studies it is difficult to select an optimal 
dietary pattern for secondary CVD prevention, especially given the magnitude of 
dietary patterns available which have not directly been compared in head-to-head trial. 
Furthermore, although multiple studies have extensively investigated the physiological 
and metabolic effects of dietary pattern interventions, their relative contributions 
as mediators of the effect of diet on clinical outcomes warrants further exploration.

Healthy diet as a treatment strategy for cardiovascular disease
Lifestyle optimization is a first-line guideline recommendation for patients with 
established CVD and this includes promoting adherence to a healthy dietary pattern 
(Table 1).5,6 Dietary pattern interventions have been shown to effectively mitigate 
cardiovascular risk factors.17,34 The Dietary Approaches to Stop Hypertension (DASH) 
diet, a dietary pattern with a strong emphasis on fruits, vegetables, whole grains, lean 
meats and sodium reduction, effectively reduced systolic blood pressure by up to 11.5 
mmHg and body weight by 1.5 kg in hypertensive patients.35,36 Interventions with a 
plant-based diet lowered LDL-C by mean of 0.3 mmol/l (range –1.4 to -0.1 mmol/l).37 
These trials provide an important clue to the potential for adopting a healthy diet in 
CVD prevention. However, relatively little is known about the added value of such 
interventions on top of blood pressure- and lipid-lowering medications. Moreover, it is 
unclear to what extent these reductions in cardiovascular risk factors would translate 
to reductions in risk of cardiovascular events and to what extent the health effects of 
dietary patterns are mediated by these factors.

In the 1950s, a talented researcher named Ancel Keys first studied the relationship 
between the Mediterranean diet and coronary heart disease.38 Ever since this diet has 
sparked enormous research interest. The Mediterranean diet has stood the test of 
time and has repeatedly emerged as the optimal dietary pattern for CVD prevention.39 
Mediterranean-style diets put a strong emphasis on replacing saturated fats with 
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mono- and polyunsaturated fatty acids, intake of fresh fruits, vegetables and legumes 
and limited intake of animal products. Several randomized trials have assessed the 
effectiveness of a Mediterranean diet intervention for prevention of (recurrent) 
cardiovascular events in both primary and secondary CVD prevention populations. In 
the 1990’s, the Lyon Diet Heart study compared a Mediterranean-type diet to a typical 
Western-style diet in 604 patients with coronary artery disease (CAD) and found a 
70% reduction in risk of the composite cardiovascular and mortality endpoint.40,41 The 
landmark PREDIMED (Prevención con Dieta Mediterránea) compared the efficacy 
of a Mediterranean diet supplemented with either extra-virgin olive oil or nuts to a 
low-fat diet in 7,447 patients at high risk of developing CVD and found protective 
hazard ratios of 0.69 (95%CI 0.53-0.91) and 0.72 (95%CI 0.54-0.95) for the two 
Mediterranean diets, respectively.42 Finally, the recent CORDIOPREV trial showed 
that a Mediterranean diet was superior to a low-fat diet in CAD patients. This trial 
demonstrated a relative risk reduction of 28% (95%CI 4-46%) from the Mediterranean 
diet after a median follow-up of 7 years.43 Together, these trials support international 
guideline recommendations for using a Mediterranean diet as a treatment option in 
both primary and secondary CVD prevention.5–7

PHYSICAL ACTIVITY

Physical activity is a crucial pillar of human well-being. However, in an era marked by 
technological advances and modern conveniences, physical inactivity has emerged 
as a prevalent concern in developed nations. The ubiquity of sedentary behaviours, 
compounded by an environment that facilitates minimal exertion, has given rise to a 
concerning pandemic of physical inactivity.44 In Europe, one in three adults does not 
meet guideline-recommended physical activity levels45 and in the USA a staggering 
80% of adults is classified as physically inactive.46 Physical inactivity is an important 
risk factor for a range of non-communicable diseases, including CVD. Low physical 
activity levels are estimated to contribute to 8.6 million life years lost and 16 million 
disability-adjusted life years annually.1

Physical activity classifications
‘Physical activity’ is a broad concept that may be challenging to capture into a single 
metric. Several classifications have been proposed to categorize it, for example 
based on the domain in which the activity is performed. Occupational physical 

1
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activity encompasses all physical activity at work, while leisure-time physical activity 
encompasses all activities outside the workplace, such as exercise, transportation and 
recreation. Additionally, physical activity is often classified based on its physiological 
characteristics into two primary categories: aerobic exercise and resistance training. 
Aerobic exercise involves continuous repetitive movements that elevate heart rate and 
increase oxygen consumption. Resistance, or muscle-strengthening, training involves 
exerting force against a resistance and results in increased muscle strength, size and 
endurance.

Physical activity can be expressed in type, frequency, intensity and duration. The 
frequency, duration and intensity dimensions can be captured into a single metric, 
physical activity volume. Physical activity intensity is commonly expressed as 
Metabolic Equivalent of Task (MET): a MET of 1 equates to the energy expenditure in 
complete rest.47 High-intensity activities necessitate greater oxygen consumption and 
consequently receive higher MET values. To arrive at physical activity volume, the MET 
value can be multiplied by duration and frequency of the activity. Standard MET values 
are available for a wide spectrum of physical activities.48 CVD prevention guidelines 
recommend engaging in 150-300 minutes moderate-intensity physical activity (MET 
value 3-6) or 75-150 minutes vigorous-intensity activity (MET value ≥6) per week.5–7,45 
Both recommendations correspond to a physical activity volume of 7.5 to 15 METh/
wk. A limitation of assessing physical activity in a combined metric such as exercise 
volume, is that optimal physical activity intensity, duration and type remain largely 
unknown in patients with CVD.

Physical inactivity as a risk factor for developing cardiovascular disease
In primary prevention populations, higher leisure-time physical activity levels 
have consequently been associated with a myriad of health benefits including a 
decreased susceptibility to various forms of cancer,49–51 and diminished occurrence of 
cardiovascular disease.45,51–53 These associations appear to have clear dose-response 
relationship without an apparent minimum threshold for benefits to manifest.53–56 
Remarkably, even for a modest daily step count of 4,000 steps/day, the potential to 
reduce cardiovascular and all-cause mortality risk has been demonstated.54 When an 
active lifestyle is adopted later in life, this change is still associated with a remarkable 
45% relative risk reduction in (cardiovascular) mortality risk in observational studies,57 

underscoring the encouraging premise that it is truly never too late to start moving.58
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While the health benefits of leisure-time physical activity are well documented, 
there have been conflicting reports on the health effects of occupational physical 
activity. In general population studies, higher occupational physical activity levels 
have been associated with reduced risk of T2D and cancer, but with increased risk 
of cardiovascular events and all-cause mortality even after extensive adjustment for 
confounding.59,60 This so-called “physical activity paradox” between leisure-time and 
occupational physical activity has prompted inquiries into potential explanations. 
Plausible rationales include residual confounding, the low-intensity and repetitive 
nature of occupational physical activity, compounded by limited time for post-work 
recovery.61 The generalizability of these paradoxical findings to patients with a history 
of cardiovascular disease remains unclear.

Physical activity as a treatment strategy for cardiovascular disease
In a multitude of smaller-scale clinical trials with limited follow-up time, physical activity 
has exhibited pronounced efficacy in attenuating cardiovascular risk factors, including 
LDL-cholesterol62 and blood pressure,63 and in improving cardiorespiratory fitness.64,65 
Increased physical activity inherently results in heightened energy expenditure 
and increases in muscle mass, which contributes to weight loss,66 improved insulin 
sensitivity67 and reduced systemic inflammations levels.68 Although multiple studies 
have extensively investigated these physiological and metabolic effects of leisure-time 
physical activity, their relative contributions as mediators of the effect of physical 
activity on clinical outcomes warrants further exploration. It is unclear which mediators 
are most important to effectively reduce the risk of cardiovascular events. Notably, 
no long-term cardiovascular outcomes trial has been performed to directly assess the 
efficacy of physical activity interventions in primary or secondary CVD prevention.

IMPLEMENTING LIFESTYLE IN CLINICAL CVD 
MANAGEMENT

Despite the well-established evidence supporting the positive impact of lifestyle 
changes, it proves difficult to get individuals to adopt and maintain these habits. 
The EUROASPIRE V survey showed that a vast majority of patients with CVD is 
not compliant with guideline recommendations on smoking, weight loss and physical 
activity.69 Remarkably, almost half of patients with obesity or an inactive lifestyle 
also reported never having received any counselling to improve these factors.69 This 

1
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daunting gap between scientific evidence and clinical practice highlights the urgent 
need for comprehensive healthcare strategies that prioritize effective communication 
and personalized guidance to improve lifestyle habits for patients with established 
CVD in the era of evidence-based medicine.

Challenges in implementing healthy lifestyle habits
Implementing lifestyle changes in clinical practice presents various challenges for 
healthcare providers and patients alike. Factors such as patient motivation, physicians’ 
time constraints, access to resources, and cultural influences can significantly impact 
the success of lifestyle interventions.70 Important determinants of long-term adherence 
to lifestyle interventions include early weight loss, better baseline mood, male sex 
and older age.71 Understanding these determinants is crucial for developing effective 
strategies to overcome barriers and promote lasting behaviour change.

The 2023 European Association of Preventive Cardiology (EAPC) consensus statement 
on Promotion of healthy nutrition in primary and secondary cardiovascular disease 
prevention puts a strong emphasis on the use of e-technology to improve nutritional 
assessment and dietary interventions.72 Currently, there are very few of such online 
tools available to provide evidence-based and personalized estimates for the long-term 
benefits of lifestyle interventions.

Individualized lifetime benefits from lifestyle interventions
Improving comprehension of the personalized benefits arising from lifestyle 
interventions could significantly enhance patient motivation. A general population 
modelling study showed that a sustained change from a Western-style diet to a 
healthier diet could result in more than 10 years gained in life expectancy. These 
benefits were larger when the healthy diet was initiated at a younger age.73

Personalized risk prediction has become standard-of-care in primary and secondary 
CVD prevention and is recommended by international guidelines.5 Several prediction 
models are available for predicting 10-year and lifetime risk of cardiovascular events 
based on individual patient characteristics for specific patient groups, such as those 
with CVD risk factors, T2D or established CVD.74–77 A compelling aspect of these 
models is that they allow for estimating absolute lifetime benefit (in additional life 
years free of CVD) attainable through initiation of preventive treatment. This feature 
is an important tool in the shared decision-making progress and could bolster patients’ 
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adherence to preventive treatment over prolonged periods. It would be very useful to 
combine these models with treatment effects from interventions aimed at improving 
lifestyle behaviours. Currently available models only assess the impact of smoking 
cessation as a lifestyle intervention and do not allow for estimating lifetime benefit 
from a dietary or physical activity intervention.

Economic evaluation of lifestyle interventions
As a result of improvement in clinical care for CVD patients over the last decades, the 
number of patients with chronic CVD continues to rise.78 Although the improved health 
outcomes are applaudable, they are accompanied by large costs. Health care costs 
are expected to increase by 1% in both the European Union and the United States of 
America each year.79,80 As healthcare systems strive to optimize resource allocation and 
prioritize cost-effective interventions, economic evaluations of lifestyle interventions 
become increasingly pertinent. It is therefore important to explore the economic 
aspects of implementing healthy lifestyle habits in the management of CVD. Previous 
cost-effectiveness analyses indicated that lifestyle interventions are cost effective in 
primary CVD prevention, and are likely to be even more cost-effective in populations 
at higher CVD risk,81 while costs for new pharmacological treatments are relatively 
high compared to lifestyle interventions.82–84 By assessing the cost-effectiveness and 
potential savings associated with lifestyle interventions, policymakers and healthcare 
providers can make informed decisions about allocating resources for preventative 
measures and long-term CVD management.

THESIS OBJECTIVES

This thesis uses a multitude of methodologies in order to explore the role of a healthy 
diet and physical activity in the management of patients with clinically manifest CVD. 
The objectives of this thesis are:

I.	 To explore the relationship between different dietary patterns and cardiovascular 
outcomes in people with a history of CVD and/or type 2 diabetes.

II.	 To evaluate the role of different types of physical activity in the occurrence of 
health outcomes in patients with established CVD.

III.	 To estimate the potential long-term benefit from healthy dietary habits and physical 
activity levels in the clinical management of patients with established CVD.

1
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Thesis outline
PART I focuses on the relationship between different dietary patterns and 
cardiovascular outcomes in patients with cardiovascular disease or type 2 diabetes. 
Chapter 2 describes the dietary intake of CVD patients and their compliance with 
current dietary guidelines. Chapters 3 and 4 use a network meta-analysis approach to 
pool evidence from clinical trials on the effectiveness of dietary pattern interventions 
on cardiovascular risk factors in patients with established CVD and people with T2D. 
Chapter 5 explores to what extent the effect of healthy dietary patterns is mediated 
through traditional cardiovascular risk factors. In chapter 6 a target trial designed 
to assess the effect of a DASH diet on cardiovascular outcomes in CVD patients is 
emulated in observational data.

PART II explores the relationship of different types of physical activity with health 
outcomes in patients with established CVD. In chapter 7, the relationship between 
health outcomes and leisure-time physical activity on the one hand, and occupational 
physical activity on the other hand, is assessed. Chapter 8 assesses the associations 
between exercise volume, type and intensity and risk of cardiovascular events and 
(cardiovascular) death, as well as the extent to which these relationships are mediated 
through cardiovascular risk factors.

PART III aims to bring together different healthy lifestyle behaviours and to assess 
the long-term benefits of healthy dietary and physical activity habits in the clinical 
management of CVD patients. Chapter 9 examines the effect long-term change in 
multiple lifestyle factors, including smoking, alcohol consumption, body composition 
and physical activity, on (cardiovascular) mortality and incident diabetes risk. In chapter 
10, individualized lifetime benefit of compliance with a Mediterranean diet and 
guideline-recommended physical activity levels is estimated in patients with established 
CVD. In chapter 11, the cost-effectiveness of treatment with a Mediterranean diet 
intervention and a physical activity intervention in the context of secondary CVD 
prevention is investigated.

The main findings of this thesis are discussed in chapter 12.
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TABLE 1  Healthy lifestyle recommendations in international CVD guidelines5–7

Smoking

Stop smoking

Diet

Adopt a more plant- and less animal-based food pattern

Saturated fatty acids should account for <10% of total energy intake, through replacement by PUFAs, 
MUFAs, and carbohydrates from whole grains

Trans unsaturated fatty acids should be minimized as far as possible, with none from processed foods

<5 g total salt intake per day

30–45 g of fibre of per day, preferably from wholegrains

≥200 g of fruit per day (≥2–3 servings)

≥200 g of vegetables per day (≥2–3 servings)

Red meat should be reduced to a maximum of 350 − 500 g a week, in particular processed meat 
should be minimized

Fish is recommended 1–2 times per week, in particular fatty fish

30 g unsalted nuts per day

Consumption of alcohol should be limited to a maximum of 100 g per week

Sugar-sweetened beverages, such as soft drinks and fruit juices, must be discouraged

Plant-based dietary patterns and hypocaloric Mediterranean diets are recommended for ASCVD 
prevention and weight loss

Physical activity

Strive for at least 150-300 min a week moderate-intensity or 75-150 min a week vigorous intensity 
aerobic physical activity

Adults who cannot perform 150 min/wk of moderate intensity physical activity, should stay as 
active as possible

Reduce sedentary time

Perform resistance exercise on 2 or more days a week

Adapted from: 2021 ESC CVD prevention 5 , 2019 AHA primary CVD prevention7 and 2023 ACC/
AHA chronic coronary disease guidelines6

MUFA = monounsaturated fatty acid; PUFA = polyunsaturated fatty acid.

1
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ABSTRACT

Background
Unhealthy dietary habits are an important risk factor for cardiovascular disease (CVD) 
and adopting a healthy diet is a central recommendation in CVD prevention. This study 
assessed the dietary habits of patients with established CVD, their compliance to 
dietary guidelines, and the relationship between guideline-compliance and recurrent 
cardiovascular event risk.

Methods
2,656 patients with established CVD from the Utrecht Cardiovascular Cohort-
Secondary Manifestations of ARTerial disease (UCC-SMART) prospective cohort study, 
were included between 1996 and 2022. Data on dietary intake was retrospectively 
collected for all participants in December 2022 using a 160-item food frequency 
questionnaire. Compliance with dietary guidelines was quantified using an amended 
version of the Dutch Healthy Diet 2015 (DHD-15) index (range: 0-135). Cox 
proportional hazard models were used to quantify the relationship with cardiovascular 
events (stroke and myocardial infarction).

Results
Among 2,656 CVD patients (77% male, mean age 59 ±9 years), median energy intake 
was 1,922 [IQR: 1,536-2,351] kcal/day. The median DHD-15 index was 81.7 [IQR 
71.2-92.0], with high compliance scores for recommendations on legumes and fish, 
and low scores for recommendations on whole grains, red meat, processed meat, and 
dairy. A higher DHD-15 score was associated with lower stroke risk (HR 0.78, 95%CI 
0.66-0.92 per 10-point increase) but not with myocardial infarction.

Conclusion
Compliance with dietary guidelines was suboptimal in patients with established CVD. 
High compliance was associated with a clinically significant reduction in stroke risk 
in patients with established CVD, emphasizing the importance of dietary counseling.
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DIETARY HABITS AMONG CVD PATIENTS

INTRODUCTION

Healthy dietary habits are central in the prevention of cardiovascular disease (CVD).1–4 
An unhealthy diet significantly increases risk of developing non-communicable diseases 
like CVD, diabetes and cancer.1,5,6 In 2015, the Dutch Health Council presented 
guidelines on healthy dietary habits for the Netherlands.7 In 2023, the Dutch Health 
Council introduced updated diet recommendations, specifically targeted to patients 
with established CVD.8 Both sets of guidelines include a general recommendation to 
adopt a more plant-based dietary pattern and provide specific recommendations on a 
range of food groups. Similarly, in the 2021 ESC Cardiovascular Prevention Guidelines 
a plant-based diet is advised in high-risk patients.2 The Dutch Healthy Diet index 2015 
(DHD15 index) was developed to measure compliance with the current Dutch dietary 
guidelines.9 Previous research has shown that DHD-15 scores ranged between 50-70 
(out of maximum 150) in the Dutch general population, and that higher compliance 
is associated with lower levels of cardiovascular risk factors, cardiovascular events, 
incident type 2 diabetes, cancer and depressive symptoms.10–14

The relationship between healthy diet and cardiovascular outcomes has extensively 
been studied in apparently healthy populations 15–18 and several dietary patterns have 
been associated with reduced risk of developing CVD. For instance, a high compliance 
with the American dietary guidelines has been associated with significant morbidity 
and mortality benefits.19,20 Unfortunately, few cohorts comprising patients in whom 
CVD is clinically manifest, have collected detailed and up-to-date information on 
dietary intake. As a result, the relationship between compliance with dietary guideline 
recommendations and recurrent cardiovascular events has not extensively been 
studied and evidence on the dietary habits of these patients and the relationship 
between these habits and clinical outcomes is scarce. A meta-analysis on older dietary 
studies in patients with coronary artery disease suggested that the existing evidence 
was insufficient to provide a reliable estimate of the impact of diet on CVD patients’ 
prognosis. However, based on the available data, this meta-analysis estimated a 
potential effect of approximately 45% relative risk reduction.21 Further research on 
dietary habits of patients with CVD could help improve targeted dietary guidance for 
patients with established CVD and lead to better clinical outcomes.

The objective of the present study is to describe the dietary habits of patients with 
established CVD and to assess the degree of compliance with guideline-recommended 

2
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healthy diets. Additionally, the study aims to quantify the relation between compliance 
with the guideline-recommended healthy diet and recurrent cardiovascular events in 
patients with clinically manifest CVD.

METHODS

Study population
The Utrecht Cardiovascular Cohort - Secondary Manifestations of Arterial Disease 
(UCC-SMART) study is a single-center, ongoing prospective cohort that includes 
patients aged 18 to 79 years with cardiovascular risk factors or established CVD. In 
December 2022 all 10,072 UCC-SMART participants who were still alive and actively 
participating in follow-up were invited to complete a food frequency questionnaire 
(FFQ) (Figure 1, Figure S1). In total, 4,496 participants completed the FFQ, resulting in 
an overall response rate of 45%. The current analysis was limited to patients included 
between December 1996 and December 2022 with established CVD at baseline 
for whom plausible dietary intake data was available (N = 2,656). Established CVD 
was defined as a history of coronary artery disease (CAD), cerebrovascular disease 
(CeVD), peripheral arterial disease (PAD) or abdominal aortic aneurysm (AAA) (Table 
S1). The UCC-SMART study has been approved by the local Medical Ethics Committee 
(reference number 22-088), with all participants providing written informed consent. 
Details on the UCC-SMART study have been published previously.22,23

Dietary assessment
Data on dietary intake were collected at a different moment than the baseline 
covariates. Information on dietary habits using an FFQ was retrospectively collected 
in December 2022. Participants were sent an invitation letter to fill out the FFQ using 
a specially designed online tool (FFQ-TOOL). In case participants did not prepare their 
own meals, they were encouraged to complete the FFQ with the help of a spouse, 
family member or caregiver. A reminder was sent six weeks after the original invitation 
to those who had not completed the FFQ.

Dietary intake was assessed with the FFQ-NL 1.0, a web-based, 160-item 
questionnaire specifically designed for the Dutch population.24 The questionnaire 
comprises questions on frequency and consumed amounts with a reference period of 
one year. FFQ-NL1.0 has good agreement with 24-hour dietary recalls on total energy 
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intake and macronutrients, with low levels of bias in the mean values. Moreover, it 
has a comparable performance to other FFQs.24,25 Intakes of energy, macronutrients, 
and micronutrients were obtained by linking the reported consumption data with the 
Dutch Food Composition Database.26 To address potential under- or overreporting of 
dietary intake, patients with implausible energy intake (< 500 kcal or > 3,500 kcal)27,28 
were excluded from the analysis resulting in the exclusion of 487 individuals (11% of 
all responses).

FIGURE 1  Flowchart of patient selection and dietary data collection

UCC-SMART cohort, January 2023
N = 15,144 

  Not invited for FFQ 
    Died/lost to FU
    No consent for additional 
      questionnaires 

Invited to complete FFQ
N = 10,072

   No dietary data available
     No response, N = 5,576
     Implausible energy intake*, N = 487 

Dietary data available
N = 4,009

Study population
N  = 2,685

   No established CVD at inclusion
     N= 1,324 

Flowchart representing dietary data collection in the UCC-SMART cohort. Plausible energy intake 
levels were defined as a daily caloric intake ≥ 500 kcal and ≤ 3,500 kcal.
FFQ: food frequency questionnaire, UCC-SMART: Utrecht Cardiovascular Cohort – Second 
Manifestations of ARTerial disease.

2
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Compliance with dietary guidelines
The DHD-15 index was used to evaluate compliance with the Dutch dietary guidelines, 
based on the Dutch Health Council’s recommendations on healthy dietary habits.9 The 
Health Council’s recommendations are targeted to the Dutch population, but show 
extensive overlap with current international dietary guidelines for CVD prevention 
(Table S2).2,3 Recent updated guidelines specifically targeted to patients with CVD or 
type 2 diabetes, showed very few deviations from the general recommendations. 8,29 

The DHD-15 index is a validated dietary index that scores intake for 15 food groups 
or nutrients, awarding a continuous score between 0 and 10 for each item based 
on target intake levels, with an overall score ranging from 0 to 150. In the current 
study, two components (3b wholegrain to refined grain ratio (5 points); and 10 use of 
filtered coffee (10 points) were not assessed in the current study because the required 
information is not captured in FFQ-NL 1.0, resulting in a maximum DHD-15 index 
score of 135 in this analysis.

Covariate assessment
Information on all non-dietary covariates was collected at inclusion in the UCC-
SMART cohort. At this time, all participants completed a standardized questionnaire 
that included questions on age, sex, education, lifestyle behaviors, medical history, 
cardiovascular risk factors and medication use. Education level was classified as low, 
low-middle, middle-high, and high. Smoking status was self-reported and classified as 
never, former, or current. All patients underwent anthropomorphic measurements, 
physical examination, and laboratory measurements. Anthropometric measurements 
were taken with patients wearing light clothing and no shoes, and body mass index 
(BMI) was calculated by dividing body mass by height squared. Blood pressure was 
measured automatically, in triplicate with a 30-second interval, and the mean value 
of three measurements was used as systolic and diastolic blood pressure. Total 
cholesterol, high density lipoprotein cholesterol and triglyceride levels were measured 
in fasting venous blood. LDL-cholesterol levels were calculated using the Friedewald 
formula.30 Physical activity was self-reported and assessed using a validated ranking 
questionnaire that included additional questions on type and duration of exercise.31 
Total physical activity volume in metabolic equivalent of task hours per week (METh/
wk) were calculated based on the MET value for the reported activity from the 
Compendium of Physical Activity.32
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Clinical outcomes
The endpoint in the explorative survival analysis was a composite of incident myocardial 
infarction (MI) and stroke. Myocardial infarction and stroke were separately assessed 
as secondary endpoints. Detailed endpoint definitions are provided in Table S3. Data 
on clinical endpoints was collected through annual follow-up questionnaires on vital 
status and occurrence of cardiovascular events from the time of inclusion until January 
2022. When participants reported an event, the relevant medical information was 
obtained from the treating physician. The final categorization of the type of event was 
made independently by three physicians from the UCC-SMART endpoint committee.23

Data analyses
Baseline characteristics and reported dietary intake were described as mean ± standard 
deviation, median [interquartile range (IQR)] and number (percentage), as appropriate, 
stratified for history of CVD and for BMI group (< 25, 25-30 or ≥25 kg/m2). Cox 
proportional hazard models were used to assess the relationship between quartiles 
of DHD-15 index and non-fatal stroke and non-fatal MI and a composite of these 
outcomes. Model 1 adjusted for age and sex. Model 2, the main model, additionally 
adjusted for daily energy intake, education level, smoking status and physical activity 
level. Finally, model 3 further adjusted for variables that could be both confounders or 
intermediates: BMI, systolic blood pressure, LDL-cholesterol, fasting triglycerides, and 
hs-CRP. Restricted cubic splines were used to assess the relationship between DHD-15 
as a continuous variable with the outcomes. The proportional hazard assumption was 
checked by visual inspection of Schoenfeld residuals and was not violated.

Sensitivity analyses were conducted to evaluate the potential impact of participation 
bias in the collection of dietary intake data. Baseline characteristics for responders 
and non-responders were compared and standardized mean differences (SMD) were 
calculated. As a sensitivity analysis, dietary data were imputed for patients that did 
not respond to the FFQ using multiple imputation. In this imputed dataset, the Cox 
regression models were repeated. A subgroup analysis was conducted in patients with 
less than five years between the dietary intake questionnaire and collection of patients 
characteristics, anthropometrics, and laboratory testing. Finally, the relationship 
between quartiles of DHD-15 index and non-fatal stroke and non-fatal MI and a 
composite of these outcomes was assessed using logistic regression models adjusted 
for all confounders in model 2 to assess whether the collection of dietary data after 
outcome collection could have affected the results.

2
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Missing data were imputed with single imputation using predictive mean matching. 
Missingness was highest for education (18%) and LDL-cholesterol (3%). All statistical 
analyses were performed using R statistical software, version 4.0.3 (R Foundation for 
Statistical Computing, Vienna, Austria). A two-sided p-value <0.05 was considered 
statistically significant.

RESULTS

Study population
Table 1 presents the baseline characteristics of participants that completed the 
FFQ and reported a plausible energy intake (N = 2,656). Mean age was 59 ±9 years 
and the majority were men (77%). CAD was the most prevalent CVD manifestation 
(N = 1,697, 63%). Of all patients 79% used lipid-lowering medication and 78% used 
antihypertensive medication. Compared with non-responders, participants who 
completed the FFQ had a higher education level and a healthier cardiovascular risk 
profile, as they were less likely to be current smokers (19% vs 27%), had lower systolic 
blood pressure (133 ±21 vs 139 ±22 mmHg) and lower LDL-cholesterol levels (2.3 IQR 
1.8-3.0 vs 2.8, IQR 2.2-3.7 mmol/l). Physical activity, body mass index and hs-CRP 
levels were similar across responders and non-responders (Table S4).

Participants with less than five years between the collection of dietary intakes in 2022 
and the other patient characteristics at baseline (N = 719) were older compared to 
the main analysis (Table S5). However, across healthy dietary compliance quartiles, 
a similar pattern of patients with a better compliance being more frequently female 
and having a more favourable cardiovascular risk profile (less smoking, more physical 
activity, lower BMI, and more favourable lipid profile) between the subgroup and the 
main analysis was observed (Table S5).
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TABLE 1  Patient characteristics of the UCC-SMART cohort

Overall

Guideline diet adherence score

Quartile 1
[30.8,71.2]

Quartile 2
(71.2,81.7]

Quartile 3
(81.7,92.1]

Quartile 4
(92.1,129]

N = 2,656 N = 664 N = 664 N = 664 N = 664

Male, N (%) 2,071 (77) 554 (83) 531 (80) 512 (77) 474 (71)

Age, year 59.3 ±9.4 58.5 ±9.5 59.0 ±9.4 59.8 ±9.4 60.1 ±9.1

Education level, N (%)

Low 367 (14) 110 (17) 104 (16) 81 (12) 72 (11)

Low-middle 914 (34) 258 (39) 228 (34) 231 (35) 197 (30)

Middle-high 1,224 (46) 256 (39) 287 (43) 325 (49) 356 (54)

High 151 (6) 40 (6) 45 (7) 27 (4) 39 (6)

CAD, N (%) 1,697 (63) 449 (68) 482 (73) 484 (73) 474 (71)

CeVD, N (%) 518 (19) 186 (28) 150 (23) 141 (21) 173 (26)

Diabetes, N (%) 307 (11) 69 (10) 83 (13) 87 (13) 68 (10)

Smoking status, N (%)

Never 788 (29) 158 (24) 179 (27) 200 (30) 251 (38)

Former 1,366 (51) 335 (51) 347 (52) 351 (53) 333 (50)

Current 502 (19) 171 (26) 138 (21) 113 (17) 80 (12)

Physical activity, METh/wk 42 [24-68] 37 [21-65] 41 [21-68] 43 [25-65] 44 [27-71]

Body mass index, kg/m2 26.8 ±5.6 27.5 ±9.0 26.9 ±3.8 26.7 ±3.7 26 ±4.3

Systolic BP, mmHg 133 ±18 134 ±17 134 ±20 134 ±18 132 ±18

Total cholesterol, mmol/L 4.2 [3.6-5.0] 4.3 [3.6-5.1] 4.3 [3.6-5.1] 4.2 [3.6-5.1] 4.2 [3.6-4.9]

HDL-cholesterol, mmol/L 1.2 [1.0-1.4] 1.2 [1.0-1.4] 1.2 [1.0-1.4] 1.2 [1.0-1.4] 1.2 [1.0-1.5]

LDL-cholesterol, mmol/L 2.3 [1.8-3.0] 2.4 [1.9-3.1] 2.3 [1.8-3.0] 2.3 [1.9-3.0] 2.3 [1.8-2.9]

CRP, mg/L 1.6 [0.8-3.2] 1.5 [0.8-3.3] 1.7 [0.9-3.4] 1.7 [0.9-3.4] 1.3 [0.7-2.9]

Lipid-lowering therapy (%) 2,131 (79) 517 (78) 541 (82) 536 (81) 537 (81)

BP-lowering therapy (%) 2,105 (78) 501 (76) 547 (82) 535 (81) 522 (79)

Baseline characteristics of UCC-SMART participants. Data are presented as number (percentage), 
mean ± standard deviation or median [interquartile range]. CVD: cardiovascular disease, CAD: 
coronary artery disease, CeVD: cerebrovascular disease, , BP: blood pressure, HDL: high-density 
lipoprotein, LDL: low-density lipoprotein, CRP: C reactive protein, NA: not applicable.

2
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Dietary intake
The daily intake for macronutrients, micronutrients and food groups in the UCC-
SMART cohort is presented in Table 2. Median energy intake was 1,922 [IQR 1,536-
2,351] kcal. The median macronutrient intake consisted of 193 [IQR 147-239] g/day of 
carbohydrates, 21 [IQR 16-27] g/day of protein, and 27 [IQR 20-35] g/day of fatty acids 
(37% saturated fatty acids, SFA). Total energy intake was highest in participants with 
CAD and multiple CVD manifestations (1955, IQR 1570-2362 and 1938, IQR 1570-
2478 kcal/day, respectively) and lowest in those with CeVD (1844, IQR 1417-2268 
kcal/day) and PAD/AAA (1861, IQR 1436-2284 kcal/day). Fruit and vegetable intake 
were highest in patients with multiple CVD manifestations (118, IQR 37-225 and 108, 
IQR: 62-178 g/day, respectively) and lowest in PAD/AAA patients (99, IQR 24-222 and 
102, IQR 43-154 g/day, respectively). Participants with multiple CVD manifestations 
consumed the largest amounts of red meat (95 g/day). PAD/AAA patients and those 
with multiple CVD manifestations consumed significantly more alcoholic beverages 
than those with CAD or CeVD (Table 2).

CVD patients with a BMI ≥ 30 kg/m2 reported a lower total energy intake compared 
with those with a BMI < 25 kg/m2 (1847, IQR 1432-2357 kcal/day vs. 1944, IQR 1548-
2344 kcal/day). Reported intake of fruits, vegetables, wholegrains, nuts, legumes, and 
tea was lower in overweight and obese patients compared with those with a healthy 
BMI (Table S6). Overweight and obese patients reported a high intake of fatty acids, 
red and processed meat, and coffee.
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Compliance with dietary guidelines
The median DHD-15 index was 81.7 [IQR 71.2-92.0] and ranged between 30.8 and 
129.4. The compliance scores for legume, vegetable oil, alcohol, and salt intake were 
the highest, with over 50% of the population meeting the target intake for these 
components (Figure 2). Compliance was lowest for the whole grain component, with 
a median score of 1.6 [IQR 0.0-4.2] out of a maximum of 5. Patients with established 
CVD also had poor-moderate compliance with the nuts and dairy components but with 
large variation across the population, with a median score of 4.0 [IQR 0.8-10.0] and 
5.4 [IQR 0.4-9.6], respectively. DHD-15 component scores for red and processed meat 
were 4.3 [IQR 0-10] and 5.2 [IQR 2.3-9.0], respectively. Compliance with the healthy 
diet guidelines did not differ across subgroups of patients with different manifestations 
of CVD (Table 2).

Relationship between DHD-15 index and cardiovascular events
During a median follow-up of 8.7 [IQR: 4.1-13.7], a total of 211 cardiovascular events 
occurred. The multivariable-adjusted relationship between DHD-15 index and major 
cardiovascular events were approximately linear (Figure 3). DHD-15 score was not 
significantly associated with the composite cardiovascular event endpoint and incident 
myocardial infarction (HR 0.93, 95%CI 0.85-1.01 and 0.98, 95%CI 0.88-1.08 per 10-
point increase, respectively). A higher DHD-15 score was associated with incident 
stroke (HR 0.78, 95%CI 0.66-0.92 per 10-point increase in DHD-15 index, Figure 3C). 
Table 3 presents HRs for cardiovascular events, myocardial infarction and stroke across 
DHD-15 index quartiles. In these analyses, a statistically significant relationship with 
stroke was observed for the third and fourth DHD-15 index quartile (HR 0.44, 95%CI 
0.20-0.95 and HR 0.32, 95%CI 0.13-0.80, respectively). In a sensitivity analysis with 
imputed dietary intakes for non-responders, HRs for cardiovascular events were similar 
in size and direction (Table S7). A sensitivity analysis using logistic regression instead of 
cox regression to assess the relationship between DHD-15 index and cardiovascular 
outcomes yielded odds ratios that were similar in size and direction to those found in 
the Cox regressions (Table S8).

2
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FIGURE 2  Compliance with the Dutch dietary guidelines (DHD-15 score)

DHD-15 component score
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Distribution and median scores for the individual components of the DHD-15 index. Vertical dashes 
signify the quartiles. Fully compliant was defined as a score of 10, except for wholegrain intake where 
a score of 5 was fully compliant. SSB: Sugar-sweetened beverages, CVD: cardiovascular disease, 
DHD-15: Dutch health diet-15 index.
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TABLE 3  Relationship between DHD-15 quartiles and cardiovascular events

Quartile 1 Quartile 2 Quartile 3 Quartile 4

30-69 69-80 80-91 91-129

Cardiovascular events

N events 64 69 42 36

Follow-up (py) 6,563 6,173 5,966 5,388

Model 1 Reference 1.14 (0.81-1.60) 0.72 (0.48-1.06) 0.70 (0.47-1.06)

Model 2 Reference 1.15 (0.82-1.62) 0.72 (0.49-1.07) 0.73 (0.48-1.11)

Model 3 Reference 1.17 (0.83-1.65) 0.73 (0.50-1.09) 0.77 (0.51-1.17)

Myocardial infarction

N events 46 52 33 30

Follow-up (py) 6,693 6,276 6,013 5,435

Model 1 Reference 1.20 (0.81-1.78) 0.79 (0.51-1.24) 0.84 (0.53-1.33)

Model 2 Reference 1.21 (0.82-1.81) 0.80 (0.51-1.25) 0.88 (0.55-1.41)

Model 3 Reference 1.25 (0.84-1.86) 0.82 (0.52-1.28) 0.94 (0.59-1.51)

Stroke

N events 23 18 9 6

Follow-up (py) 6,851 6,507 6,160 5,558

Model 1 Reference 0.83 (0.45-1.53) 0.44 (0.20-0.95) 0.32 (0.13-0.78)

Model 2 Reference 0.83 (0.45-1.54) 0.44 (0.20-0.95) 0.32 (0.13-0.80)

Model 3 Reference 0.79 (0.42-1.47) 0.42 (0.20-0.92) 0.30 (0.12-0.74)

Model 1 adjusted for age and sex. Model 2 for model 1 + daily energy intake, education level, smoking 
status and physical activity level. Model 3 adjusted Model 2 + BMI, systolic blood pressure, LDL-
cholesterol, triglycerides, and CRP.

2
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FIGURE 3  Continuous relationship between compliance with the Dutch dietary guidelines and risk 
of cardiovascular events
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DISCUSSION

This study described the dietary intake and compliance with dietary guidelines in a large 
cohort of patients with established CVD. Overall, the reported dietary habits indicated 
a suboptimal compliance with dietary recommendations, especially concerning nuts, 
whole grains, fruits, and vegetables. An inverse relationship between a healthy diet 
index and stroke risk was observed. Importantly, clinically relevant risk reductions were 
only observed for patients with a high compliance score, which indicates that patients 
should be encouraged to follow all recommendations.

Although compliance with dietary guidelines was suboptimal in the UCC-SMART 
cohort, it exceeded scores reported in previous studies among apparently healthy 
individuals , which reported mean DHD-15 scores of about 70.9,12 A potential 
explanation for these findings is that people with a history of CVD are more likely 
to receive active counselling on healthy dietary habits. This is reflected by the fact 
that legume, vegetable oil, alcohol and salt intake had the highest compliance scores, 
and all these components are explicitly part of CVD prevention guidelines.2,3 Social 
desirability bias may have resulted in overreporting on these specific food items, which 
could also (partially) explain the observed high compliance with dietary guidelines in 
this population with established CVD.

Dietary habits in the general Dutch population are periodically assessed in the Dutch 
National Food Consumption Survey (DNFCS).33 A comparison of data from adults 
in the 2012-2016 DNFCS revealed that the total energy intake of patients in UCC-
SMART with established CVD was lower than that of the general population (1,905 
kcal/day versus 2,200 kcal/day). The energy contributions of macronutrients were 
similar to the general population (15E% protein, 40-45E% carbohydrate and 35-40E% 
fatty acids). Patients with established CVD reported a higher intake of fruits, pulses 
and nuts compared to the general population. Moreover, it is noteworthy that the 
intake of red meat and especially processed meat in the UCC-SMART cohort was lower 
compared with the average intake in the Dutch population (73 vs 81 gram/day and 
23 vs 55 gram/day),33 possibly because guidelines for CVD management recommend 
a reduction in red meat consumption.,3 The observed differences in dietary intake 
between patients with CVD and the general population may be due to counselling on 
dietary habits after a cardiovascular event, but other potential explanations include the 
contribution of specific dietary habits to the development of cardiovascular disease, 

2
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differences in proportion male and female and the different methods used for dietary 
assessment (FFQ vs dietary recall with telephone interviews).

Few cohorts have assessed the dietary habits of patients with established CVD, and 
the available studies mainly focus on patients with CAD.34–36 Similar to CVD patients 
in the current study, patients with a history of MI in the Dutch Alpha Omega Cohort, 
consumed relatively more healthy food items than unhealthy food items.36 In this Alpha 
Omega cohort, better compliance with dietary guidelines was associated with reduced 
risk of all-cause and cardiovascular mortality.36 A pooled analysis of MI-survivors in the 
Nurses’ Health Study and the Health Professionals Follow-up Study found that patients 
had the highest compliance scores for guidelines on trans fatty acid and long-chain 
ω-3 fatty acid intake, which might be comparable to the high DHD-15 score for the 
oil component observed in the present study. However, compliance with guidelines 
on nuts, whole grains, and fruit and vegetable intake was poor, as was also observed 
in the UCC-SMART cohort.35

Similar to previous studies on the relationship between dietary habits and 
cardiovascular events, the present analyses support the recommendations in dietary 
guidelines and show that a healthy diet is associated with clinically relevant reductions 
in cardiovascular event risk19,20. In the current analysis, healthy dietary habits were 
strongly related with stroke risk, with almost 25% relative risk reduction per 10-point 
increase in DHD-15 score. To our knowledge, the association between stroke risk 
and compliance with dietary guidelines has not previously been studied in secondary 
prevention populations, but in apparently healthy populations a higher score for 
the Healthy Eating Index (measure for compliance with the Dietary guidelines for 
Americans37) was associated with significant reductions in stroke risk. In the PREDIMED 
trial on the Mediterranean diet, which emphasizes vegetable, fruit, legume, nuts, and 
vegetable oil intake, stoke risk was reduced by 45% compared to a low-fat diet.38

Potential mechanisms through which healthy diet may reduce cardiovascular event risk 
include reduction of cardiovascular risk factors (e.g. blood pressure, LDL-cholesterol), 
preventing obesity and its sequalae, or provision of cardioprotective nutrients 
like omega-3 fatty acids, potassium, fiber, and polyphenols. Furthermore, a high 
DHD-15 score may also be indicative of an overall healthier lifestyle because lifestyle 
components are often interrelated, although the current analyses were adjusted for 
such factors (smoking, physical activity, smoking, and education level). Some of these 
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mechanisms may have a different, strengthened or ameliorated effects in patients with 
established CVD compared with the general population, partly due to medication use 
and differences in baseline risk.

Strengths and limitations
Strengths of this study include the large sample size, the use of a validated dietary 
assessment tool, and the inclusion of individuals with different types of CVD. The 
UCC-SMART cohort includes a comprehensive vascular screening and high-quality 
data for a wide range of cardiovascular risk factors and outcomes. Addition of a dietary 
assessment opens opportunities to gain new insights in the role of dietary habits in 
the development and management of CVD.

Study limitations also need to be considered. In the current analysis, dietary intake 
was not assessed simultaneously with other patient characteristics, which complicates 
correlation of dietary habits to baseline measurements and might have diluted the 
relationship between dietary intake and clinical outcomes, because patients might 
have improved their diet after suffering from a CVD event. Previous studies have 
shown that dietary habits are relatively stable over time and that FFQs show good 
reproducibility over a period of at least five years.39 In a subgroup of patients with 
less than five years between data collection on patient characteristics and dietary 
intake data, a similar pattern regarding distribution of patient characteristics was 
found. Furthermore, dietary intake was assessed after a recurrent cardiovascular event 
occurred, which might have led to reverse causality in the relationship between healthy 
diet and cardiovascular events (i.e. patients with a cardiovascular event adopt a healthy 
diet because the event occurred). This could have resulted in an underestimation of 
the association between healthy dietary habits and cardiovascular events. However, 
because all patients had established CVD at the time of inclusion, it is unlikely that 
they will have changed their dietary habits significantly after a recurrent event.

Using an FFQ for dietary assessment relies on self-report, is best suited for ranking 
intakes instead of estimating absolute intakes and may be affected by factors such as 
recall limitations, complexity of an individual’s diet, or social desirability bias. However, 
the FFQ-NL 1.0 used in this study was validated in the Dutch population against 24-
hour dietary recalls and showed good performance.24,25 Moreover, the use of an FFQ is 
cost-efficient and widely accepted in epidemiological studies. In the FFQ-NL 1.0 there 
was no detailed information on whole grains and coffee preparation available, which 

2
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prevented these two components of the DHD-15 index from being fully assessed. 
This may have resulted in reduced contrast between those with a healthier diet and 
those with an unhealthy diet and could partly explain why no statistically significant 
relationship with the myocardial infarction risk was observed.

Another potential limitation of the retrospective collection of dietary assessments is 
selection bias, as only patients who survived and could complete the questionnaire 
accurately were included in the study. Comparison of patient characteristics for 
responders and non-responders of the FFQ indicated that responders were younger 
and had a slightly more favourable cardiovascular risk profile. Patients with a healthy 
lifestyle are more eager or better able to complete an FFQ. For the current analysis, this 
means that the presented dietary intakes may be overly optimistic because patients 
with unhealthier dietary intakes are not included in this study. Nevertheless, selection 
bias is unlikely to affect the analyses on the relation between dietary habits and 
cardiovascular risk because there is still ample distribution in the variables to assure 
adequate contrast for association analyses. Furthermore, the detailed data collection 
in the UCC-SMART cohort allows for thorough adjustment of confounders that explain 
the differences between the responders and non-responders.

CONCLUSION

In conclusion, in a large cohort of patients with established CVD, overall compliance 
with dietary guidelines was suboptimal. Patients had high compliance scores for 
recommendations on legume, liquid fats, and salt intake, but low compliance scores for 
whole grain, dairy and red meat intake. Even in this CVD population receiving extensive 
pharmacological treatment for cardiovascular risk factors, a guideline-compliant diet 
was associated with a lower stroke risk. These findings emphasize the importance of 
promoting healthy dietary habits among patients with established CVD and indicate 
the need for additional focus on food items where compliance scores were low. By 
prioritizing and addressing these areas of improvement, long-term cardiovascular 
health outcomes may be improved for this highly prevalent and very high-risk patient 
population.
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CHAPTER 2

SUPPLEMENTAL MATERIAL

TABLE S1  Definitions of established CVD in the UCC-SMART study

CVD manifestation Definition

Established CVD Coronary artery disease, cerebrovascular disease and/or peripheral 
artery disease as defined below upon inclusion in the cohort.

Coronary artery disease History of myocardial infarction (STEMI, nSTEMI), coronary syndrome 
requiring PCI or CABG.

Cerebrovascular disease History of transient ischemic attack, cerebral infarction, subarachnoid 
hemorrhage, carotid artery stenosis or ischemic retinal syndrome.

Peripheral artery disease Renal artery stenosis, peripheral arterial disease Fontaine 
classification II or higher.

Abdominal aortic aneurysm Ultrasound confirmed local dilatation of abdominal aorta with 
anterior-posterior diameter ≥3 cm and/or distal-proximal ratio of >1,5

CVD: cardiovascular disease, STEMI: ST-elevation myocardial infarction, nSTEMI: non-ST-elevation 
myocardial infarction, PCI: Percutaneous Coronary Intervention, CABG: Coronary Artery Bypass 
Grafting

FIGURE S1  Schematic representation of collection of dietary data in the UCC-SMART cohort

Inclusion in the UCC-SMART cohort

FFQ
new participants

FFQ

This figure illustrates the response rate to invitations for completing an online FFQ among UCC-
SMART study participants who remained in active follow-up as of December 2022. The grey bars 
indicate the absolute number of FFQ responses with plausible energy intake and the black line 
represents the response rate relative to the year of initial inclusion in the UCC-SMART study. All FFQ 
responses were gathered between December 2022 and January 2023, while all other covariates were 
collected at the time of inclusion in the cohort. Abbreviations: FFQ: food frequency questionnaire, 
UCC-SMART: Utrecht Cardiovascular Cohort – Second Manifestations of ARTerial disease.
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DIETARY HABITS AMONG CVD PATIENTS

TABLE S3  Endpoint definitions

Endpoint Definition

Combined vascular endpoint Composite of myocardial infarction and stroke

Myocardial infarction

STEMI
Acute chest pain with persistent (>20 minutes) ST-elevation

NSTEMI
Acute chest pain without ST-elevation, with elevated troponin

Intervention-related myocardial infarction
New Q wave and elevated troponin <7 days after any 
intervention (for PCI >3x, for CABG >5x)

Probable myocardial infarction
Typical pain, persistent STT-changes, no documented course 
of cardiac enzymes

Stroke

Ischemic stroke
>24 hours of associated clinical signs causing increased 
disability of ≥1 grade on modified Rankin scale and new 
(haemorrhagic) infarction on CT or MRI <2 weeks after stroke

Cerebral haemorrhage
Cerebral haemorrhage confirmed with CT, MRI or surgery

Subarachnoid haemorrhage
Subarachnoid haemorrhage confirmed with CT, MRI or 
surgery

Stroke - Type not determined
>24 hours of associated clinical signs causing increased 
disability of ≥1 grade on modified Rankin scale, but no brain 
imaging performed

All endpoints in the UCC-SMART cohort are adjudicated independently by three study physicians. 
Detailed information on endpoint definitions has been published previously.23

2
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CHAPTER 2

TABLE S4  Baseline characteristics of responders and non-responders to dietary questionnaire

FFQ responders FFQ non-responders SMD

N = 2,656 N = 6,063

Male, N (%) 2,071 (77) 3584 (59) 0.205

Age, year 59.3 ±9.4 53.6 ±12.6 0.256

Education 0.238

Low 367 (14) 1057 (17)

Low - Middle 914 (34) 2225 (37)

Middle - High 1,224 (46) 2257 (37)

High 151 (6) 524 (9)

CAD 1,697 (63) 1,862 (31)

CeVD 518 (19) 797 (13)

Diabetes, N (%) 307 (11) 952 (16)

Smoking status, N (%) 0.275

Never 788 (29) 1970 (33)

Former 1,366 (51) 2429 (40)

Current 502 (19) 1654 (27)

Physical activity, METh/wk 42 [24-68] 37 [19-64] 0.012

Body mass index, kg/m2 26.8 ±5.6 27.2 ±4.6 0.103

Systolic BP, mmHg 133 ±18 139 ±22 0.102

Total cholesterol, mmol/L 4.2 [3.6-5.0] 4.8 [4.1-5.8] 0.194

HDL-cholesterol, mmol/L 1.2 [1.0-1.4] 1.2 [1-1.5] 0.019

LDL-cholesterol, mmol/L 2.3 [1.8-3.0] 2.8 [2.2-3.7] 0.172

CRP, mg/L 1.6 [0.8-3.2] 1.9 [0.9-4] 0.066

Lipid-lowering therapy (%) 2,131 (79) 3275 (54) 0.187

BP-lowering therapy (%) 2,105 (78) 3922 (65) 0.114

Baseline characteristics of UCC-SMART participants that were invited to report their dietary 
habits, stratified for participants that plausibly completed the FFQ and participants that did not 
respond or reported implausible daily energy intake. SMDs were calculated to compare baseline 
characteristics across these groups. CVD: cardiovascular disease, CAD: coronary artery disease, 
CeVD: cerebrovascular disease, BP: blood pressure, HDL: high-density lipoprotein, LDL: low-density 
lipoprotein, CRP: C reactive protein, SMD: standardized mean difference.
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TABLE S6  Daily nutrient intake in the UCC-SMART cohort, stratified for BMI categories and presence 
of manifest cardiovascular disease

BMI < 25 kg/m2 BMI 25-30 kg/m2 BMI >30 kg/m2

(N = 914) (N = 1,291) (N = 451)

Total energy intake, kcal 1944 [1548-2344] 1914 [1453-2351] 1847 [1432-2357]

Carbohydrate, g 199 [151-240] 182 [141-234] 180 [134-227]

Total fat, g 75 [58-96] 77 [57-96] 77 [57-100]

Protein, g 77 [63-95] 79 [63-98] 81 [61-100]

Dietary fiber, g 22 [17-28] 21 [16-27] 19 [14-25]

Alcohol, g 7 [1-17] 4 [0-17] 3 [0-16]

Sodium, g 2 [0-10] 2 [0-14] 1 [0-7]

Vegetables, g 119 [62-187] 121 [71-183] 95 [47-159]

Fruit, g 127 [62-241] 134 [50-229] 108 [31-226]

Wholegrain, g 35 [0-85] 30 [0-71] 24 [0-71]

Pulses and legumes, g

Consumers, N (%) 858 (94) 1190 (92) 398 (88)

Intake among consumers, g 21.8 [ 10.9-43.5] 21.8 [10.9-35.1] 16.9 [ 9.7-35.1]

Nuts

Consumers, N (%) 816 (89) 1,125 (87) 376 (83)

Intake among consumers, g 10.6 [3.5=21.6] 7.0 [2.9-18.4] 5.8 [2.0-18.0]

Dairy, g 265 [139-434] 259 [150-434] 265 [141-426]

Fish, g

Consumers, N (%) 840 (92) 1,193 (92) 406 (90)

Intake among consumers, g 19.9 [ 11.4-35.2] 19.9 [1.3-33.2] 21.0 [11.3-34.8]

Meat

Red meat, g 66 [34-102] 74 [43-113] 89 [57-132]

White meat, g 14 [7-29] 21 [11-42] 21 [9-44]

Processed meat 20.3 [7.3-40.0] 27.7 [13.6-46.4] 33.0 [16.6-56.8]

Tea, g 340 [31-510] 170 [13.6-340] 146.2 [3.4-340.0]

Coffee, g 420 [81-561] 420 [81-561] 420 [81-561]

Alcoholic beverages, g

Consumers, N (%) 740 (81) 1,053 (82) 339 (75)

Intake among consumers, g 121.6 [41.0-244] 117.6 [36-250] 88.4 [21.6-28]

Daily dietary intake of (macro)nutrients and food groups, stratified for presence of established 
cardiovascular disease at inclusion in the cohort. SFA: saturated fatty acids, MUFA: monounsaturated 
fatty acids, PUFA: poly unsaturated fatty acids
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TABLE S7  Relationship between DHD-15 quartiles and cardiovascular events in the full UCC-SMART 
cohort, with imputed dietary intake for non-responders to the FFQ

Quartile 1 Quartile 2 Quartile 3 Quartile 4
30-69 69-80 80-91 91-129

Cardiovascular events
Model 1 Reference 1.21 (0.86-1.70) 0.74 (0.50-1.09) 0.66 (0.43-0.99)

Model 2 Reference 1.20 (0.86-1.70) 0.73 (0.50-1.08) 0.67 (0.44-1.01)

Model 3 Reference 1.19 (0.79-1.80) 0.72 (0.44-1.16) 0.69 (0.42-1.14)

Myocardial infarction
Model 1 Reference 1.31 (0.88-1.96) 0.84 (0.53-1.31) 0.79 (0.50-1.26)

Model 2 Reference 1.30 (0.87-1.95) 0.83 (0.53-1.31) 0.81 (0.51-1.29)

Model 3 Reference 1.22 (0.75-1.98) 0.72 (0.41-1.27) 0.82 (0.47-1.44)

Stroke
Model 1 Reference 0.80 (0.43-1.49) 0.41 (0.19-0.90) 0.29 (0.12-0.71)

Model 2 Reference 0.81 (0.43-1.49) 0.42 (0.19-0.90) 0.29 (0.12-0.71)

Model 3 Reference 0.87 (0.41-1.84) 0.57 (0.24-1.34) 0.34 (0.12-0.95)

Model 1 adjusted for age and sex. Model 2 for model 1 + daily energy intake, education level, smoking 
status and physical activity level. Model 3 adjusted Model 2 + BMI, systolic blood pressure, LDL-
cholesterol, triglycerides, and CRP.

TABLE S8  Association between DHD-15 quartiles and cardiovascular events, estimated using logistic 
regression

Quartile 1 Quartile 2 Quartile 3 Quartile 4
OR (95%CI) OR (95%CI) OR (95%CI) OR (95%CI)

Cardiovascular events
Model 1 Reference 1.13 (0.79-1.62) 0.69 (0.46-1.04) 0.63 (0.41-0.95)

Model 2 Reference 1.18 (0.81-1.71) 0.74 (0.48-1.12) 0.70 (0.45-1.09)

Model 3 Reference 1.19 (0.82-1.73) 0.73 (0.48-1.12) 0.74 (0.47-1.15)

Myocardial infarction
Model 1 Reference 1.18 (0.78-1.79) 0.77 (0.48-1.22) 0.75 (0.46-1.20)

Model 2 Reference 1.31 (0.85-2.03) 0.88 (0.54-1.42) 0.91 (0.55-1.51)

Model 3 Reference 1.34 (0.87-2.07) 0.88 (0.54-1.43) 0.98 (0.59-1.62)

Stroke
Model 1 Reference 0.82 (0.43-1.52) 0.42 (0.18-0.88) 0.29 (0.10-0.67)

Model 2 Reference 0.74 (0.38-1.39) 0.37 (0.16-0.79) 0.26 (0.09-0.62)

Model 3 Reference 0.71 (0.37-1.34) 0.36 (0.15-0.77) 0.25 (0.09-0.59)

Model 1 adjusted for age and sex. Model 2 for model 1 + daily energy intake, education level, smoking 
status and physical activity level. Model 3 adjusted Model 2 + BMI, systolic blood pressure, LDL-
cholesterol, triglycerides, and CRP.

2
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ABSTRACT

Background
Improving dietary habits is a first-line recommendation for patients with cardiovascular 
disease (CVD). It is unclear which dietary pattern most effectively lowers cardiovascular 
risk factors and what the short- and long-term effects are. Therefore, this network 
meta-analysis compared the effects of popular dietary patterns on cardiovascular risk 
factors in patients with established CVD.

Methods
A systematic search of PubMed, Embase, the Cochrane library, SCOPUS and 
Web of Science was conducted up to 1 April 2023. Randomized controlled trials 
(RCTs) comparing the effect of popular dietary patterns (Mediterranean, moderate 
carbohydrate, low glycemic index, low-fat and minimal dietary intervention) on 
cardiovascular risk factors (body weight, systolic blood pressure, lipids) in CVD 
populations were selected. A random-effects network meta-analysis was performed.

Results
Seventeen RCTs comprising 6,331 participants were included. The moderate 
carbohydrate diet had the most beneficial effect on body weight (-4.6 kg, , 95%CrI 
-25.1; 15.8) and systolic blood pressure (-7.0 mmHg 95%CrI -16.8; 2.7) compared to 
minimal intervention. None of the included dietary patterns had a favourable effect 
on low-density lipoprotein cholesterol. After 12 months, the effects were attenuated 
compared to those at <6 months.

Conclusions
In this network meta-analysis of 17 randomized trials, potentially clinically relevant 
effects of dietary interventions on CV risk factors were observed, but there was 
considerable uncertainty due to study heterogeneity, low adherence, or actual 
diminished effects in the medically treated CVD population. It was not possible to select 
optimal dietary patterns for secondary CVD prevention. Given recent clinical trials 
demonstrating the potential of dietary patterns to significantly reduce cardiovascular 
event risk, it is likely that these effects are effectuated through alternative physiological 
pathways.
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INTRODUCTION

Cardiovascular disease (CVD) remains the leading cause of mortality and morbidity 
worldwide, despite declining CVD mortality rates as a result of advances in diagnosis 
and management1,2. Consequently, an increasingly large group of patients with 
established CVD is at risk of recurrent cardiovascular events. The impact of a healthy 
diet on CVD risk is hypothesized to be multifaceted, acting either as a direct and 
autonomous protective factor or by favourably influencing cardiovascular risk factors, 
such as low-density lipoprotein cholesterol (LDL-C) and systolic blood pressure (SBP)3. 
Embracing a healthy lifestyle, including healthy dietary habits, constitutes a central step 
in the primary and secondary prevention of CVD, an approach unanimously advocated 
by major CVD prevention guidelines. 3,4

Previous meta-analyses have shown conflicting results on the effects of dietary 
intervention on markers of CVD, and the evidence is especially limited in patients 
with established CVD5,6. Current treatment guidelines for CVD patients either 
provide dietary recommendations that are largely extrapolated from primary 
prevention populations or stress the need for further research4,7,8. Current guideline 
recommendations focus on specific food groups and nutrients rather than on dietary 
patterns.4,7 Focusing on dietary patterns may improve patients’ understanding of dietary 
recommendations and more adequately capture the effects of diet-related health 
benefits9. Unfortunately, the plethora of overlapping dietary patterns complicates 
identification of the best dietary pattern for patients with established CVD because 
it would require a multitude of randomized trials.

The aim of this study was to address this problem by comparing all the available 
randomized controlled trials on the effect of dietary patterns on cardiovascular risk 
factors in patients with CVD in a network meta-analysis. This approach made it 
possible to provide an effect estimate even when dietary pattern interventions had 
never been compared in a head-to-head clinical trial.

3

Nadia_Binnenwerk_V3.indd   65Nadia_Binnenwerk_V3.indd   65 22-02-2024   08:3422-02-2024   08:34



66

CHAPTER 3

METHODS

This systematic review and network meta-analysis was prospectively registered in the 
PROSPERO registry for systematic reviews (CRD42021233632).

Literature search and data extraction
A systematic literature search was performed on PubMed, Embase, the Cochrane Library, 
SCOPUS and Web of Science from data inception until 31 January 2022. The search was 
updated to cover a time range up to 1 April 2023 to ensure completeness of the results. 
Search terms included terms and synonyms for diet, dietary patterns, different types of 
CVD and RCTs. The complete search string is presented in Supplementary appendix 1.

RCTs that were performed in an adult population with established CVD (defined as a 
history of myocardial infarction, coronary revascularization, ischemic or haemorrhagic 
stroke, or peripheral arterial disease) were included. Studies were eligible if they 
studied the effect of an entire dietary pattern compared to an alternative dietary 
pattern or to a minimal dietary intervention. Changes in at least one cardiovascular 
risk factor over a period of at least 12 weeks should be reported as a primary or 
secondary endpoint. RCTs that investigated only specific food groups (e.g., fruits or 
eggs) or specific nutrients were excluded. Studies with interventions that encompassed 
other components unrelated to diet, such as medication of supervised exercise, were 
only included if these components were applied equally to the intervention and 
control group (i.e., both groups should receive the same medication). Eligibility was 
independently assessed by two authors (NEB, EC), and conflicting interpretations were 
resolved by consensus after inclusion of a third reviewer.

Data on study design, study population, intervention and control diet and outcomes 
were extracted independently by two authors (NEB, EC) using a standardized report 
form. Critical appraisal of the included records was independently performed by two 
authors (NEB, EC) using the Cochrane Risk of Bias 2 tool10.

Dietary pattern categories
Dietary interventions were categorized into predefined dietary pattern categories:

•	 Mediterranean diet: a dietary pattern rich in whole grains, green vegetables, fruits, 
fish, lean meat and plant-based oils.
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•	 Low-fat diet: ≤30% of total energy intake from fat.
•	 Moderate carbohydrate diet: 30-60% of energy from carbohydrates and 10-20% 

of energy from protein.
•	 Low glycemic index (GI) diet
•	 Minimal dietary intervention: no changes in dietary pattern or intervention limited 

to pamphlet with dietary advice.

If two dietary patterns from one study were assigned to the same diet category, the 
findings from this study were excluded from the quantitative synthesis.

Statistical analyses
The primary outcomes were short-term changes in body weight, SBP and LDL-C 
levels. Secondary outcomes were long-term changes in these three measures and 
short- and long-term changes in body mass index (BMI), total cholesterol, high-density 
lipoprotein cholesterol (HDL-C), triglyceride and C-reactive protein (CRP) levels. Short-
term was defined as the measurement closest to 6 months after initiation of the dietary 
intervention (range 3-11 months), and long-term was defined as the first measurement 
at least 12 months after the start of the dietary intervention (range 12-18 months).

For each outcome, the mean change from baseline and corresponding standard 
deviation (SD) were extracted from the study paper. If other measures were reported 
(e.g., standard error or means at baseline and after intervention), the mean change and 
SD were calculated in accordance with the Cochrane Handbook11.

A network meta-analysis was performed to pool the available evidence. Bayesian 
hierarchical effect models were used to calculate a network estimate of the absolute 
change in cardiovascular risk factors. These estimates are presented as the effect of 
one diet vs another diet for all available comparisons. The transitivity assumption of 
the network meta-analysis was assessed based on study characteristics.

For each outcome, a network plot was made of the studies providing evidence, and a 
random-effects network meta-analysis with a Bayesian framework was calculated in 
a Monte Carlo Markov Chain simulation (4 chains, 5000 burn-in iterations, 100,000 
iterations).12,13 The convergence of the model was checked and confirmed by visual 
inspection of Gelman-Rubin-Brooks plots. Model fit was checked using the deviance 
information criterion and the posterior mean residual deviance compared to the 

3
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number of data points14. Heterogeneity of the results was assessed using the I2 statistic. 
The consistency assumption was checked by performing node-splitting analyses to 
compare direct and indirect evidence and by calculating a p value for inconsistency.

Uncertainty surrounding the model estimates was reflected by 95% credible intervals 
(95% CrI) obtained from the 2.5th and 97.5th percentile values of the simulations. 
Ranking of the different dietary patterns was assessed in each iteration and presented 
as median ranking (2.5th – 97th percentile). The hierarchy of the different dietary 
patterns was summarized in the surface under the cumulative ranking curve (SUCRA)15.

Sensitivity analyses were run to assess the effects of certain assumptions on the 
network estimates of the primary outcomes. A sensitivity analysis limited to studies 
published in or after the year 2000 was performed because results from older studies 
may not be generalizable to contemporary practice, as many pharmacotherapeutical 
interventions (e.g., statins, blood pressure-lowering medication and platelet aggregation 
inhibitors) were not yet as commonly or intensively prescribed at that time. A second 
sensitivity analysis was performed including only studies that reported data for both 
the short- and long-term endpoints. The aim of this analysis was to assess whether the 
observed effects would be retained over a longer time span in the same population. 
A sensitivity analysis was limited to studies that assessed the effects of dietary 
interventions in CAD populations only (N = 15) and a final sensitivity analysis was 
conducted where all studies with a high risk of bias were excluded. All statistical 
analyses were performed using R version 4.0.4 (R Core Team, Vienna, Austria) with 
the gemtc package16.

RESULTS

Systematic literature search
The systematic literature search yielded a total of 15,008 unique publications, of which, 
after title and abstract screening, 190 full text records were assessed for eligibility. 
Ultimately, 30 records 17–46 reporting on 17 unique RCTs were included (Figure 1). Two 
RCTs (Singh et al44,45 and von Haehling et al46) were excluded from the quantitative 
synthesis because both the intervention and control diets from these studies were 
classified into the same dietary category.
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FIGURE 1  PRISMA flow diagram of study selection
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   Record removed before screening
       Duplicate removed (n = 6,262)

Records screened
(n = 15,008)

Reports assessed for eligibility
(n= 190)

   Records excluded in title-abstract   
    screening (n = 14,818)

   Records excluded (n = 160)
       No RCT (n = 45)
       Other intervention (n = 43)
       Trial protocol (n = 19)
       No relevant outcomes (n = 20)
       Other study population (n = 12)
       Intervention too short (n = 10)
       Veracity concerns (n = 9)
       Conference abstract (n = 2)

Records included (n = 30)
Unique trials (n = 17)
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  PubMed (n = 1,794)
      EMBASE (n = 2,438)
      CENTRAL (n = 4,767)
      SCOPUS (n = 9,011)
      Web of Science (n = 3,260)

This flow diagram shows the process used to identify relevant records for the network meta-analysis. 
The systematic literature search was performed from database inception to 1 April 2023. RCT: 
Randomized controlled trial
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Study characteristics and risk of bias assessment
Table 1 summarizes the main study characteristics of the 17 included RCTs. Additional 
information on the study design, population and dietary pattern interventions is 
presented in Table S1. Studies were published between 1965 and 2020 and comprised 
a total of 6,331 participants. Sixteen studies included patients with a history of coronary 
artery disease, and one included patients with a history of peripheral arterial disease. The 
median age was 61 (interquartile range (IQR) 57-62) years, and the median percentage 
of female participants was 17% (IQR 8-30%, range 0-61%). The use of antihypertensive 
and/or lipid-lowering therapy increased with more recent publications, with median 
percentages of 76% (IQR 53-90%) and 86% (IQR 73-87%), respectively, in studies 
published before and after 2000. No detailed information was available on the type of 
blood-pressure or lipid-lowering medications study participants used.

The risk of bias assessment yielded a judgment of some concerns for the majority of 
the included studies, with only two records judged to be at low risk of bias (Figure 
S1). This risk of bias was mostly attributable to the fact that participants could not 
be blinded to treatment allocation and to the unavailability of pre-published study 
protocols available for older studies.

Effects of dietary patterns on cardiovascular risk factors
Figures 2, S2 and S3 show the networks of eligible studies for the primary and 
secondary outcomes. Compared to the minimal change diet, the moderate carbohydrate 
diet showed the largest reductions in body weight (-4.6 kg, 95%CrI-25.1;15.8) and 
SBP (-7.0 mmHg, 95%CI -16.8; 2.7), while increasing LDL-C (0.6 mmol/L, 95%CrI -0.4; 
1.4). None of the dietary patterns lowered LDL-C compared to a minimal dietary 
intervention. The results for all pairwise comparisons can be found in Figure S5. The 
moderate carbohydrate pattern had the best ranking for body weight and SBP, and 
the low GI diet ranked best for LDL-C (Figure S6). None of the dietary patterns had a 
statistically significant short-term effect on body weight, BMI, SBP or LDL-C (Figure 
3/Figure S4).

3
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FIGURE 2  Network plots for body weight 
(A), systolic blood pressure (B) and LDL- 
cholesterol (C) after 6 months.

For each endpoint, the number of clinical 
trials assessing the endpoint and number 
of participants are presented. The node 
sizes represent the number of participants 
randomized to a dietary pattern, and edge 
thickness is proportionate to the number 
of trials with a direct comparison between 
two dietary patterns. Abbreviations: RCT: 
randomized controlled trial, GI: glycemic 
index.
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FIGURE 3  Short-term effects of dietary patterns on body weight, SBP and LDL cholesterol
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16 datapoints, Dbar: 16.1, pD 15.0, DIC 31.0, I2 2%

This figure shows the network estimates for the 6-month difference in effect on body weight, systolic 
blood pressure and LDL cholesterol levels for all possible pairwise dietary comparisons. The first 
column shows the intervention diet and the second column shows the reference diet. The column 
‘Direct comparisons’ presents the number of trials in which a diet was directly compared to another 
diet, and the ‘N’ column presents the total number of participants included in these trials. Zero 
direct comparisons mean that the presented network estimate is based on indirect evidence alone. 
Abbreviations: RCT: randomized controlled trial, CI: credible interval, Moderate carb: moderate 
carbohydrate, SBP: systolic blood pressure, LDL-C: low-density lipoprotein cholesterol

At >12 months, the moderate carbohydrate and low-fat diets resulted in a decrease in body 
weight (-6.1 kg (95%CrI-19.3;7.1) and -4.2 kg (95%CrI 15.4;7.0), respectively) and an increase 
in SBP (4.4 mmHg (95%CrI -4.2;12.9) and 3.0 mmHg (95%CrI -4.7;10.6), respectively) 
compared to minimal dietary intervention. The results for all pairwise comparisons and 
corresponding rankings are presented in Figures S5 and S6. No statistically significant long-
term (>12 months) differences were observed with all head-to-head comparisons (Figure 
4). Figure S5 shows the corresponding ranking of the different treatments.
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For the secondary outcomes, the low-fat diet had the most beneficial effect on total 
cholesterol (-0.6 mmol/l, 95%CrI -1.4; 0.3, Figure S5). The low GI diet decreased 
triglycerides the most (-0.3 mmol/l, 95%CrI -1.2; 0.6). A low-fat diet reduced CRP 
compared to a Mediterranean diet (-0.3 mg/L, 95%CrI -1.4;0.6), but only one study 
was available. None of the effects on secondary outcomes was statistically significant 
for the short or long term (Figure S4).

FIGURE 4  Long-term effects of dietary patterns on body weight, SBP and LDL cholesterol
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This figure shows the network estimates for the 12-month difference in effect on body weight, systolic 
blood pressure and LDL cholesterol levels for all possible pairwise dietary comparisons. The first 
column shows the intervention diet and the second column shows the reference diet. The column 
‘Direct comparisons’ presents the number of trials in which a diet was directly compared to another 
diet, and the ‘N’ column presents the total number of participants included in these clinical trials. 
Zero direct comparisons mean that the presented network estimate is based on indirect evidence 
alone. Abbreviations: RCT: randomized controlled trial, CI: credible interval, Moderate carb: moderate 
carbohydrate, SBP: systolic blood pressure, LDL-C: low-density lipoprotein cholesterol.

Nadia_Binnenwerk_V3.indd   74Nadia_Binnenwerk_V3.indd   74 22-02-2024   08:3422-02-2024   08:34



75

EFFECT OF DIET ON CARDIOVASCULAR RISK FACTORS IN ESTABLISHED CVD

Sensitivity analyses
After excluding studies published before 2000, the effects on body weight, SBP and 
LDL-C were comparable to those found in the complete dataset (Figure S6). Only 
three RCTs published after 2000 reported an effect on LDL-C levels, and the results 
were similar to those of the RCTs published before 2000. The tendency toward an 
increasing effect of a moderate carbohydrate diet on LDL-C was not seen in this 
sensitivity analysis.

In networks comprising only studies that reported on both short- and long-term effects, 
overall, the results were similar. However, the low-fat diet showed a tendency to 
decrease body weight and increase SBP, both in the short and long term. In particular, 
the short-term effect of a low-fat diet on body weight was larger than that in the main 
analysis (Figure S7). In this subset, LDL-C levels were similar in both the long and short 
term, although they were closer to zero in the long term (Figure S7). Sensitivity analysis 
limited to patients with CAD or excluding studies with a high risk of bias yielded non-
statistically significant results, similar to the main analysis (Figure S8, Figure S9).

DISCUSSION

In this systematic review and network meta-analysis of 17 RCTs comprising 6,331 
patients with established CVD, no significant effect on cardiovascular risk factors 
was found for interventions with a low-fat, Mediterranean, low GI or moderate 
carbohydrate dietary pattern compared to a minimal dietary intervention in patients 
with CVD.

This study is the first network meta-analysis on dietary patterns in patients with CVD. 
However, similar analyses have been performed in populations at high risk of CVD. 
These studies showed similar effect estimates for different CVD risk factors, albeit with 
smaller confidence intervals and more statistically significant findings.47,48 One network 
meta-analysis in overweight and obese populations showed that low carbohydrate, 
low-fat and moderate macronutrient diets were associated with clinically relevant and 
statistically significant reductions in body weight up to -4.6 kg and blood pressure 
up to -5.0 mmHg compared to the usual diet47. Our study showed similar short-term 
effects for the moderate carbohydrate pattern on SBP, but not body weight, and 
smaller effects for other dietary patterns. Another network meta-analysis in patients 

3
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with type 2 diabetes showed that the Mediterranean diet was effective in reducing 
body weight and LDL cholesterol, but no effect of other dietary patterns was found.49

There are multiple potential explanations for the wide credibility intervals around 
the effects of dietary patterns on CVD risk factors. First, it is conceivable that the 
effect of diet is smaller in CVD populations than in patients without CVD because 
the administration of lipid-lowering and antihypertensive medications to CVD patients 
might limit the potential influence of dietary interventions on lipid and blood pressure 
profiles.

Second, the quantity and quality of the available evidence might be insufficient to find 
a statistically significant effect. Fifteen of 17 included studies were judged as ‘some 
concerns’ in the risk of bias assessment, specifically stemming from the inability to blind 
participants to the intervention. This may have inadvertently led patients in the control 
groups to adopt certain components of the intervention in the intervention group, 
which leads to an underestimation of the effect. Additionally, the number of trials 
available for this network meta-analysis may have been too small to show statistically 
significant evidence. For example, although we found similar effects of a moderate 
carbohydrate dietary pattern on SBP as studies in persons without CVD, 47 our results 
had wide credibility intervals and were therefore not statistically significant.

A third explanation for the absence of an effect might be rooted in low adherence to 
the dietary patterns in the included trials. Although the majority of the included RCTs 
did not explicitly measure or report adherence to the dietary pattern intervention, it 
is reasonable to assume that adherence decreased over time. Low compliance rates 
are a major issue, especially in long-term dietary trials, where a significant proportion 
of participants return to their original dietary pattern48 if not regularly counseled50. 
Therefore, strategies to increase adherence may be more important for obtaining 
meaningful cardiovascular benefits than the specific macronutrient composition of 
the dietary pattern itself.

Fourth, amelioration of traditional risk factors probably does not capture the full 
effect of dietary interventions on cardiovascular event risk. Alternative pathways 
could be low-grade inflammation, lipid composition and vascular function. Moreover, 
the cumulative effect of small improvements in individual risk factors may translate 
into a more considerable decrease in overall CVD risk. Further research is needed 
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to elucidate the mediating pathways between dietary pattern interventions and 
cardiovascular risk reduction.

The findings of the current study stand in contrast with previous observational and 
experimental studies on the relationship between dietary patterns and occurrence of 
cardiovascular events, especially on the Mediterranean diet.51 Long-term randomized 
controlled trials such as the Lyon diet heart study, the PREDIMED study and the 
CORDIOPREV trial demonstrated a beneficial effect of a Mediterranean diet compared 
to low-fat diets in both primary and secondary CVD prevention populations and 
resulted in 30-50% relative risk reduction of (recurrent) cardiovascular events.24,43,52 
Interestingly the CORDIOPREV trial found non-significant changes in intermediate 
endpoints such as weight, LDL-cholesterol and systolic blood pressure.43 The present 
study also suggests that the beneficial effects of dietary patterns may not primarily 
be achieved through reduction of such traditional cardiovascular risk factor levels. 
While the diets included in this analysis have different macronutrient distributions, 
generally they all recommend sufficient fruit and vegetable intake and consumption 
of fish and other products rich in unsaturated fatty acids. These dietary components 
are known to mitigate systemic inflammation, offering a plausible explanation for the 
discordance between the current findings and those of previous long-term studies.53 
Moreover, the emphasis on home-cooked, whole-food items within nearly all dietary 
patterns in this network meta-analysis could elucidate why none outperformed the 
others. In contrast, diets rich in ultra-processed foods, characterized by low nutritional 
value and elevated sodium and trans-fatty acid content, have been associated with an 
increased risk of cardiovascular disease.54,55

For the implementation of dietary interventions in the clinical management of 
CVD patients, a shift towards assessing their impact on cardiovascular event risk is 
recommended, as opposed to focusing solely on cardiovascular risk factor levels. The 
current analysis underscores that efficacy with regard to these endpoints does not 
directly align with efficacy on cardiovascular event risk. Furthermore, in patients with 
established CVD, the inclusion of non-traditional cardiovascular risk factors such as 
CRP as trial outcomes in dietary pattern trials should be considered as these could 
provide more informative insights into efficacy concerning cardiovascular event risk.43

Strengths of this study include the systematic literature search and the selection of 
only RCTs to limit the impact of bias. Moreover, network meta-analysis techniques 

3
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allowed for combining direct and indirect evidence, which increases power and enables 
comparison of interventions that have not been directly compared in an RCT. Finally, a 
wide range of cardiovascular risk factors was examined. Study limitations include that 
some outcome measures had to be manually calculated because not all included studies 
reported their outcomes as the mean differences, and these calculations may be less 
accurate. We used strict selection criteria in the systematic literature search to ensure 
applicability of the results to our target population, but as a result, few studies met the 
eligibility criteria, leading to wide credibility intervals. Furthermore, the limited number 
of studies prevented extensive sensitivity and subgroup analysis, such as analyses to 
assess the impact of sex, concomitant use of medication or the type of counselling 
provided in the included trials. Ethnic background may affect the metabolic response 
to dietary intervention,56 but the majority of studies included in this analysis (13 out 
of 17) were conducted in European and North American countries and ethnicity was 
rarely reported. This may limit the generalizability of the findings to populations in 
other countries. Finally, the included studies showed considerable heterogeneity in 
study characteristics, such as sex distribution and medication use, and the limited 
number of RCTs prevented adjustment for such sources of heterogeneity. However, 
careful node-splitting analyses gave no indication that the consistency assumption 
was violated, meaning that the heterogeneity between different RCTs did not result 
in conflicts between direct and indirect evidence.

To solidify the role of dietary counselling in clinical care for patients with established 
CVD, further research is necessary to adequately assess the effect of dietary patterns 
and their mediating pathways in preventing CVD outcomes in patients with CVD. 
Another point of interest should be how to improve long-term adherence to a healthy 
dietary pattern.

CONCLUSION

In this network meta-analysis of 17 randomized trials, there was not one single best 
dietary pattern, and long-term effects were attenuated. The nonsignificant findings 
might be explained by inadequate sample size, diminished dietary effects in CVD 
populations, low adherence, or mediation by other pathways. To answer this question, 
more randomized trials are needed that focus on the protective effects of diet on CVD 
outcomes in CVD populations.
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SUPPLEMENTAL MATERIAL

Supplementary appendix 1 Search strategy

The presented search string was used in PubMED from database inception until April 
1, 2023. The same search string was used in EMBASE, The Cochrane library, Web 
of Science and SCOPUS after alterations were made to meet their respective search 
engines.

(“alkaline”[Title/Abstract] OR “atkins”[Title/Abstract] OR “biggest loser”[Title/Abstract] 
OR “bulletproof”[Title/Abstract] OR (“DART”[Title/Abstract] OR “Reinfarction 
trial”[Title/Abstract]) OR (“DASH”[Title/Abstract] OR “Dietary approach to stop 
hypertension”[Title/Abstract]) OR “drinking man*”[Title/Abstract] OR “Dukan”[Title/
Abstract] OR “Engine”[Title/Abstract] OR (“F-plan”[Title/Abstract] OR “F2”[Title/
Abstract]) OR “Fertility diet”[Title/Abstract] OR “FODMAP”[Title/Abstract] OR 
“Hamptons”[Title/Abstract] OR “High Protein”[Title/Abstract] OR “HMR”[Title/Abstract] 
OR “Jenny Craig”[Title/Abstract] OR “keto*”[Title/Abstract] OR “LEARN”[Title/
Abstract] OR (“low carb*”[Title/Abstract] OR “carbohydrate restr*”[Title/Abstract] 
OR “restricted carb*”[Title/Abstract]) OR (“low fat”[Title/Abstract] OR “fat free”[Title/
Abstract] OR “fat restrict*”[Title/Abstract] OR (“restrict*”[All Fields] AND “lipid”[Title/
Abstract])) OR “low glycemic index”[Title/Abstract] OR (“low salt”[Title/Abstract] OR 
“low sodium”[Title/Abstract] OR “salt restrict*”[Title/Abstract] OR “saltless”[Title/
Abstract] OR “sodium free”[Title/Abstract]) OR “Mayo clinic diet”[Title/Abstract] OR 
“McDougal”[Title/Abstract] OR “Mediterranean”[Title/Abstract] OR “MIND”[Title/
Abstract] OR “Nordic diet”[Title/Abstract] OR “Nutrisystem”[Title/Abstract] OR 
“Ornish”[Title/Abstract] OR “Okinawa”[Title/Abstract] OR “Optavia”[Title/Abstract] 
OR “paleo*”[Title/Abstract] OR “Pioppi”[Title/Abstract] OR “Plant-based”[Title/
Abstract] OR “Portfolio diet”[Title/Abstract] OR “Pritikin”[Title/Abstract] OR “Protein 
power”[Title/Abstract] OR “Rosedale”[Title/Abstract] OR “Rosemary Conley”[Title/
Abstract] OR “Salisbury”[Title/Abstract] OR “Scarsdale”[Title/Abstract] OR “slimming 
world”[Title/Abstract] OR “South beach”[Title/Abstract] OR “Stillmann”[Title/Abstract] 
OR “Sugar busters”[Title/Abstract] OR (“TLC”[Title/Abstract] OR “Therapeutic lifestyle 
changes”[Title/Abstract]) OR “Vegetarian”[Title/Abstract] OR “vegan”[Title/Abstract] 
OR “Volumetrics”[Title/Abstract] OR “Western diet”[Title/Abstract] OR (“weight 
watcher*”[Title/Abstract] OR “weightwatcher*”[Title/Abstract]) OR “ZONE”[Title/
Abstract] OR “American Heart Association”[Title/Abstract] OR “Cardiac diet”[Title/
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Abstract] OR “Cardioprotective”[Title/Abstract] OR “Dietary guidelines”[Title/Abstract] 
OR “Dietary index”[Title/Abstract] OR “eating pattern*”[Title/Abstract] OR “eating 
plan*”[Title/Abstract] OR “Guidance”[Title/Abstract] OR “Healthy diet index”[Title/
Abstract] OR “Healthy diet score”[Title/Abstract] OR “Nutrition therapy”[Title/
Abstract] OR “Nutritional therapy”[Title/Abstract] OR “Prudent diet”[Title/Abstract] 
OR “Usual diet”[Title/Abstract]) AND (“diet”[MeSH Terms] OR “diet*”[Title/Abstract] 
OR “nutrition*”[Title/Abstract]) AND (“coronary disease”[Title/Abstract] OR “coronary 
heart disease”[Title/Abstract] OR “coronary artery disease”[Title/Abstract] OR 
“ischemic heart disease”[Title/Abstract] OR “myocardial infarction”[Title/Abstract] OR 
“angina”[Title/Abstract] OR “cardiac arrest”[Title/Abstract] OR “PCI”[Title/Abstract] 
OR “CABG”[Title/Abstract] OR “Percutaneous coronary intervention”[Title/Abstract] 
OR “coronary artery bypass graft”[Title/Abstract] OR (“cerebrovascular disease”[Title/
Abstract] OR “stroke”[Title/Abstract] OR “cerebral haemorrhage”[Title/Abstract] OR 
“cerebrovascular accident”[Title/Abstract]) OR (“peripheral arterial disease”[Title/
Abstract] OR “peripheral artery disease”[Title/Abstract]) OR (“AAA”[Title/Abstract] 
OR “abdominal aortic aneurysm”[Title/Abstract]) OR (“cardiovascular disease”[Title/
Abstract] OR “CVD”[Title/Abstract] OR “vascular diseases”[MeSH Terms])) AND 
(“randomized controlled trial”[Publication Type] OR “controlled clinical trial”[Publication 
Type] OR

“randomized controlled trial”[Title/Abstract] OR “Clinical trial”[Title/Abstract])
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FIGURE S1  Risk of Bias assessment
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  Domains:
  D1: Bias due to randomisation.
  D2: Bias due to deviations from intended intervention.
  D3: Bias due to missing data.
  D4: Bias due to outcome measurement.
  D5: Bias due to selection of reported result.

B

Risk of bias was determined using the Cochrane risk of Bias 2 tool. Study numbers refer to: 1: Aquilani 
1999, 2: AUSMED Heart study, 3: Ball 1965, 4. BALANCE, 5: Brown 1984, 6: CORDIOPREV trial, 
7 DISCO-CT trial, 8: Frost, 2004, 9: Huh 1997, 10: Lindeberg 2007, 11: Lyon Heart study, 12: Oslo 
diet heart trial, 13: Sondergaard 2003, 14: THIS-DIET trial, 15: Weber 2012, 16: Singh 2013, 17: Von 
Haehling 2013.

Nadia_Binnenwerk_V3.indd   92Nadia_Binnenwerk_V3.indd   92 22-02-2024   08:3422-02-2024   08:34



93

EFFECT OF DIET ON CARDIOVASCULAR RISK FACTORS IN ESTABLISHED CVD

FIGURE S2  Network plots for short-term outcomes 

For each endpoint, the number of clinical trials assessing the endpoint and number of participants 
are presented. The node sizes represent the number of participants randomized to a dietary pattern, 
and edge thickness is proportionate to the number of trials with a direct comparison between two 
dietary patterns. RCT: randomized controlled trial, GI: glycemic index, carb: carbohydrate, HDL: 
high-density lipoprotein
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Figure S2b    Total cholesterol   
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Figure S2e    C reactive protein  

Network plot − CRP (mg/L)
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FIGURE S3  Network plots for long-term outcomes

For each endpoint, the number of clinical trials assessing the endpoint and number of participants 
are presented. The node sizes represent the number of participants randomized to a dietary pattern, 
and edge thickness is proportionate to the number of trials with a direct comparison between two 
dietary patterns. RCT: randomized controlled trial, GI: glycemic index, carb: carbohydrate, HDL: 
high-density lipoprotein
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Figure S3e   LDL-Cholesterol

Figure S3g  
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FIGURE S4  League tables of the network estimates for the short- and long- term effects of dietary 
pattern on cardiovascular risk factors

Values correspond to the mean difference in reduction and corresponding 95% credibility interval in 
the outcomes for the dietary pattern in the column compared to the dietary pattern in the row. Values 
below and left of the dietary patterns represent changes at 6 months after diet initiation and values 
above and right of the dietary patterns represent changes at least 12 months after diet initiation. Carb: 
carbohydrate, GI: glycemic index, LDL: low-density lipoprotein, 95%CrI: 95% Credibility interval
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FIGURE S4   League tables of the network estimates for the short- and long- term 
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Values correspond to the mean difference in reduction and corresponding 95% credibility interval in 
the outcomes for the dietary pattern in the column compared to the dietary pattern in the row. 
Values below and left of the dietary patterns represent changes at 6 months after diet initiation and 
values above and right of the dietary patterns represent changes at least 12 months after diet 
initiation. Carb: carbohydrate, GI: glycemic index, LDL: low-density lipoprotein, 95%CrI: 95% 
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FIGURE S4   League tables of the network estimates for the short- and long- term 
effects of dietary pattern on cardiovascular risk factors 

Values correspond to the mean difference in reduction and corresponding 95% credibility interval in 
the outcomes for the dietary pattern in the column compared to the dietary pattern in the row. 
Values below and left of the dietary patterns represent changes at 6 months after diet initiation and 
values above and right of the dietary patterns represent changes at least 12 months after diet 
initiation. Carb: carbohydrate, GI: glycemic index, LDL: low-density lipoprotein, 95%CrI: 95% 
Credibility interval 
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Figure S4c    Mean differences in systolic blood pressure (mmHg) 
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Figure S4c    Mean differences in systolic blood pressure (mmHg) 
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Figure S4c    Mean differences in systolic blood pressure (mmHg) 
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Figure S4f    Mean differences in high density lipoprotein-cholesterol (mmol/l) 
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FIGURE S4g Mean differences in triglycerides (mmol/l)
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Figure S4f    Mean differences in high density lipoprotein-cholesterol (mmol/l) 
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Figure S4f    Mean differences in high density lipoprotein-cholesterol (mmol/l) 
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FIGURE S6  Sensitivity analysis: 6-month effects on body weight, systolic blood pressure and LDL-C 
in studies published in or after 2000

Intervention diet Ref

1

1

N

55

81

MD (95%CrI)

−2.7 (−9.8; 4.4)

0.8 (−7.0; 8.4)

−2.5 (−8.8; 3.9)

−3.7 (−8.1; 0.8)

−20 −10 0 10 20
Change in body weight (kg)

Low fat

Low GI

Mediterranean

Moderate carb

Low fat

Moderate carb

Mediterranean

Mediterranean

3

1

206

122

1.2 (−2.5; 6.8)

6.0 (−13.0; 0.9)

−15 −10 −5 0 5
Change in SBP (mmHg))

Low fat Mediterranean 3 206 0.0 (−0.4; 0.3)

−1 −0.5 0 0.5 1
Change in LDL (mmol/l)))

This table presents network estimates for the relative effects on primary outcomes based on studies 
published from the year 2000 onwards.. The column ‘Direct comparisons’ present the number of time 
a comparison was trialed and the ‘N’ column presents the total number of participants included in 
these clinical trials. Zero direct comparisons means that the presented network estimate is based on 
indirect evidence only. Abbreviations: SBP: systolic blood pressure, LDL-C: low-density lipoprotein 
cholesterol
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FIGURE S7  Sensitivity analysis: Comparison of short- and long term effects on primary outcomes
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FIGURE S7    Sensitivity analysis: Comparison of short- and long term effects on 
primary outcomes 

 

This table presents network estimates for the relative effects on primary outcomes based on studies 
that reported both short- and long-term effects. The short- and long-term effects are presented 
alongside each other. The column ‘Direct comparisons’ present the number of time a comparison 
was trialed and the ‘N’ column presents the total number of participants included in these clinical 
trials. Zero direct comparisons means that the presented network estimate is based on indirect 
evidence only. BP: blood pressure, LDL: low-density lipoprotein, moderate carb: moderate 
carbohydrate.  

This table presents network estimates for the relative effects on primary outcomes based on studies 
that reported both short- and long-term effects. The short- and long-term effects are presented 
alongside each other. The column ‘Direct comparisons’ present the number of time a comparison was 
trialed and the ‘N’ column presents the total number of participants included in these clinical trials. 
Zero direct comparisons means that the presented network estimate is based on indirect evidence 
only. BP: blood pressure, LDL: low-density lipoprotein, moderate carb: moderate carbohydrate.

3
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FIGURE S8  Sensitivity analysis - League tables for 6-month change in body weight, systolic blood 
pressure and LDL-cholesterol limited to CAD patients

Values correspond to the mean difference in reduction and corresponding 95% credibility interval in 
the outcomes for the dietary pattern in the column compared to the dietary pattern in the row. Carb: 
carbohydrate, GI: glycemic index, LDL: low-density lipoprotein, 95%CrI: 95% Credibility interval
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FIGURE S8   Sensitivity analysis - League tables for 6-month change in body weight, 
systolic blood pressure and LDL-cholesterol limited to CAD patients 

 
 

FIGURE S8a    Body weight (kg)  
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1.8 (-1.5; 5.8) Low GI    

-0.7 (-8.0; 6.6) -2.6 (-10.8; 5.5) Mediterranean   

1.2 (-1.6; 4.5) -0.6 (-3.3; 1.9) 2.0 (-5.9; 10.0) Moderate carb  

2.8 (-0.3; 5.8) 0.9 (-2.3; 3.6) 3.5 (-4.4; 11.4) 1.5 (-1.4; 4.1) No intervention 

 
 
 

FIGURE S8b   Systolic blood pressure (mmHg)  
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1.8 (-57.6; 60.2) 0.8 (-71.7; 75.7) Mediterranean   

1.4 (-41.0; 43.8) 0.8 (-9.1; 10.9) -0.1 (-74.3; 72.2) Moderate carb  

8.2 (-54.8; 73.4) 7.7 (-40.4; 57.8) 6.6 (-80.3; 93.7) 6.8 (-40.0; 56.7) No intervention 

 
 
 

FIGURE S8c     LDL-Cholesterol (mmol/l) 
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0.0 (-3.6; 3.6) 0.1 (-0.6; 0.8) -0.1 (-4.1; 4.0) Moderate carb  

-0.7 (-4.5; 3.2) -0.6 (-1.7; 0.6) -0.7 (-5.0; 3.6) -0.7 (-2.0; 0.7) No intervention 

 

Values correspond to the mean difference in reduction and corresponding 95% credibility 
interval in the outcomes for the dietary pattern in the column compared to the dietary pattern in 
the row.  Carb: carbohydrate, GI: glycemic index, LDL: low-density lipoprotein, 95%CrI: 95% 
Credibility interval  
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FIGURE S9  Sensitivity analysis - League tables for 6-month change in body weight, systolic blood 
pressure and LDL-cholesterol after exclusion of studies judged to be at high risk of bias

Values correspond to the mean difference in reduction and corresponding 95% credibility interval in 
the outcomes for the dietary pattern in the column compared to the dietary pattern in the row. Carb: 
carbohydrate, GI: glycemic index, LDL: low-density lipoprotein, 95%CrI: 95% Credibility interval
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FIGURE 9      Sensitivity analysis - League tables for 6-month change in body weight, 
systolic blood pressure and LDL-cholesterol after exclusion of studies 
judged to be at high risk of bias 

 

FIGURE S9a    Body weight (kg) 
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0.5 (-1.6; 2.7) -0.1 (-4.5; 4.3) 1.1 (-5.9; 8.2) Moderate carb  

1.7 (-1.6; 5.0) 1.1 (-4.0; 6.2) 1.1 (-5.9; 8.2) 1.2 (-1.3; 3.7) No intervention 

 
 
 

FIGURE S9b   Systolic blood pressure (mmHg) 
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FIGURE S9c     LDL-Cholesterol (mmol/l) 
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-0.1 (-4.9; 4.6) -0.3 (-3.2; 2.5) -0.2 (-5.3; 4.9) -0.1 (-3.3; 3.0) No intervention 

Values correspond to the mean difference in reduction and corresponding 95% credibility 
interval in the outcomes for the dietary pattern in the column compared to the dietary pattern in 
the row.  Carb: carbohydrate, GI: glycemic index, LDL: low-density lipoprotein, 95%CrI: 95% 
Credibility interval 
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ABSTRACT

Aims
To identify the most effective dietary pattern for improving cardiovascular risk factors 
in people with type 2 diabetes.

Methods
PubMed, Embase, the Cochrane library, SCOPUS and Web of Science were 
systematically searched for randomized controlled trials comparing the effects of 
dietary patterns on body weight, blood pressure, HbA1c and lipids after 6 and 12 
months. Treatment effects were synthesized using Bayesian network meta-analysis. 
Six-month changes in HbA1c, SBP and LDL-C were used to estimate relative risk 
reductions (RRR) for cardiovascular events.

Results
Seventy-three RCTs on eight different dietary patterns were included. All reduced body 
weight and HbA1c after 6 months, with the largest effects from the low carbohydrate 
(body weight -4.8 kg,95%credibility interval (95%CrI) -6.5;-3.2kg) and Mediterranean 
diet (HbA1c -1.0%, 95%CrI-15;-0.4% vs. usual diet). There were no significant 6-month 
blood pressure or lipid effects. Dietary patterns had non-statistically significant 12-
months effects. The Mediterranean diet resulted in the largest expected RRR for 
cardiovascular events: -16% (95%CI-31;3.0) vs. usual diet.

Conclusions
In patients with type 2 diabetes, all dietary patterns outperformed usual diet in 
improving body weight and HbA1c after 6 months and clinically relevant cardiovascular 
risk reduction could be achieved. There was insufficient evidence to select one optimal 
dietary pattern.
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INTRODUCTION

Type 2 diabetes is an important risk factor for cardiovascular disease (CVD) and 
mortality1,2 and, with its prevalence expected to exceed 10% of the world population 
in 2030,3 it imposes a major global health burden. Unhealthy dietary habits and obesity 
predispose for development of type 2 diabetes4,5 and may have a detrimental effect 
on cardiovascular risk factors such as hypertension and dyslipidaemia.6,7

Healthy diet is a key recommendation in guidelines for the management of type 2 
diabetes.8,9 Weight loss achieved through hypocaloric diets and increased physical 
activity is widely recommended8 and multiple dietary patterns (Mediterranean diet, low 
carbohydrate diet and plant-based diet), effectively improve glycemic control, systolic 
blood pressure (SBP) and low density lipoprotein (LDL) cholesterol levels.10-13 However, 
it is unclear which of these dietary patterns most effectively improves glycemic control 
and cardiovascular risk factors and, ultimately, best prevents cardiovascular events and 
mortality in people with type 2 diabetes.

Ideally, evidence on effectiveness of different dietary patterns would be gathered by 
direct comparison in long-term randomized controlled trials (RCTs), but due to the 
large number of dietary patterns and time and financial constraints, this approach 
is not feasible. Network meta-analysis provides an alternative, because it uses the 
results from existing RCTs that directly compared two or more dietary patterns (direct 
evidence) to estimate the relative effects of two dietary patterns that have never 
been compared in a head-to-head RCT (indirect evidence).14 Moreover, network meta-
analysis may improve the precision of effect estimates from RCTs and traditional 
pairwise meta-analyses by combining direct and indirect evidence.15

The aim of this systematic literature review and network meta-analysis was to compare 
the effectiveness of multiple dietary patterns for improving glycemic control and 
reducing cardiovascular risk factors in people with type 2 diabetes. Moreover, the 
aim was to rank dietary patterns based on their effects on cardiovascular risk factors 
and identify the optimal dietary pattern. Additionally, an estimate of the effects of 
dietary patterns on risk of cardiovascular events compared to no dietary intervention 
was made based on their effect on cardiovascular risk factors as found in the network 
meta-analysis.

4
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MATERIAL AND METHODS

This systematic review and network meta-analysis was prospectively registered in the 
PROSPERO registry (CRD42021233287).

Systematic literature search and data extraction
A systematic literature search was performed from database initiation up to 31 January 
2022 in PubMED, EMBASE, the Cochrane Library, Scopus and Web of Science, using 
search terms for diet and dietary patterns, type 2 diabetes and RCTs (Supplemental 
Appendix 1). RCTs comparing a dietary pattern with an alternative pattern or with 
no dietary intervention for at least 12 weeks in a adults with type 2 diabetes were 
included. RCTs with multiple lifestyle interventions, not restricted to diet, were eligible 
when non-dietary components were applied universally (e.g. both groups received 
the same exercise program, Table S1). The definition of type 2 diabetes was accepted 
from the eligible RCTs, to avoid exclusion of relevant records due to unreported data 
required for a specific type 2 diabetes definition. Two authors (NEB, IVD) independently 
performed title and abstract screening followed by full-text review of relevant articles. 
Discrepancies were resolved by consensus after inclusion of a third reviewer.

Data on study design, population, intervention characteristics and outcome measures 
were independently extracted by two authors (NEB, IVD) using a standardized report 
form. Included records were critically appraised using the Cochrane Risk of Bias 2 tool.16

Dietary pattern categories
Interventions were categorized as one of eight pre-defined dietary patterns (Table S2):

•	 Low glycemic index (GI) diet: focusing on food items with a low GI and high fiber content
•	 Mediterranean diet: rich in whole grains, green vegetables, fruits, fish, lean meat and 

plant-based oils
•	 Plant-based diet: vegan or vegetarian diet
•	 High protein diet: ≥25% of total energy (E%) from protein
•	 Low carbohydrate diet: <30E% from carbohydrates
•	 Low fat diet: <30E% from fat
•	 Moderate carbohydrate diet: >45E% from carbohydrates, >30E% from fat and 

<25E% from protein
•	 No dietary intervention: usual diet or one-time dietary advice from treating physician 

without behavioural support
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Categorization was based on details provided in the included articles. When a dietary 
intervention could be classified as either a low GI, Mediterranean or plant-based 
diet, this classification was preferred over the classification based on macronutrient 
distribution of the diet.

Outcomes
Outcome data were divided into two time points: 6 months for measurements taken 
after 12 weeks and before 12 months, and 12 months for measurements taken more 
than 12 months after diet initiation. The data available to assess other time points was 
insufficient or too heterogeneous to meet the assumptions underlying a network meta-
analysis and were therefore not quantitatively synthesized. The primary outcomes were 
difference in 6-month change in body weight, glycosylated hemoglobin (HbA1c), SBP 
and LDL-cholesterol between different dietary patterns. Secondary outcomes were the 
12-month change in these parameters and the 6- and 12-month change in high-density 
lipoprotein (HDL) cholesterol, triglyceride and C-reactive protein (CRP) levels.

When available, the mean difference from baseline and corresponding standard 
deviation (SD) were used in the analysis. If relevant outcomes were reported as 
other measures (e.g. standard error), the mean difference and SD were calculated in 
accordance with the Cochrane Handbook.17

Statistical analyses
A random-effects network meta-analysis with a Bayesian framework was performed 
in a Monte Carlo Markov Chain simulation (4 chains, 5000 burn-in iterations, 100,000 
iterations).14,18 The transitivity assumption was evaluated by comparing characteristics 
of the eligible RCTs. Convergence of the model was assessed by visual inspection of 
trace plots and Gelman-Rubin-Brooks plots. Model fit was assessed by checking the 
ratio between number of data points in each model and the residual deviance of the 
posterior distribution. The consistency assumption was assessed by performing node-
splitting analyses to compare direct and indirect evidence. Imprecision of the model 
estimates was reflected by 95% credible intervals (95%CrI) obtained from the 2.5th 
and 97.5th percentile values of the simulations. Ranking probabilities were calculated 
for all outcomes and the hierarchy of the different dietary patterns was summarized 
using ranking plots and surface under the cumulative ranking curve (SUCRA).19

4
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Changes in HbA1c, SBP and LDL-cholesterol at 6 months after diet initiation were used 
to estimate the relative risk reduction (RRR) in risk of major adverse cardiovascular 
events (MACE), in accordance with the methodology previously published by 
Berkelmans and colleagues.20 For these analyses, the reference category was no 
dietary intervention. The following results from previously published meta-analyses 
were used to estimate the effect on MACE risk: 10 mmol/mol reduction in HbA1c 
associates with a hazard ratio (HR) of 0.91 (95%CI 0.84; 0.99),21 1 mmol/l reduction 
in plasma LDL-C with a HR of 0.78 (95%CI 0.76; 0.80),22 and 10 mmHg reduction in 
systolic blood pressure with a HR of 0.80 (95%CI 0.77; 0.83).23 A detailed description 
of the methodology for the calculation of MACE risk is provided in Supplemental 
Appendix 2.

Post-hoc sensitivity analyses were performed to explore the impact of potential 
sources of heterogeneity between the included studies. The first sensitivity analysis 
was limited to studies published from the year 2010 onwards. A second sensitivity 
analysis was limited to studies that selected patients with a baseline body mass index 
(BMI) ≥25 kg/m2, with the aim of exploring whether the effects of dietary patterns 
were different in overweight populations. In the final sensitivity analysis, all records 
that were judged to be at high risk of bias were excluded.

All statistical analyses were performed using R version 4.0.4 (R Core Team, Vienna, 
Austria) with the gemtc package.24

RESULTS

Article selection and risk of bias assessment
The search of five different databases yielded 14,563 unique records that were 
screened for eligibility and 98 records, reporting on 73 unique RCTs were included 
(Figure 1/ Table S3). The included studies were published between 1978 and 2022 
and comprised a total of 5,753 participants. Study durations ranged from 12 weeks to 
7 years, with a median of 26 weeks. Approximately half of participants were female, 
mean age was 58 ±5.7 years, mean BMI was 32.5 ±4.2 kg/m2 and median time since 
type 2 diabetes diagnosis was 9 [IQR 7– 10] years. Details on achieved caloric intake 
was available for 43 trials, of which 27 (63%) reported a similar or lower energy intake 
in the intervention group.
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FIGURE 1  Study selection flowchart
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This flow diagram shows the process used to identify relevant records for the network meta-analysis. 
The systematic literature search was performed from database inception to 31 January 2022.
Abbreviations: RCT: Randomized controlled trial

Funding and conflict-of-interest information was fully available for 50 of the included 
RCTs (68%) of whom 31 trials reported having received funding from governmental 
or academic sources alone and no potential conflicts of interest (Table S4). Industry 
sponsoring, or lack thereof, was not reported for studies on the Mediterranean diet, 
and reported most frequently for RCTs assessing the effectiveness of the high protein 
(N = 6, 55%) and plant-based dietary patterns (N = 4, 50%, Table S4). Twenty-four 
studies (35%) were judged to be at high risk of bias (Figure S1). Risk of bias mainly arose 
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because participants could not be blinded to the dietary intervention, and because 
older RCTs often did not have a pre-published protocol.

Diet categories and network
Network plots showing the number of direct comparisons between dietary patterns for 
each outcome are presented in Figures 2 and S2. Most participants were randomized 
to either low-fat diet (N=1,478), moderate carbohydrate diet (N=1,011) or no 
dietary intervention (N=969). The most frequent direct comparison was moderate 
carbohydrate vs. low fat diet (13 RCTs), followed by low carbohydrate vs. moderate 
carbohydrate and low fat vs. no dietary intervention (both reported in 9 RCTs).

6-month effects of dietary interventions on cardiovascular risk factors
After 6 months, all dietary patterns were more effective in reducing body weight than 
no dietary intervention, with changes ranging between -4.8 and -2.7 kg (Figure 3). The 
largest reductions were achieved with the low carbohydrate diet (-4.8 kg, 95%CrI-
6.5;-3.2) and plant-based diet (-4.7kg, 95%CrI-6.8; -2.5) compared to no dietary 
intervention. All dietary patterns resulted in statistically significant 6-month HbA1c 
reductions, ranging between –1.0% and -0.3% (-10.5 and -2.8 mmol/mol) compared 
to no dietary intervention. The largest reduction was achieved by the Mediterranean 
diet: -1.0%, 95%CrI-15.8;-0.4 (−10.5 mmol/mol, 95%CrI−16.8;−4.1 mmol/mol). For SBP 
there was a non-statistically significant trend towards reduction for all dietary patterns. 
The estimates for SBP reduction ranged between -13.3 and -0.7 mmHg, with the 
largest reduction being achieved by the Mediterranean diet (-13.3 mmHg, 95%CrI-31.7; 
5.0). Six-month changes in LDL-cholesterol compared with no dietary intervention 
ranged between -0.3 and -0.1 mmol/l for all dietary patterns. A statistically significant 
LDL-cholesterol reduction was only observed for the low GI diet: -0.3 mmol/l (95%CrI 
-0.5; 0.0) compared with no dietary intervention. The studied dietary patterns had 
small, non-statistically significant, effects on HDL-cholesterol, triglycerides and CRP 
levels (Table S5).
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FIGURE 2  Network plots of direct comparisons after 6 months
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These network graphs show the direct comparisons between dietary interventions from head-to-
head trials for the primary outcomes: (A) body weight, (B) HbA1c, (C) systolic blood pressure and (D) 
LDL-cholesterol after 6 months. The sizes of the dietary pattern nodes correspond to the number 
of participants randomized to that dietary pattern. The width of the edges between the nodes 
corresponds to the number of direct head-to-head comparisons. Carb: carbohydrate GI: glycemic 
index, RCT: randomized controlled trial.
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FIGURE 3  The effect of dietary patterns on body weight, HbA1c, systolic blood pressure and LDL-C 
at 6 and 12 months after diet initiation.
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This figure presents the network estimates and 95% CrI for the 6 and 12 month relative change 
from baseline in body weight, HbA1c, systolic blood pressure and LDL-C compared to usual diet. For 
each outcome, measures of model fit are provided in the figure: number of data points used for the 
model, I2 and the posterior mean residual difference (Dbar). Changes in HbA1c as measured in % are 
presented in regular font and changes expressed in mmol/mol are presented in italic. Abbreviations: 
95%CrI: 95% credibility interval, HbA1c – glycated hemoglobin, BP: Blood pressure, LDL-cholesterol: 
low-density lipoprotein cholesterol.
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12-month effects of dietary patterns on cardiovascular risk factors
Twelve months after diet initiation, body weight reductions ranged between -3.3 
and -1.1 kg compared with no dietary intervention, with the Mediterranean (-3.3 
kg, 95%CrI-6.4;-0.2 kg) and low-fat diet (-2.5kg, 95%CrI-5.2;0.0) yielding the largest 
reductions. Twelve-month HbA1c changes were not statistically significant and ranged 
between -0.2 and 0.3% (-2.0 and 3.2 mmol/mol) compared to no dietary intervention. 
For SBP and LDL-cholesterol, these 12-month changes were not statistically significant, 
ranging from -6.8 to 0.3 mmHg and -0.1 to 0.1 mmol/l, respectively.

Ranking of dietary interventions
There was no dietary pattern that ranked best for all primary outcomes (Figure S4). The 
low carbohydrate diet ranked highest for body weight reduction, the Mediterranean 
diet for reducing HbA1c and SBP; and the low GI diet for reducing LDL-cholesterol. 
Usual diet performed worst for all primary outcomes. Ranking plots for the secondary 
outcomes are provided in Figure S5

Estimated relative reductions in MACE risk
Compared with no dietary intervention, all dietary patterns were estimated to reduce 
MACE risk. However, only the effect of the low GI diet was statistically significant 
(RRR – 12.0%, 95%CI -21.8;-0.9%) (Figure 4). The Mediterranean diet resulted in the 
largest RRR: -15.8% (95%CI-31.3;3.2%).

Sensitivity analyses
Results of studies published in or after 2010 (44/73 RCTs), were similar in size and 
direction to the main analysis with respect to the effects of dietary patterns on body 
weight, HbA1c, SBP, and LDL-cholesterol. For each outcome, the dietary pattern that 
resulted in the largest reduction was the same compared to the full analysis (Figure S6).

In studies excluding participants with BMI <25 kg/m2, all dietary patterns resulted 
in more weight loss compared with the main analysis (Figure S7). In this subgroup, 
the largest 6-month weight reduction was achieved by the high protein diet (-6.6 kg, 
95%CrI-10.8;-2.2 kg). The effects of dietary patterns on HbA1c and LDL-cholesterol 
were similar in the overweight population. The effects of dietary patterns on SBP 
compared to no dietary intervention could not be estimated, because none of the 
studies in this subgroup used no dietary intervention as a reference group.
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In the final sensitivity analysis, excluding all studies that were judged to be at high risk 
of bias (n = 23), the size and direction of the network estimates was similar compared 
with the main analysis (Figure S8).

DISCUSSION

This systematic review and network meta-analysis showed that dietary pattern 
interventions result in clinically relevant short-term reductions in body weight and 
HbA1c compared with no dietary intervention in people with type 2 diabetes. All 
effects were attenuated and not statistically significant after 12 months. When ranking 
dietary patterns there was no overall best option. However, for all primary outcomes, 
continuing usual diet was the worst option. Based on the 6-months results, dietary 
pattern interventions can reduce risk of MACE through their effect on CVD risk factors 
in patients with type 2 diabetes.

With regard to body weight, previous (network) meta-analyses have shown similar 
short- but not long-term weight loss.25,26 A negative energy balance is the main driver 
for weight loss. Although the majority of comparisons between dietary patterns 
included in the present analyses were intended to be isocaloric, this intention was 
not always realized. In practice, participants that were randomized to a dietary 
intervention were more likely to reduce caloric intake than those that received no 
dietary intervention. The findings in the present study indicate that the studied dietary 
patterns have a similar effect on body weight and that all outperform no dietary 
intervention; a finding consistent with previous research.27,28

Similar to previous research,10 the findings from this study indicate that dietary patterns 
reduce HbA1c, with the Mediterranean and low carbohydrate diets having the largest 
effects. These beneficial effects on HbA1c might be mediated through weight loss, 
which has been shown to reduce HbA1c29 and even reverse type 2 diabetes.30 In line 
with this, the short-term reductions in HbA1c lined up with the observed weight 
loss. The long-term effects on weight loss were smaller and no longer significant 
and, similarly, the effects on HbA1c were attenuated. Another mechanism through 
which diet can influence glycemic control is by reducing the quantity and improving 
the quality of carbohydrate intake.31 Consumption of food items that are rich in high 
glycemic carbohydrates, result in fast and steep increases in blood glucose and insulin 

4
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levels, especially in patients with type 2 diabetes. Frequent consumption can aggravate 
hyperinsulinemia and strengthen the accompanying atherogenic response.32 The low 
carbohydrate dietary intervention was associated with reductions in short-term body 
weight and HbA1c, and therefore, might be a good dietary option for patients with 
type 2 diabetes, although long-term effects remain unclear.

The SBP and LDL-cholesterol effects were non-significant at both 6 and 12 months 
for all dietary interventions. A previous meta-analysis of dietary RCTs found an overall 
statistically significant 4 mmHg SBP reduction compared with usual diet.33 However, that 
study pooled the effects of different dietary interventions in one estimate, which leads to 
limited options for generalization. In our analysis, a tendency towards clinically relevant 
6-month reductions in SBP up to 13 mmHg was observed, but with wide CrIs, indicating 
insufficient power. The most important dietary factor that affects SBP is sodium salt 
intake.34 Data on sodium intake was not extracted and may partially explain the findings.

The small effects of diet on LDL-cholesterol levels have been shown before26,35 and 
might be explained through pathophysiologic processes leading to dyslipidaemia. 
Genetic predisposition and low-grade inflammation are of large importance for LDL-
cholesterol levels.36 Moreover, dietary absorption and hepatic synthesis together 
determine serum cholesterol levels including LDL-cholesterol, and hepatic synthesis 
is negatively correlated to dietary adsorption.37 Ultimately, these factors contribute to 
generally stable LDL-cholesterol levels that are minimally affected by dietary changes.

The present study shows that the effects of dietary patterns attenuate over time, a 
finding that has consistently been shown in dietary RCTs and meta-analyses.10,26 A 
probable explanation is that adherence to prescribed dietary pattern decreases, while 
adherence is a strong predictor for a sustained future effects.38 Our analyses are based 
on intention-to-treat results when available, meaning that the presented results are 
an average effect over adherent and non-adherent study participants. Especially in 
studies with a longer follow-up time, the proportion of non-adherent participants is 
expected to increase. It may be reasonable to expect larger long-term effects of the 
studied dietary patterns in patients that are compliant with the intervention throughout 
the entire follow-up period. Identifying such participants that are likely to adhere to a 
dietary intervention over time, is an interesting challenge for future research and may 
aid in targeting dietary interventions to patients that will benefit most.
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To our knowledge there are no RCTs that have directly investigated the effect of dietary 
patterns on the occurrence of MACE in type 2 diabetes populations. Therefore, the 
network estimates of the effects on cardiovascular risk factors were used to calculate 
the expected MACE risk reduction compared to usual diet. The PREDIMED trial, 
performed in a population at high risk of CVD, previously showed that a Mediterranean 
diet reduced MACE risk by 31% (HR 0.69, 95%CI 0.53-0.91).39 The CORDIORPEV trial 
in patients with coronary heart disease, showed that a Mediterranean diet compared to 
a low fat diet led to a reduction in the risk of cardiovascular events up to 28% (HR 0.72, 
95%CI 0.54-0. 96).40 The estimates for MACE risk reduction in the present study were 
smaller, probably because they were only based on changes in SBP, LDL-cholesterol 
and HbA1c. This approach therefore potentially underestimates benefits of dietary 
patterns when these are mediated through other mechanisms, such as inflammatory 
state, lipids and lipoprotein composition or quality of life.41,42

As recommended in type 2 diabetes guidelines, adopting a healthy diet is an important part 
of clinical management.8,9 This network meta-analysis underlines this recommendation, 
by showing that dietary patterns improve body weight and cardiovascular risk factors and 
potentially confer reductions in MACE risk. Of the included dietary patterns, there was 
no pattern that outperformed the others with regard to body weight, HbA1c, LDL and 
SBP reduction. The similarities between the studied dietary patterns should be noted. 
For example, in many of the included interventions it was recommended to consume 
fiber-rich foods and whole grain products and to limit sugar-sweetened beverages. 
Therefore, physicians should probably advice patients to adopt a healthy diet that suits 
their personal preferences. As adherence to a dietary pattern determines the success 
of dietary change, we recommend guiding patients towards a healthier dietary pattern 
they can maintain in the long-term.

Study strengths include the systematic search and analysis according to a pre-published 
protocol. Network meta-analysis techniques allowed for combining direct and indirect 
evidence and estimating the relative effects of dietary interventions that had not been 
compared in RCTs. The use of a Bayesian rather than frequentist framework allows 
for better modelling of the assumptions in a network meta-analysis, and is preferred 
by health care authorities.43 Finally, multiple relevant cardiovascular risk factors were 
included, and an estimation of MACE risk reduction was made for all dietary patterns, 
which enables direct translation to clinical practice.

4
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Limitations of the study include that the available RCTs were of low or moderate quality, 
although sensitivity analyses showed that the results were not impacted by studies at high 
risk of bias. We did not perform a GRADE assessment,44 due to its poor fit to nutrition 
research,45 but this means that certainty of evidence was not assessed in our analysis. 
A significant proportion of the included studies did not disclose funding information or 
was funded by advocacy groups for specific dietary patterns, which might have affected 
the choice of reported outcomes. Moreover, the grouping of interventions into dietary 
patterns inherently leads to simplification and loss of contrast. The same limitation arises 
for combining outcomes into two time points. However, both were necessary steps to 
present the available evidence in a comprehensible way and to provide sufficient power. 
Furthermore, the results of the ranking analyses are sensitive to the decision threshold 
used to determine relative effectiveness.46 and should therefore not be interpreted 
as definitive evidence that one dietary pattern is more effective than alternatives, but 
instead should be considered in light of the small differences in the estimated effect 
size. Our analyses focused on cardiovascular risk factors, but adverse effects, such as 
hypoglycemia or nutritional deficiencies, quality of life outcomes, adequacy of dietary 
patterns and patient dietary preferences are highly relevant for patients in deciding on 
the most optimal dietary pattern and should be evaluated in future research.

CONCLUSIONS

In conclusion, this systematic review and network meta-analysis showed that dietary 
patterns compared with no dietary intervention had beneficial effects on body weight 
and glycemic control in people with type 2 diabetes, especially in the first six months. 
These effects were attenuated and non-statistically significant after 12 months. 
Furthermore, the study shows that each included dietary pattern was preferable 
over no dietary intervention, with subtle differences between them but no particular 
dietary intervention being overall better than the others. Lastly, all dietary patterns 
resulted in reduced MACE risk mediated by their (short-term) effects on cardiovascular 
risk factors. These findings stress the importance of dietary interventions in the 
management of type 2 diabetes and their potential to reduce cardiovascular risk. There 
is a need to quantify the effects of dietary pattern interventions on the occurrence 
of cardiovascular events in a long-term randomized controlled trial. In the meantime, 
patients with T2DM should be advised to adopt a healthy diet, without a preference 
for any dietary pattern in particular.
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SUPPLEMENTAL MATERIAL

APPENDIX S1 Search strategy

This search string was used to search for relevant literature in the PubMED. Appropriate 
changes were made to adapt the search string to EMBASE, The Cochrane library, 
SCOPUS and Web of Science. The systematic literature search was performed on 31 
March 2022.

(“alkaline”[Title/Abstract] OR “atkins”[Title/Abstract] OR “biggest loser”[Title/Abstract] 
OR “bulletproof”[Title/Abstract] OR (“DART”[Title/Abstract] OR “Reinfarction 
trial”[Title/Abstract]) OR (“DASH”[Title/Abstract] OR “Dietary approach to stop 
hypertension”[Title/Abstract]) OR “drinking man*”[Title/Abstract] OR “Dukan”[Title/
Abstract] OR “Engine”[Title/Abstract] OR (“F-plan”[Title/Abstract] OR “F2”[Title/
Abstract]) OR “Fertility diet”[Title/Abstract] OR “FODMAP”[Title/Abstract] OR 
“Hamptons”[Title/Abstract] OR “High Protein”[Title/Abstract] OR “HMR”[Title/Abstract] 
OR “Jenny Craig”[Title/Abstract] OR “keto*”[Title/Abstract] OR “LEARN”[Title/
Abstract] OR (“low carb*”[Title/Abstract] OR “carbohydrate restr*”[Title/Abstract] 
OR “restricted carb*”[Title/Abstract]) OR (“low fat”[Title/Abstract] OR “fat free”[Title/
Abstract] OR “fat restrict*”[Title/Abstract] OR (“restrict*”[All Fields] AND “lipid”[Title/
Abstract])) OR “low glycemic index”[Title/Abstract] OR (“low salt”[Title/Abstract] OR 
“low sodium”[Title/Abstract] OR “salt restrict*”[Title/Abstract] OR “saltless”[Title/
Abstract] OR “sodium free”[Title/Abstract]) OR “Mayo clinic diet”[Title/Abstract] OR 
“McDougal”[Title/Abstract] OR “Mediterranean”[Title/Abstract] OR “MIND”[Title/
Abstract] OR “Nordic diet”[Title/Abstract] OR “Nutrisystem”[Title/Abstract] OR 
“Ornish”[Title/Abstract] OR “Okinawa”[Title/Abstract] OR “Optavia”[Title/Abstract] 
OR “paleo*”[Title/Abstract] OR “Pioppi”[Title/Abstract] OR “Plant-based”[Title/
Abstract] OR “Portfolio diet”[Title/Abstract] OR “Pritikin”[Title/Abstract] OR “Protein 
power”[Title/Abstract] OR “Rosedale”[Title/Abstract] OR “Rosemary Conley”[Title/
Abstract] OR “Salisbury”[Title/Abstract] OR “Scarsdale”[Title/Abstract] OR “slimming 
world”[Title/Abstract] OR “South beach”[Title/Abstract] OR “Stillmann”[Title/Abstract] 
OR “Sugar busters”[Title/Abstract] OR (“TLC”[Title/Abstract] OR “Therapeutic lifestyle 
changes”[Title/Abstract]) OR “Vegetarian”[Title/Abstract] OR “vegan”[Title/Abstract] 
OR “Volumetrics”[Title/Abstract] OR “Western diet”[Title/Abstract] OR (“weight 
watcher*”[Title/Abstract] OR “weightwatcher*”[Title/Abstract]) OR “ZONE”[Title/
Abstract] OR “American Heart Association”[Title/Abstract] OR “Cardiac diet”[Title/

4
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Abstract] OR “Cardioprotective”[Title/Abstract] OR “Dietary guidelines”[Title/Abstract] 
OR “Dietary index”[Title/Abstract] OR “eating pattern*”[Title/Abstract] OR “eating 
plan*”[Title/Abstract] OR “Guidance”[Title/Abstract] OR “Healthy diet index”[Title/
Abstract] OR “Healthy diet score”[Title/Abstract] OR “Nutrition therapy”[Title/
Abstract] OR “Nutritional therapy”[Title/Abstract] OR “Prudent diet”[Title/Abstract] 
OR “Usual diet”[Title/Abstract]) AND (“diet”[MeSH Terms] OR “diet*”[Title/Abstract] 
OR “nutrition*”[Title/Abstract])

AND
((“diabetes”[Title/Abstract] OR “diabetes mellitus”[MeSH Terms]) NOT (“diabetes, 
gestational”[MeSH Terms] OR “gestational”[Title/Abstract] OR “pregnan*”[Title/
Abstract] OR “gravidarum”[Title/Abstract]))

AND
(“randomized controlled trial”[Publication Type] OR “controlled clinical trial”[Publication 
Type] OR “randomized controlled trial”[Title/Abstract] OR “Clinical trial”[Title/Abstract])
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TABLE S1  Eligibility criteria for inclusion in the systematic literature search

Inclusion criteria Exclusion criteria
•	 Randomized controlled trial
•	 Comparison between full dietary pattern and 

an alternative dietary pattern or usual diet
•	 Population with type II diabetes mellitus
•	 Reporting changes in one or more of:

	ώ Body weight
	ώ HbA1c
	ώ Systolic blood pressure
	ώ Lipid profile (LDL-C, HDL-C and/or 

triglycerides)
	ώ CRP

•	 Minimum follow-up 12 weeks
•	 Participants aged ≥18 years

•	 Dietary intervention consisting of one 
specific food group

•	 Dietary interventions focused on timing of 
food consumption (e.g. intermittent fasting)

•	 Interventions combining multiple lifestyle 
interventions such as diet and exercise*

•	 Interventions combining diet and medication*
•	 Interventions comparing diet against 

medication
•	 Population of women with gestational 

diabetes

HbA1c: glycosylated haemoglobin, LDL-C: Low density lipoprotein cholesterol, HDL-C: high density 
lipoprotein cholesterol, CRP: C reactive protein. * If non-diet components of the lifestyle intervention 
(e.g. smoking cessation, physical exercise programs) or medication were equal in the intervention and 
reference groups, trials were not excluded. Any differences in effects in these studies can be assumed 
to be the result of the differences in the dietary component of the interventions.

TABLE S2  Criteria for diet category classification

Macronutrient distribution
Diet group E% Carb E% Fat E% Protein Other dietary characteristics
High protein >25
Low carbohydate <30
Low fat diet <30

Low GI / High fiber Intervention focusing on low 
glycemic index or load

Mediterranean diet
Fruit, vegetables, olive oil, 
legumes, cereals, fish, high 
MUFA/PUFA

Moderate carbohydrate >45 >30 ≤25

Plant-based
Vegan or vegetarian dietary 
pattern: exclusion of meat and 
fish from the diet.

No dietary intervention

No or minimal dietary 
intervention: no additional dietary 
advice or counselling compared to 
usual care for diabetes patients. 
Interventions not extending a 
single counselling session by the 
treating physician or the provision 
of an instructional pamphlet.

This table shows the criteria that were used to classify the dietary interventions from the included 
randomized controlled trials into dietary patterns groups for the network meta-analysis. The name 
of a diet in an RCT did not necessarily directly correspond to the dietary pattern category in our 
analysis. To minimize heterogeneity these cut-off values were leading.

4
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APPENDIX S2  Example calculation of MACE risk reduction achieved by dietary 
pattern interventions

Assumptions
−	 Estimates of the effects of reductions in HbA1c, LDL-cholesterol and systolic blood 

pressure were obtained from previously published meta-analyses:
	ώ A 10 mmol/l (0.91%) reduction in HbA1c results in a 9% relative risk reduction 

(HR 0.91, 95% 0.84-0.99)1.
	ώ A 1 mmol/l (38.67 mg/dl) reduction in LDL-cholesterol results in 22% relative 

risk reduction of 22% (HR 0.78, 95%CI 0.76; 0.80)2
	ώ A 10 mmHg reduction in systolic blood pressure results in 20% relative risk 

reduction (HR 0.80, 95%CI 0.77-0.83)3.
−	 Reductions in HbA1c, LDL-cholesterol and systolic blood pressure are linearly 

associated with MACE risk and the relative risk reduction is not influenced by the 
baseline value before dietary intervention. The effects of HbA1c, LDL-cholesterol 
and systolic blood pressure are independent

Example calculation
6 month network estimates for effect of the plant-based diet compared to no dietary 
intervention:
−	 HbA1c: - 0.6%, 95CrI -0.8; -0.3%, i.e. – 6.6 mmol/l, 95%CrI -8.7; -3.3 mmol
−	 LDL-cholesterol: -0.2 mmol/l, 95%CrI -0.4; 0.1 mmol/l
−	 Systolic blood pressure: - 0.7 mmHg, -10.8; 9.3 mmHg.

First, the effects of a dietary intervention on MACE risk, achieved through the 
modification of a single cardiovascular risk factor was calculated by multiplying the 
network estimate and corresponding upper and lower limits of the credibility interval 
with the treatment effects obtained from literature:

Risk factor Mean Lower 95%CrI Upper 95%CrI Estimated RRR

HbA1c 0.91^0.66 = 0.94 0.91^0.87 = 0.92 0.91^0.33 = 0.97 -6%, 95%CI-8; -3%

LDL-C 0.78^0.20 = 0.95 0.78^0.40 = 0.91 0.78^-0.10 = 1.03 -5%, 95%CI -9; +3%

Systolic BP 0.80^0.07 = 0.98 0.80^1.08 = 0.79 0.80^-0.93 = 1.23 -2%, 95%CI -21;+23%

Finally, to estimate the overall effect of a dietary intervention on relative MACE 
risk, the estimated hazard ratios for the different cardiovascular risk factors were 
multiplied. The upper and lower bounds for the 95% confidence interval were obtained 
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by multiplying the estimates for the upper and lower bound of the effects of the 
individual cardiovascular risk factors, respectively. Results are presented as relative 
risk reductions (RRR) to aid interpretability.

Combined estimate = 0.94 * 0.78 * 0.98 = 0.88  Relative risk reduction: (1 – 0.88) 
* 100% = 12.0%

Lower bound = 0.92 * 0.91 * 0.79 = 0.66  Lower bound RRR : (1 - 0.64) * 
100% = 34.5%
Upper bound = 0.97 * 1.03 * 1.23 = 1.23  Upper bound RRR: (1 - 1.23) * 
100% = -22.9%

Overall estimate for relative MACE risk reduction achieved by plant-based diet vs. no 
intervention 12.0% (95%CI -22.9; 34.5%)

Note: Values were not rounded until the final step of the calculation. A RRR above 
zero favours the intervention diet.

4
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EFFECT OF DIET ON CARDIOVASCULAR RISK FACTORS IN T2D
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EFFECT OF DIET ON CARDIOVASCULAR RISK FACTORS IN T2D
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EFFECT OF DIET ON CARDIOVASCULAR RISK FACTORS IN T2D
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FIGURE S1  Risk of bias assessment (Cochrane risk of bias 2 tool)
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TABLE S5  League tables of mean differences in body weight, blood pressure, glucose regulation 
and lipids.

League tables present the network estimates for all possible pairwise in the networks for each 
outcome included in our analysis. The lower left half of each league table, below the names of the 
dietary patterns, presents the effect estimates after 6 months and the upper right half, above the 
names of the dietary patterns, presents the effect estimates after 12 months. In the league tables, 
each cell represents the mean difference and 95% credibility interval for the dietary pattern named 
in the column relative to the dietary pattern named in the row. For example, after 6 months a high 
protein diet results in -2.8 kg (95%CrI -6.4; 0.4) relative to a low carbohydrate diet and after 12 months 
a low carbohydrate diet result in an increase in body weight by 1.2 kg (95%CrI -4.7; 7.4) relative to a 
high protein dietary pattern. Abbreviations: NA – Not available.

TABLE S5a  League table of network estimates of mean differences in body weight at 6 and 12 
months after diet initiation.
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-0.8 (-1.7; 0.1) -1.1 (-2.2; 0) Low fat -0.7 (-3; 1.8) -0.8 (-2; 0.6) 0.2 (-1.9; 2.5) -0.3 (-3.7; 3.3) NA

-0.7 (-2.1; 0.7) -0.9 (-2.1; 0.2) 0.1 (-1; 1.3)
Low glycemic 

index -0.1 (-2.5; 2.2) 0.9 (-1.6; 3.4) 0.4 (-3.3; 4.1) NA

-0.6 (-3.2; 1.9) -0.9 (-3.4; 1.5) 0.2 (-2.2; 2.6) 0 (-2.4; 2.5) Mediterranean 1 (-1.1; 3.2) 0.5 (-3; 4) NA

-1.1 (-2.3; 0.2) -1.4 (-2.4; -0.4) -0.3 (-1.2; 0.7) -0.4 (-1.6; 0.7) -0.5 (-2.9; 2)
Moderate 

carbohydrate -0.5 (-3.2; 2.2) NA

-0.2 (-1.6; 1.1) -0.5 (-1.9; 0.8) 0.6 (-0.5; 1.6) 0.4 (-0.9; 1.8) 0.4 (-2.1; 2.9) 0.8 (-0.3; 2) Plant-based NA

-1.8 (-3; -0.6) -2.1 (-3.1; -1.1) -1 (-1.9; -0.2) -1.2 (-2.2; -0.1) -1.2 (-3.5; 1) -0.7 (-1.7; 0.2) -1.6 (-2.6; -0.5) No intervention

Relative change in BMI after 12 months (kg/m2)
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Table S5c   League table of network estimates of mean differences in systolic blood 
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Table S5d   League table of network estimates of mean differences in LDL-C at 6 and 12 
months after diet initiation. 

 

 

Table S5e   League table of network estimates of mean differences in HDL-C at 6 and 12 
months after diet initiation. 

 

 

High protein 0.1 (-0.1; 0.3) 0.1 (-0.1; 0.3) -0.1 (-0.3; 0.2) -0.1 (-0.5; 0.2) -0.1 (-0.2; 0.1) -0.2 (-0.6; 0.2) 0 (-0.4; 0.3)

-0.1 (-0.3; 0.2) Low carbohydrate 0 (-0.2; 0.2) -0.2 (-0.4; 0) -0.2 (-0.6; 0.1) -0.2 (-0.4; 0) -0.3 (-0.7; 0.2) -0.1 (-0.5; 0.2)

0 (-0.2; 0.2) 0.1 (-0.1; 0.3) Low fat -0.2 (-0.4; 0.1) -0.2 (-0.6; 0.1) -0.2 (-0.4; 0) -0.3 (-0.7; 0.2) -0.1 (-0.4; 0.2)

0.1 (-0.2; 0.4) 0.2 (-0.1; 0.4) 0.1 (-0.1; 0.3)
Low glycemic 

index 0 (-0.4; 0.3) 0 (-0.2; 0.2) -0.1 (-0.6; 0.3) 0 (-0.3; 0.4)

0 (0; 0) 0 (0; 0) 0 (0; 0) 0 (0; 0) Mediterranean 0.1 (-0.3; 0.4) -0.1 (-0.6; 0.4) 0.1 (-0.3; 0.5)

0 (-0.2; 0.2) 0.1 (-0.2; 0.3) 0 (-0.2; 0.2) -0.1 (-0.4; 0.1) 0 (0; 0)
Moderate 

carbohydrate -0.1 (-0.5; 0.3) 0 (-0.3; 0.4)

0 (-0.3; 0.3) 0.1 (-0.3; 0.4) 0 (-0.3; 0.3) -0.1 (-0.5; 0.2) 0 (0; 0) 0 (-0.3; 0.3) Plant-based 0.1 (-0.4; 0.7)

-0.2 (-0.4; 0.1) -0.1 (-0.3; 0.1) -0.2 (-0.3; 0) -0.3 (-0.5; 0) 0 (0; 0) -0.1 (-0.4; 0.1) -0.2 (-0.4; 0.1) No interventionR
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Relative change in LDL-cholesterol after 12 months (mmol/l)

High protein 0 (-0.1; 0.1) 0 (-0.1; 0.1) 0 (-0.1; 0.1) 0 (-0.1; 0.1) 0 (-0.1; 0.1) 0 (-0.2; 0.2) -0.1 (-0.2; 0.1)

-0.1 (-0.2; 0) Low carbohydrate -0.1 (-0.1; 0) 0 (-0.1; 0.1) 0 (-0.1; 0.1) 0 (-0.1; 0) 0 (-0.2; 0.1) -0.1 (-0.2; 0)

0 (-0.1; 0.1) 0.1 (0; 0.2) Low fat 0.1 (-0.1; 0.1) 0 (0; 0.1) 0 (-0.1; 0.1) 0 (-0.2; 0.2) 0 (-0.2; 0.1)

0 (-0.1; 0.2) 0.1 (0; 0.2) 0 (-0.1; 0.1)
Low glycemic 

index 0 (-0.1; 0.1) 0 (-0.1; 0) 0 (-0.2; 0.2) -0.1 (-0.2; 0)

0.1 (-0.2; 0.3) 0.1 (-0.1; 0.4) 0.1 (-0.2; 0.3) 0 (-0.2; 0.3) Mediterranean 0 (-0.1; 0.1) 0 (-0.2; 0.2) -0.1 (-0.2; 0)

0 (-0.1; 0.1) 0.1 (0; 0.2) 0 (0; 0.1) 0 (-0.1; 0.1) 0 (-0.3; 0.2)
Moderate 

carbohydrate 0 (-0.2; 0.2) -0.1 (-0.2; 0.1)

0.1 (0; 0.2) 0.2 (0; 0.3) 0.1 (0; 0.2) 0 (-0.1; 0.2) 0 (-0.2; 0.3) 0 (-0.1; 0.2) Plant-based -0.1 (-0.3; 0.1)

0 (-0.1; 0.1) 0.1 (0; 0.2) 0 (0; 0.1) 0 (-0.1; 0.1) 0 (-0.2; 0.2) 0 (-0.1; 0.1) 0 (-0.2; 0.1) No interventionR
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Relative change in HDL-cholesterol after 12 months (mmol/l)

High protein -0.7 (-6.7; 6.1) 3.3 (-1.4; 9.1) 1.7 (-5.5; 9.7) 0.8 (-6; 8.8) -0.1 (-5.5; 5.7) -3.8 (-14.1; 7) 3 (-4.4; 11.2)

3.9 (-5.2; 13.1) Low carbohydrate 4 (-1.2; 9.5) 2.3 (-3.2; 8.2) 1.5 (-5.8; 9.1) 0.5 (-4.7; 5.5) -3.1 (-13.4; 6.9) 3.6 (-3.9; 11.4)

1.6 (-5; 8.1) -2.4 (-10.1; 5.4) Low fat -1.6 (-8.9; 5.5) -2.4 (-7.7; 2.7) -3.4 (-9.4; 2) -7.1 (-17.9; 3.1) -0.3 (-7.1; 6.3)

6.4 (-3.3; 16.1) 2.5 (-5.9; 10.8) 4.8 (-3.4; 12.9)
Low glycemic 

index -0.8 (-9.6; 8) -1.8 (-8; 3.9) -5.5 (-16.3; 4.9) 1.3 (-7.3; 9.9)

12 (-8.1; 32) 8.1 (-11.8; 27.9) 10.4 (-9; 29.9) 5.6 (-14.7; 25.7) Mediterranean -1 (-9; 6.3) -4.7 (-16.7; 6.6) 2.1 (-6.4; 10.5)

2.3 (-5.4; 10) -1.6 (-8.9; 5.6) 0.7 (-5.8; 7.3) -4.1 (-12.2; 4) -9.7 (-29.4; 9.9)
Moderate 

carbohydrate -3.7 (-12.6; 5.1) 3.1 (-3.8; 10.3)

-0.6 (-11.9; 10.5) -4.5 (-15.9; 6.7) -2.2 (-11.9; 7.4) -7 (-18.8; 4.7) -12.5 (-33.5; 8.5) -2.9 (-13.2; 7.3) Plant-based 6.8 (-4.3; 18.2)

-1.3 (-9.5; 6.8) -5.3 (-12.7; 2.2) -2.9 (-9.1; 3.3) -7.7 (-16.3; 0.8) -13.3 (-31.7; 5) -3.7 (-10.6; 3.4) -0.7 (-10.8; 9.3) No intervention

Relative change in systolic BP after 12 months (mmHg)
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Table S5c   League table of network estimates of mean differences in systolic blood 
pressure at 6 and 12 months after diet initiation.  

 

 

Table S5d   League table of network estimates of mean differences in LDL-C at 6 and 12 
months after diet initiation. 

 

 

Table S5e   League table of network estimates of mean differences in HDL-C at 6 and 12 
months after diet initiation. 

 

 

High protein 0.1 (-0.1; 0.3) 0.1 (-0.1; 0.3) -0.1 (-0.3; 0.2) -0.1 (-0.5; 0.2) -0.1 (-0.2; 0.1) -0.2 (-0.6; 0.2) 0 (-0.4; 0.3)

-0.1 (-0.3; 0.2) Low carbohydrate 0 (-0.2; 0.2) -0.2 (-0.4; 0) -0.2 (-0.6; 0.1) -0.2 (-0.4; 0) -0.3 (-0.7; 0.2) -0.1 (-0.5; 0.2)

0 (-0.2; 0.2) 0.1 (-0.1; 0.3) Low fat -0.2 (-0.4; 0.1) -0.2 (-0.6; 0.1) -0.2 (-0.4; 0) -0.3 (-0.7; 0.2) -0.1 (-0.4; 0.2)

0.1 (-0.2; 0.4) 0.2 (-0.1; 0.4) 0.1 (-0.1; 0.3)
Low glycemic 

index 0 (-0.4; 0.3) 0 (-0.2; 0.2) -0.1 (-0.6; 0.3) 0 (-0.3; 0.4)

0 (0; 0) 0 (0; 0) 0 (0; 0) 0 (0; 0) Mediterranean 0.1 (-0.3; 0.4) -0.1 (-0.6; 0.4) 0.1 (-0.3; 0.5)

0 (-0.2; 0.2) 0.1 (-0.2; 0.3) 0 (-0.2; 0.2) -0.1 (-0.4; 0.1) 0 (0; 0)
Moderate 

carbohydrate -0.1 (-0.5; 0.3) 0 (-0.3; 0.4)

0 (-0.3; 0.3) 0.1 (-0.3; 0.4) 0 (-0.3; 0.3) -0.1 (-0.5; 0.2) 0 (0; 0) 0 (-0.3; 0.3) Plant-based 0.1 (-0.4; 0.7)

-0.2 (-0.4; 0.1) -0.1 (-0.3; 0.1) -0.2 (-0.3; 0) -0.3 (-0.5; 0) 0 (0; 0) -0.1 (-0.4; 0.1) -0.2 (-0.4; 0.1) No interventionR
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Relative change in LDL-cholesterol after 12 months (mmol/l)

High protein 0 (-0.1; 0.1) 0 (-0.1; 0.1) 0 (-0.1; 0.1) 0 (-0.1; 0.1) 0 (-0.1; 0.1) 0 (-0.2; 0.2) -0.1 (-0.2; 0.1)

-0.1 (-0.2; 0) Low carbohydrate -0.1 (-0.1; 0) 0 (-0.1; 0.1) 0 (-0.1; 0.1) 0 (-0.1; 0) 0 (-0.2; 0.1) -0.1 (-0.2; 0)

0 (-0.1; 0.1) 0.1 (0; 0.2) Low fat 0.1 (-0.1; 0.1) 0 (0; 0.1) 0 (-0.1; 0.1) 0 (-0.2; 0.2) 0 (-0.2; 0.1)

0 (-0.1; 0.2) 0.1 (0; 0.2) 0 (-0.1; 0.1)
Low glycemic 

index 0 (-0.1; 0.1) 0 (-0.1; 0) 0 (-0.2; 0.2) -0.1 (-0.2; 0)

0.1 (-0.2; 0.3) 0.1 (-0.1; 0.4) 0.1 (-0.2; 0.3) 0 (-0.2; 0.3) Mediterranean 0 (-0.1; 0.1) 0 (-0.2; 0.2) -0.1 (-0.2; 0)

0 (-0.1; 0.1) 0.1 (0; 0.2) 0 (0; 0.1) 0 (-0.1; 0.1) 0 (-0.3; 0.2)
Moderate 

carbohydrate 0 (-0.2; 0.2) -0.1 (-0.2; 0.1)

0.1 (0; 0.2) 0.2 (0; 0.3) 0.1 (0; 0.2) 0 (-0.1; 0.2) 0 (-0.2; 0.3) 0 (-0.1; 0.2) Plant-based -0.1 (-0.3; 0.1)

0 (-0.1; 0.1) 0.1 (0; 0.2) 0 (0; 0.1) 0 (-0.1; 0.1) 0 (-0.2; 0.2) 0 (-0.1; 0.1) 0 (-0.2; 0.1) No interventionR
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Relative change in HDL-cholesterol after 12 months (mmol/l)

High protein -0.7 (-6.7; 6.1) 3.3 (-1.4; 9.1) 1.7 (-5.5; 9.7) 0.8 (-6; 8.8) -0.1 (-5.5; 5.7) -3.8 (-14.1; 7) 3 (-4.4; 11.2)

3.9 (-5.2; 13.1) Low carbohydrate 4 (-1.2; 9.5) 2.3 (-3.2; 8.2) 1.5 (-5.8; 9.1) 0.5 (-4.7; 5.5) -3.1 (-13.4; 6.9) 3.6 (-3.9; 11.4)

1.6 (-5; 8.1) -2.4 (-10.1; 5.4) Low fat -1.6 (-8.9; 5.5) -2.4 (-7.7; 2.7) -3.4 (-9.4; 2) -7.1 (-17.9; 3.1) -0.3 (-7.1; 6.3)

6.4 (-3.3; 16.1) 2.5 (-5.9; 10.8) 4.8 (-3.4; 12.9)
Low glycemic 

index -0.8 (-9.6; 8) -1.8 (-8; 3.9) -5.5 (-16.3; 4.9) 1.3 (-7.3; 9.9)

12 (-8.1; 32) 8.1 (-11.8; 27.9) 10.4 (-9; 29.9) 5.6 (-14.7; 25.7) Mediterranean -1 (-9; 6.3) -4.7 (-16.7; 6.6) 2.1 (-6.4; 10.5)

2.3 (-5.4; 10) -1.6 (-8.9; 5.6) 0.7 (-5.8; 7.3) -4.1 (-12.2; 4) -9.7 (-29.4; 9.9)
Moderate 

carbohydrate -3.7 (-12.6; 5.1) 3.1 (-3.8; 10.3)

-0.6 (-11.9; 10.5) -4.5 (-15.9; 6.7) -2.2 (-11.9; 7.4) -7 (-18.8; 4.7) -12.5 (-33.5; 8.5) -2.9 (-13.2; 7.3) Plant-based 6.8 (-4.3; 18.2)

-1.3 (-9.5; 6.8) -5.3 (-12.7; 2.2) -2.9 (-9.1; 3.3) -7.7 (-16.3; 0.8) -13.3 (-31.7; 5) -3.7 (-10.6; 3.4) -0.7 (-10.8; 9.3) No intervention
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Table S5c   League table of network estimates of mean differences in systolic blood 
pressure at 6 and 12 months after diet initiation.  

 

 

Table S5d   League table of network estimates of mean differences in LDL-C at 6 and 12 
months after diet initiation. 

 

 

Table S5e   League table of network estimates of mean differences in HDL-C at 6 and 12 
months after diet initiation. 

 

 

High protein 0.1 (-0.1; 0.3) 0.1 (-0.1; 0.3) -0.1 (-0.3; 0.2) -0.1 (-0.5; 0.2) -0.1 (-0.2; 0.1) -0.2 (-0.6; 0.2) 0 (-0.4; 0.3)

-0.1 (-0.3; 0.2) Low carbohydrate 0 (-0.2; 0.2) -0.2 (-0.4; 0) -0.2 (-0.6; 0.1) -0.2 (-0.4; 0) -0.3 (-0.7; 0.2) -0.1 (-0.5; 0.2)

0 (-0.2; 0.2) 0.1 (-0.1; 0.3) Low fat -0.2 (-0.4; 0.1) -0.2 (-0.6; 0.1) -0.2 (-0.4; 0) -0.3 (-0.7; 0.2) -0.1 (-0.4; 0.2)

0.1 (-0.2; 0.4) 0.2 (-0.1; 0.4) 0.1 (-0.1; 0.3)
Low glycemic 

index 0 (-0.4; 0.3) 0 (-0.2; 0.2) -0.1 (-0.6; 0.3) 0 (-0.3; 0.4)

0 (0; 0) 0 (0; 0) 0 (0; 0) 0 (0; 0) Mediterranean 0.1 (-0.3; 0.4) -0.1 (-0.6; 0.4) 0.1 (-0.3; 0.5)

0 (-0.2; 0.2) 0.1 (-0.2; 0.3) 0 (-0.2; 0.2) -0.1 (-0.4; 0.1) 0 (0; 0)
Moderate 

carbohydrate -0.1 (-0.5; 0.3) 0 (-0.3; 0.4)

0 (-0.3; 0.3) 0.1 (-0.3; 0.4) 0 (-0.3; 0.3) -0.1 (-0.5; 0.2) 0 (0; 0) 0 (-0.3; 0.3) Plant-based 0.1 (-0.4; 0.7)

-0.2 (-0.4; 0.1) -0.1 (-0.3; 0.1) -0.2 (-0.3; 0) -0.3 (-0.5; 0) 0 (0; 0) -0.1 (-0.4; 0.1) -0.2 (-0.4; 0.1) No interventionR
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Relative change in LDL-cholesterol after 12 months (mmol/l)

High protein 0 (-0.1; 0.1) 0 (-0.1; 0.1) 0 (-0.1; 0.1) 0 (-0.1; 0.1) 0 (-0.1; 0.1) 0 (-0.2; 0.2) -0.1 (-0.2; 0.1)

-0.1 (-0.2; 0) Low carbohydrate -0.1 (-0.1; 0) 0 (-0.1; 0.1) 0 (-0.1; 0.1) 0 (-0.1; 0) 0 (-0.2; 0.1) -0.1 (-0.2; 0)

0 (-0.1; 0.1) 0.1 (0; 0.2) Low fat 0.1 (-0.1; 0.1) 0 (0; 0.1) 0 (-0.1; 0.1) 0 (-0.2; 0.2) 0 (-0.2; 0.1)

0 (-0.1; 0.2) 0.1 (0; 0.2) 0 (-0.1; 0.1)
Low glycemic 

index 0 (-0.1; 0.1) 0 (-0.1; 0) 0 (-0.2; 0.2) -0.1 (-0.2; 0)

0.1 (-0.2; 0.3) 0.1 (-0.1; 0.4) 0.1 (-0.2; 0.3) 0 (-0.2; 0.3) Mediterranean 0 (-0.1; 0.1) 0 (-0.2; 0.2) -0.1 (-0.2; 0)

0 (-0.1; 0.1) 0.1 (0; 0.2) 0 (0; 0.1) 0 (-0.1; 0.1) 0 (-0.3; 0.2)
Moderate 

carbohydrate 0 (-0.2; 0.2) -0.1 (-0.2; 0.1)

0.1 (0; 0.2) 0.2 (0; 0.3) 0.1 (0; 0.2) 0 (-0.1; 0.2) 0 (-0.2; 0.3) 0 (-0.1; 0.2) Plant-based -0.1 (-0.3; 0.1)

0 (-0.1; 0.1) 0.1 (0; 0.2) 0 (0; 0.1) 0 (-0.1; 0.1) 0 (-0.2; 0.2) 0 (-0.1; 0.1) 0 (-0.2; 0.1) No interventionR
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Relative change in HDL-cholesterol after 12 months (mmol/l)

High protein -0.7 (-6.7; 6.1) 3.3 (-1.4; 9.1) 1.7 (-5.5; 9.7) 0.8 (-6; 8.8) -0.1 (-5.5; 5.7) -3.8 (-14.1; 7) 3 (-4.4; 11.2)

3.9 (-5.2; 13.1) Low carbohydrate 4 (-1.2; 9.5) 2.3 (-3.2; 8.2) 1.5 (-5.8; 9.1) 0.5 (-4.7; 5.5) -3.1 (-13.4; 6.9) 3.6 (-3.9; 11.4)

1.6 (-5; 8.1) -2.4 (-10.1; 5.4) Low fat -1.6 (-8.9; 5.5) -2.4 (-7.7; 2.7) -3.4 (-9.4; 2) -7.1 (-17.9; 3.1) -0.3 (-7.1; 6.3)

6.4 (-3.3; 16.1) 2.5 (-5.9; 10.8) 4.8 (-3.4; 12.9)
Low glycemic 

index -0.8 (-9.6; 8) -1.8 (-8; 3.9) -5.5 (-16.3; 4.9) 1.3 (-7.3; 9.9)

12 (-8.1; 32) 8.1 (-11.8; 27.9) 10.4 (-9; 29.9) 5.6 (-14.7; 25.7) Mediterranean -1 (-9; 6.3) -4.7 (-16.7; 6.6) 2.1 (-6.4; 10.5)

2.3 (-5.4; 10) -1.6 (-8.9; 5.6) 0.7 (-5.8; 7.3) -4.1 (-12.2; 4) -9.7 (-29.4; 9.9)
Moderate 

carbohydrate -3.7 (-12.6; 5.1) 3.1 (-3.8; 10.3)

-0.6 (-11.9; 10.5) -4.5 (-15.9; 6.7) -2.2 (-11.9; 7.4) -7 (-18.8; 4.7) -12.5 (-33.5; 8.5) -2.9 (-13.2; 7.3) Plant-based 6.8 (-4.3; 18.2)

-1.3 (-9.5; 6.8) -5.3 (-12.7; 2.2) -2.9 (-9.1; 3.3) -7.7 (-16.3; 0.8) -13.3 (-31.7; 5) -3.7 (-10.6; 3.4) -0.7 (-10.8; 9.3) No intervention
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TABLE S5f  League table of network estimates of mean differences in triglycerides at 6 and 12 
months after diet initiation.

Chapter 4 

146 

Table S5f    League table of network estimates of mean differences in triglycerides at 6 
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EFFECT OF DIET ON CARDIOVASCULAR RISK FACTORS IN T2D

FIGURE S3  Consistency plots

FIGURE S3a  Consistency plot – Change in body weight (kg) after 6 months
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EFFECT OF DIET ON CARDIOVASCULAR RISK FACTORS IN T2D

FIGURE S3b  Consistency plot – Change in HbA1c (%) after 6 months
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FIGURE S3c  Consistency plot – Change in systolic blood pressure (mmHg) after 6 months
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FIGURE S3d  Consistency plot – Change in LDL-cholesterol (mmol/l) after 6 months
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PP−−vvaalluuee MMeeaann  DDiiffffeerreennccee  ((9955%%  CCrrII))

Mean difference in LDL-Cholesterol (mmol/l)
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EFFECT OF DIET ON CARDIOVASCULAR RISK FACTORS IN T2D

FIGURE S4  Ranking plots and SUCRA values for 6-month change in body weight, HbA1c, systolic 
blood pressure and LDL-cholesterol
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This figure shows the ranking of different dietary patterns and no dietary interventions in the networks 
for 6-month changes in body weight, HbA1c, systolic blood pressure and LDL-cholesterol. A lower 
rank (i.e. closer to 1) indicates that a dietary pattern outperforms the other dietary patterns in the 
majority of iterations of the Monte-Carlo Markov chain simulation. The SUCRA value represents the 
surface under the cumulative ranking curve for a dietary pattern. A SUCRA value ranges between 
0 and 1 and a value closer to 1 indicates a higher probability of being among the best treatment 
options for a specific outcome.
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FIGURE S6  Sensitivity analysis limited to studies published in or after 2010

Body weight
No intervention
High protein
Low carbohydrate
Low fat
Low glycemic index
Mediterranean
Moderate carbohydrate
Plant−based

−8 −4 0 4
Change in body weight (kg)

−3.5 (−6.4; −1.4)
−4.2 (−6.3; −2.4)
−2.4 (−4.4; −0.6)
−2.6 (−4.5; −0.8)

−2.1 (−4.3;  0.0)
−4.4 (−7.0; −2.1)

 1.3 (−3.5; 5.5)
 0.5 (−2.3; 3.3)
 1.7 (−2.3; 5.1)
−0.3 (−4.3; 3.6)
0.7 (−3.3; 4.3)
0.2 (−3.3; 3.7)
0.2 (−2.8; 3.2)

−8 −4 0 4
Change in body weight (kg)

HbA1c
No intervention
High protein
Low carbohydrate
Low fat
Low glycemic index
Mediterranean
Moderate carbohydrate
Plant−based

−0.6 (−1.0; −0.3)
−0.8 (−1.1; −0.5)
−0.4 (−0.7; −0.1)
−0.7 (−1.0; −0.4)
−1.0 (−1.6; −0.3)
−0.3 (−0.6;  0.0)
−0.6 (−0.9; −0.2)

−1.5 −1 −0.5 0 0.5 1
Change in HbA1c (%)

 0.4 (−0.6; 1.3)
 0.2 (−0.5; 0.8)
 0.5 (−0.3; 1.4)
−0.1 (−1.2; 0.9)
0.1 (−0.8; 1.1)
0.2 (−0.7; 1.1)
0.3 (−0.4; 1.0)

−1.5 −1 −0.5 0 0.5 1
Change in HbA1c (%)

Systolic BP
No intervention
High protein
Low carbohydrate
Low fat
Low glycemic index
Mediterranean
Moderate carbohydrate
Plant−based

−4.7 (−10.5;  0.7)
−6.7 (−11.1; −2.3)
−3.1 ( −7.3;  1.1)
−3.0 ( −8.4;  2.5)

−13.3 (−22.1; −4.4)
−0.8 ( −6.4;  4.8)
−1.0 ( −8.8;  6.6)

−30 −20 −10 0 10
Change in systolic BP (mmHg)

LDL−C
No intervention
High protein
Low carbohydrate
Low fat
Low glycemic index
Mediterranean
Moderate carbohydrate
Plant−based

 0.0 (−0.2; 0.2)
 0.0 (−0.1; 0.2)
 0.0 (−0.1; 0.2)

−0.6 −0.3 0 0.3 0.6
Change in LDL−C (mmol/l)

−0.2 (−0.4; 0.0)

−0.1 (−0.2; 0.1)
0.0 (−0.2; 0.2)

Intervention

This figure shows the network estimates for the change in body weight, HbA1c, systolic blood pressure 
and low-density lipoprotein cholesterol relative to usual diet based on networks that were limited to 
studies published in or after the year 2010. The network for change in LDL-C and SBP after 12 months 
did not include any studies testing the effects of dietary interventions against no intervention and, 
therefore, results are not presented here. Abbreviations: 95%CrI: 95% credibility interval, HbA1c: 
glycated haemoglobin, BP: blood pressure, LDL-C: low-density lipoprotein cholesterol.
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FIGURE S7  Sensitivity analysis limited to studies in overweight population

Body weight
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−8 −4 0 4
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−6.6 (−10.8; −2.2)
−5.5 ( −8.7; −2.2)
−4.5 ( −6.9; −1.9)
−5.4 ( −9.7; −0.9)

−4.3 ( −7.6; −0.6)
−3.0 ( −9.2;  3.3)

−6.8 (−13.0;  0.1)
−6.2 (−12.9;  1.1)
−7.5 (−12.7; −2.5)
−7.7 (−14.7; −0.1)
−8.5 (−14.2; −1.4)
−6.6 (−12.6;  0.2)

0.2 ( −4.7;  5.0)

−8 −4 0 4
Change in body weight (kg)

HbA1c
No intervention
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Low carbohydrate
Low fat
Low glycemic index
Mediterranean
Moderate carbohydrate
Plant−based

−1.5 −1 −0.5 0 0.5 1
Change in HbA1c (%)

−0.7 (−1.2; −0.2)
−1.0 (−1.4; −0.5)
−0.3 (−0.7;  0.0)
−0.5 (−1.1;  0.1)

−0.5 (−1.0;  0.0)
−0.4 (−0.9;  0.1)

−0.3 (−1.2; 0.6)
0.0 (−1.3; 1.2)
0.0 (−0.8; 0.7)
−0.7 (−1.8; 0.4)
−0.6 (−1.5; 0.4)
−0.2 (−1.2; 0.7)
0.3 (−0.4; 1.0)

−1.5 −1 −0.5 0 0.5 1
Change in HbA1c (%)

 0.0 (  0.0;  0.0)
 0.0 (−16.8; 16.8)
 1.0 (−22.2; 22.6)
 1.1 (−11.1; 13.2)
 2.2 (−24.1; 27.1)
−2.0 (−18.7; 14.7)
0.5 (−19.1; 19.3)

−30 −20 −10 0 10
Change in systolic BP (mmHg)

LDL−C
No intervention
High protein
Low carbohydrate
Low fat
Low glycemic index
Mediterranean
Moderate carbohydrate
Plant−based

−0.1 (−0.6; 0.4)
−0.3 (−0.6; 0.2)
−0.2 (−0.5; 0.1)
−0.4 (−0.9; 0.2)
NA (  NA;  NA)
−0.1 (−0.6; 0.4)
0.0 (−0.8; 0.7)

−0.6 −0.3 0 0.3 0.6
Change in LDL−C (mmol/l)

0.2 (−0.2; 0.6)
0.1 (−0.4; 0.7)
0.2 (−0.1; 0.5)
0.0 (−0.5; 0.5)
0.0 (−0.5; 0.5)
0.1 (−0.3; 0.6)

−0.6 −0.3 0 0.3 0.6
Change in LDL−C (mmol/l)

Systolic BP
No intervention
High protein
Low carbohydrate
Low fat
Low glycemic index
Mediterranean
Moderate carbohydrate
Plant−based

Intervention

This figure shows the network estimates for the change in body weight, HbA1c, systolic blood 
pressure and low-density lipoprotein cholesterol relative to usual diet based on networks that were 
limited to studies that selected a population of people with type 2 diabetes mellitus and a body mass 
index ≥ 25 kg/m2 at baseline. The network for change in SBP after 6 months did not include any 
studies testing the effects of dietary interventions against no intervention and, therefore, results are 
not presented here. Abbreviations: 95%CrI: 95% credibility interval, HbA1c: glycated haemoglobin, 
BP: blood pressure, LDL-C: low-density lipoprotein cholesterol.
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FIGURE S8  Sensitivity analysis in studies with a low or moderate risk of bias.
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−0.6 (−0.8; −0.3)
−0.7 (−0.9; −0.4)
−0.4 (−0.6; −0.1)
−0.4 (−0.7; −0.2)

−0.2 (−0.5;  0.0)
−0.6 (−0.9; −0.3)

 0.1 (−0.4; 0.6)
 0.1 (−0.4; 0.4)
 0.3 (−0.2; 0.7)
 0.3 (−0.6; 1.1)
−0.2 (−0.7; 0.4)
0.2 (−0.2; 0.6)
0.2 (−0.3; 0.6)

−1.5 −1 −0.5 0 0.5 1
Change in HbA1c (%)

−2.9 (−11.3; 4.3)
−3.9 (−12.0; 4.0)

0.3 ( −6.7; 7.1)
−1.4 (−10.3; 7.4)
−2.2 (−10.8; 6.5)
−3.0 (−10.3; 3.9)
−6.7 (−18.4; 4.5)

−30 −20 −10 0 10
Change in systolic BP (mmHg)

LDL−C
No intervention
High protein
Low carbohydrate
Low fat
Low glycemic index
Mediterranean
Moderate carbohydrate
Plant−based

 0.0 (−0.1; 0.2)
 0.0 (−0.1; 0.2)
 0.1 (−0.1; 0.2)

−0.6 −0.3 0 0.3 0.6
Change in LDL−C (mmol/l)

−0.2 (−0.3; 0.0)

−0.1 (−0.2; 0.1)
0.0 (−0.2; 0.2)

 0.1 (−0.3; 0.5)
 0.3 (−0.2; 0.7)
 0.2 (−0.2; 0.5)
 0.1 (−0.3; 0.6)

 0.0 (−0.4; 0.4)
−0.1 (−0.7; 0.5)

−0.6 −0.3 0 0.3 0.6
Change in LDL−C (mmol/l)

Systolic BP
No intervention
High protein
Low carbohydrate
Low fat
Low glycemic index
Mediterranean
Moderate carbohydrate
Plant−based

Intervention

This figure shows the network estimates for the change in body weight, HbA1c, systolic blood 
pressure and low-density lipoprotein cholesterol relative to no dietary interventions based on 
networks excluded all studies that were at high risk of bias, according to the critical appraisal using 
the Cochrane RoB2 tool. The network for change in SBP after 6 months did not include any studies 
testing the effects of dietary interventions against no intervention and, therefore, results are not 
presented here. 95%CrI: 95% credibility interval, HbA1c: glycated haemoglobin, BP: blood pressure, 
LDL-C: low-density lipoprotein cholesterol.
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ABSTRACT

Objective
To quantify the association between adherence scores for the Dietary Approaches to 
Stop Hypertension (DASH) diet and Mediterranean diet with (cardiovascular) mortality 
in drug-treated stable CVD patients and to assess to what extent these associations 
could be mediated by differences in baseline cardiovascular risk factor levels. Baseline 
body weight, systolic blood pressure, low-density lipoprotein cholesterol (LDL-C), 
triglycerides and C reactive protein (CRP) levels were assessed as potential mediators.

Methods
Data from 4,365 CVD patients (79% male, median age 69) with dietary data from the 
Alpha Omega Cohort was used. The relationship of DASH and Mediterranean diet 
scores with all-cause and cardiovascular mortality was assessed using multivariable-
adjusted Cox proportional hazard models. A mediation analysis using a structural 
equation model was performed to quantify the proportion effect potentially mediated 
by baseline levels of body weight, systolic blood pressure, LDL-C, triglycerides, and 
high-sensitivity CRP.

Results
Over 12.4 years [IQR 8.8-13.8] of follow-up, 2,035 deaths and 903 cardiovascular 
deaths occurred. Overall compliance with the DASH and Mediterranean diet was poor 
and the relationships between these diet scores and (cardiovascular) mortality were 
small and not statistically significant. Of these associations, the included CVD risk 
factors mediated between 30-50% Differences in CRP level accounted for the largest 
proportion of the total association: 66% (95%CI 16.2; 122.2) of the total association 
of the DASH diet score and 28% (95%CI -8.1; 65.7) of the Mediterranean diet score.

Conclusion
In CVD patients who received advanced drug treatment, non-statistically significant 
associations of the DASH and Mediterranean diet scores with cardiovascular and 
all-cause mortality were mediated by low-grade systemic inflammation, rather than 
classical CVD risk factors
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INTRODUCTION

Improving dietary habits is a first-line recommendation in the secondary prevention 
of cardiovascular disease (CVD).1,2 Guidelines for the clinical management of CVD 
patients provide a set of recommendations on the intake levels of several food items 
that have been related to CVD risk, such as vegetables, legumes, fish, and meat.1–4 
However, these guidelines also recommend consideration of specific dietary patterns 
such as the Dietary Approaches to Stop Hypertension diet (DASH), a diet rich in fruit, 
vegetables, and low-fat dairy and with a strong emphasis on sodium reduction,5,6 or 
a Mediterranean-style diet (a dietary pattern rich in plant-based, unsaturated fats, 
legumes and lean meats).1,2,4,7

The majority of randomized controlled trials (RCTs) assessing the efficacy of dietary 
patterns for reducing cardiovascular risk primarily focused on evaluating a range of 
cardiovascular risk factors. Notably, these studies have demonstrated that dietary 
patterns such as the DASH and Mediterranean diets have benefits in terms of lowering 
body weight and systolic blood pressure,8 and a neutral impact on lipid levels.8 In 
contrast, only a limited number of RCTs directly addressed the impact of dietary 
interventions on cardiovascular event risk. The existing research suggests a substantial 
potential of the Mediterranean diet for reducing cardiovascular risk in both primary 
and secondary prevention populations.9–12

Due to the logistical and financial challenges inherent to conducting long-term clinical 
trials to assess the effectiveness of dietary interventions, it is unlikely that all potentially 
heart-healthy diets will ever be assessed in a cardiovascular outcome trial. Instead, the 
majority of experimental research on dietary patterns relies on shorter-term trials that 
assess their efficacy for lowering cardiovascular risk factors, such as blood pressure and 
lipid levels. However, it remains largely unclear which and to what extent cardiovascular 
risk factors serve as mediators of the previously observed reduction of cardiovascular 
event risk.10,12 Gaining further insight into the mediating pathways between dietary 
interventions and recurrent cardiovascular event risk, may improve translation of the 
results in shorter-term dietary trials to clinical CVD management and contribute to 
identifying the most effective dietary intervention for CVD patients.

The aim of the current study was to assess the relationship of theoretical compliance 
with a DASH diet and a Mediterranean-style diet with cardiovascular and all-cause 

5
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mortality in patients with a history of myocardial infarction (MI). Moreover, the objective 
was to assess to what extent these relationships were mediated by differences in baseline 
cardiovascular risk factor levels: body weight, systolic blood pressure, low-density 
lipoprotein (LDL) cholesterol, triglycerides, and C reactive protein (CRP) levels.

MATERIALS & METHODS

Study population
The Alpha Omega Cohort (AOC) is a prospective cohort study comprising patients 
aged 60-80 year with a history of MI within 10 years before inclusion in the study 
(between 2002 and 2006). The AOC was originally designed as an RCT where patients 
were randomized to either low-dose omega-3 fatty acid supplementation or placebo for 
a 40-month period. The trial had a neutral effect on cardiovascular event and mortality 
risk.13 The AOC was approved by the Central Ethics committee (Haga Hospital) and by 
the Ethics committees of the participating hospitals. All participants provided written 
informed consent. For the current study, participants without dietary data or with 
an implausible energy intake were excluded (men: <800 kcal/day or > 8,000 kcal/
day and women: <600 kcal/day or >6,000 kcal/day), resulting a study population of 
4,365 patients.

Data collection
Upon inclusion in the AOC, participants completed a self-administered questionnaire 
on patient characteristics, medical history, medication use, and lifestyle behaviours. 
Furthermore, they underwent anthropometric and laboratory assessments. Smoking 
status was classified as never, former, or current smoking. Educational level was divided 
into four groups: elementary education or less, low education, moderate education, 
and high education. Body weight was measured according to a standardized protocol 
in light clothing without shoes. Blood pressure was measured twice with the patient 
in sitting position after a 10-minute rest using an automatic device (HEM-711, Omron) 
and then averaged. Serum lipids, plasma glucose and serum C-reactive protein (CRP) 
were analysed from non-fasting blood samples using standardized kits (Hitachi 912; 
Roche Diagnostics). Low-density lipoprotein (LDL) cholesterol levels were calculated 
using the Friedewald formula.14
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Dietary assessment
Dietary intake was assessed using a 203-item food frequency questionnaire (FFQ).15 
Energy, macronutrient and micronutrient intake were calculated by linking the FFQ 
responses to the 2006 Dutch Food Composition Database.16 Compliance to the 
Mediterranean diet and the DASH diet was quantified using diet-specific compliance 
scores (Table S1). For the DASH diet, the nutrient-based DASH dietary index proposed 
by Mellen et al.17 was used. This diet index comprises nine components and for each item 
one point is awarded when the target intake level is reached; if only the intermediate 
target is reached, 0.5 point is awarded. Target intake levels were based on the target 
intake in the original DASH diet RCTs.5,6. The scores for the nine components were then 
summed, meaning that a total score ranging between 0 and 9 points can be achieved.

Compliance with a Mediterranean-style diet was assessed using the validated 
Mediterranean Diet Adherence screener (MEDAS) score, originally developed for the 
PREDIMED trial.10,18 This score encompasses 14 food groups, and 1 point is awarded 
when a respondent is compliant with the recommendation for that item. No continuous 
or intermediate scores are awarded. In the AOC, no information was available on use 
of sofrito in daily cooking and therefore, this component was not included in the score. 
As a consequence, the total MEDAS score in these analyses ranged between 0 and 
13 points. For the survival and mediation analyses, compliance with the DASH and 
Mediterranean diets was categorized into tertiles.

Outcome assessment
Primary endpoints for the current analysis were all-cause mortality and cardiovascular 
mortality. Cause of death was classified based on the International Classification of 
Diseases, 10th revision (ICD-10) coding. Cardiovascular mortality was defined as death 
from ischemic heart disease (ICD-10 codes I20-I25), cardiac arrest (I46), stroke (I60-
I69), heart failure (I50), or undefined, sudden death (R96). Vital status was monitored 
through linkage with municipal registries. Cause of death was assessed in three phases:

1.	 Initially, during the Alpha Omega trial phase (2002-2009), data was obtained 
from the national mortality registry and patients’ relatives. Additional 
information on cause of death was requested from the treating physician and 
a final judgement on the cause of death was made by an independent Endpoint 
Adjudication Committee.13,19
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2.	 Between 2010 and 2013, information on primary and contributing causes of 
death were obtained from Statistics Netherlands (CBS).

3.	 From 2013 onwards, CBS provided only the primary cause of death. During this 
phase, treating physicians were asked to provide additional detailed information 
on cause of death (response rate 67%).

Person-time was calculated from date of inclusion in the AOC until the date of death 
or until the end of follow-up (December 31, 2018), whichever came first.

Data analyses
Baseline characteristics were described across tertiles of the DASH and Mediterranean 
diet scores as mean with standard deviation (SD), median and interquartile range 
(IQR) or absolute number and percentage, as appropriate. Cox proportional hazard 
models were used to estimate the relationship of tertiles of DASH and Mediterranean 
diet scores with all-cause and cardiovascular mortality. Stepwise adjustments were 
made for confounders. The first model adjusted for age and sex. In the second and 
main model, adjustments were made for age, sex, education level, physical activity 
level, smoking status, alcohol consumption and total energy intake. The proportional 
hazard assumption was assessed through visual inspection of Schoenfeld residuals. 
The continuous association between the two dietary adherence scores and all-cause 
mortality and cardiovascular mortality was assessed using restricted cubic splines 
with three knots.

Baseline levels of body weight, systolic blood pressure, LDL-cholesterol, triglycerides, 
and CRP were assessed as potential mediators of the relationship between the DASH 
and Mediterranean diet and (cardiovascular) mortality (Figure 1). These mediators were 
selected because they frequently serve as outcomes in dietary intervention studies 
and are theoretically plausible mediators in the association between diet and CVD 
outcomes. A mediation analysis was performed using marginal structural models in 
a counterfactual framework.20–24 In this approach, weighted Cox proportional hazard 
model are used to separately estimate the effect of dietary patterns on the outcome 
through a potential mediator (the indirect effect) and the effect independent of the 
mediators of interest (direct effect). Indirect and direct effects are additive on the log-
hazard scale and can be combined into an estimate of the total effect. The proportion 
mediated effect (PME) was calculated by dividing the indirect effect for a mediator by 
the total effect. 95% confidence intervals (95%CI) for total effect, direct effect, indirect 
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effect and PME were obtained by repeating the analyses in 1,000 bootstrapping 
samples using the percentile method. A detailed description of the statistical analysis 
is provided in Supplementary Appendix 1.

Models assessing one potential mediator at a time were performed to assess 
independence of the mediating pathways. The impact of reverse causation was assessed 
by running the Cox proportional hazard models after exclusion of the initial 1, 3, and 5 
years of follow-up. Missing data was imputed using single imputation with predictive 
mean matching. All analyses were performed using R version 4.0.2 (R Foundation for 
Statistical Computing).

FIGURE 1  Causal framework of the relationship between dietary patterns and all-cause and cardio-
vascular mortality

DASH diet
Mediterranean diet

Mediators
Body weight, systolic blood
pressure, LDL-cholesterol,
triglycerides, in�ammation

Cardiovascular mortality
 All-cause mortality

Confounders
Age, sex, education,

smoking, physical activity,
alcohol, energy intake

Direct effect

Indirect effect

Total effect  =  Direct effect  +  Indirect effect

Indirect effect

Graphic representation of the hypothesized relationships between dietary patterns and cardiovascular 
and all-cause mortality. Indirect effects represent the proportion of the total effect that is effectuated 
through change in the mediators. Adjustments were made for confounding in the determinant-
outcome, determinant-mediator, and mediator-outcome relationships. DASH: dietary approaches to 
stop hypertension, LDL-cholesterol: low-density lipoprotein cholesterol

5
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RESULTS

Study population
In total, 4,365 patients with a history of MI were included. Most participants were 
men (N = 3,432, 79%) and the median age at inclusion in the cohort was 69 years 
[IQR 64-73] (Table 1). Twenty percent of the population had T2D, and the mean BMI 
was 27.7 ± 3.8 kg/m2. Sixty-seven percent reported having previously smoked and 
16% was still smoking at inclusion in the cohort. Median leisure-time physical activity 
level was 23 METh/wk [IQR 11-45]. The majority of the study population was treated 
with blood pressure-lowering medication (90%), lipid-lowering medication (87%) and 
antithrombotic agents (98%).

Compliance with the DASH and Mediterranean diet
The median compliance score for the DASH diet was 3.0 [IQR: 2.0-4.0] out of a 
maximum score of 9 (Figure 2). Compared to the lowest DASH score tertile, patients 
in the highest DASH tertile had a similar age, but were more frequently female (32% 
vs 14%) and had a lower energy intake (1,697 kcal/day vs 2,049 kcal/day). Moreover, 
they were less frequently current smokers (11% vs 21%), had higher median physical 
activity levels (24 METh/wk vs 20 METh/wk) and had a higher mean systolic blood 
pressure (Table 1).

For the Mediterranean diet, the median compliance score was 3.0 [IQR 3.0-4.0] out 
of a maximum of 13 points (Figure 2). Patients within the highest Mediterranean 
compliance tertile were more frequently female (26% vs 17%), completed higher 
education (15% vs 11%), and less frequently were current smokers (13 vs 17%), 
compared with the lowest Mediterranean diet scores. Total energy intake was lower 
in patients in the highest Mediterranean diet score tertile, and a smaller proportion of 
energy intake was derived from (saturated) fatty acids (Table 1).
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FIGURE 2  Distribution DASH and Mediterranean diet scores in the Alpha Omega cohort
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Approaches to Stop Hypertension, MEDAS: Mediterranean diet Adherence Screener

Relationship of DASH and Mediterranean diet with risk of all-cause mortality 
and cardiovascular mortality
Over a median follow-up of 12.4 years [IQR 8.8-13.8], 2,023 deaths occurred of 
which 903 had a cardiovascular origin (Figure S1). There was a trend toward a lower 
risk of all-cause mortality for the highest vs the lowest tertile for the DASH diet (HR 
0.92, 95%CI 0.82-1.03) and the Mediterranean diet (HR 0.94, 95%CI 0.83-1.06), but 
these relationships were not statistically significant (Table 2). For the cardiovascular 
mortality endpoint, the hazard ratio was 0.88, 95%CI 0.73-1.06 (third vs first tertile) 
for the DASH diet score and 1.00, 95%CI 0.84-1.19 for the Mediterranean diet. For 
both the DASH and Mediterranean diet, the continuous relation with the mortality 
endpoints was not statistically significant (Figure S2). Effect estimates did not change 
after exclusion of the first 1, 3, and 5 years of follow-up (Table S2).
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DASH AND MEDITERRANEAN DIET MEDIATION ANALYSIS

Mediation of the DASH and Mediterranean diet by cardiovascular risk factors
Table 3 presents the direct and indirect effects of compliance with DASH and 
Mediterranean diet, as well as the PME by the five included mediators. In the 
relationship between DASH diet score and all-cause mortality, 21.0% (95%CI -9.0; 
52.1) of the total effect was mediated by the five mediators, with C reactive protein 
(PME 17.3%, 95%CI -2.0; 38.9) and systolic blood pressure (PME 5.1, 95%CI -5.1; 
16.1) arising as the strongest mediators. In the relationship between DASH score 
and cardiovascular mortality, the total effect and direct effect had opposite signs (HR 
1.03, 0.87-1.23 and HR 0.97, 95%CI 0.93, 1.01), meaning that changes in the included 
mediators attenuate the direct effect of compliance with DASH. Differences in C 
reactive protein and systolic blood pressure were the main mediators, accounting for 
a PME of -78.1% (95%CI -167.5; -2.0) and -23.5% (95%CI -58.0; 29.4), respectively.

In the relationship between Mediterranean diet score and all-cause mortality, 43% 
(95%CI -7.2; 95.0) was mediated by the five mediators (Table 3). Differences in C 
reactive protein levels stood out as the main mediator (PME 27.6%, 95%CI -8.1; 65.7), 
while differences in body mass index, LDL-cholesterol and triglycerides accounted 
for 3-5% of the total indirect effect. In the relationship between Mediterranean 
diet and cardiovascular mortality, 35% (95%CI 4.2; 70.3) was mediated by the five 
mediators, with C reactive protein again being the main mediator (PME 15.3%, 95%CI 
-3.4; 35.5). Baseline blood pressure levels were not a mediator for the relationship of 
Mediterranean diet with all-cause and cardiovascular mortality. In a sensitivity analysis 
assessing the five mediators separately, the PME by each of the mediators remained 
similar to the main analysis for both DASH and Mediterranean diet (Table S3).

5
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DISCUSSION

In this prospective cohort study of 4,365 patients with established CVD, no 
statistically significant relationship between DASH or Mediterranean diet scores 
and risk of all-cause mortality and cardiovascular mortality were found. Of these 
associations, approximately 30-50% of the total relationship appeared to be mediated 
by differences in baseline levels of five cardiovascular risk factors: body weight, systolic 
blood pressure, LDL-cholesterol, triglycerides, and systemic inflammation. Systemic 
inflammation, measured as hs-CRP, was a relatively strong mediator compared to other 
assessed risk factors, possibly because the other risk factors are influenced by drug 
treatment in clinical CVD management.

Previous observational studies on the association between compliance with the DASH 
diet and (cardiovascular) mortality has reported mixed results comprising neutral 
associations or 10-20% relative risk reductions. The findings of the current study are 
in line with this previous evidence.25–27 However, the lack of a statistically significant 
association of Mediterranean diet with (cardiovascular) mortality is contradictory to 
previous observational and experimental evidence.11,12,28 In the CORDIOPREV trial, an 
intervention targeted at the Mediterranean diet resulted in approximately 30% relative 
risk reductions of cardiovascular events compared to a low-fat diet, but in this trial 
patients received intensive counselling.12 In meta-analyses of observational studies of 
both primary and secondary CVD prevention populations, a 10 to 30% relative risk 
reduction for cardiovascular events is reported for the highest vs lowest adherence 
groups.7,29 Potential explanations for the weaker associations in the current study 
include the overall low compliance with the Mediterranean diet in the Alpha Omega 
cohort and high degree of concomitant medication use.

It is well-documented that adopting healthy dietary habits can effectively mitigate 
cardiovascular risk factors like blood pressure, LDL-cholesterol, and body weight.8,30–

32 However, the precise relationship between improved cardiovascular risk factors 
and prevention of actual cardiovascular events remains uncertain. For instance, 
the CORDIOPREV trial, which compared a Mediterranean diet to a low-fat diet in 
secondary CVD prevention, demonstrated minimal effects on intermediate risk factors. 
Strikingly, despite these modest effects, the Mediterranean diet intervention led to 
a substantial relative risk reduction in composite cardiovascular endpoints.12,33 The 
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current study’s results align with this pattern, underscoring that only part of the total 
effect can be attributed to traditional risk factors.

In the present study, there were no statistically significant associations between 
the DASH and Mediterranean diet score and mortality outcomes. In case of non-
significant overall findings, performing a mediation analysis can be hypothesis-
generating regarding explanations for the non-significant findings and can help gain 
new insight how a (dietary) exposure achieves its association with clinical outcomes.34,35 
For example, a mediation analysis can bring inconsistent mediation to light, which 
means that the direct effect (independent of the assessed mediators) has an opposite 
direction than the mediating effect.35 In the current analyses inconsistent mediation 
was present in the association between the DASH diet and cardiovascular mortality.

Based on the findings of the current study, of the assessed traditional CVD risk factors, 
low-grade systemic inflammation appears to be an important mediator for both the 
DASH and Mediterranean diet. This finding aligns with prior research that has linked 
systemic inflammation to the positive effects of healthy diets on non-cardiovascular 
outcomes such as cognitive function and arthritis.36,37 Additionally, CRP has previously 
been identified as a mediator of the benefits of other lifestyle behaviours, such as 
exercise.24 Furthermore, dietary patterns with a high anti-inflammatory index have 
consistently demonstrated associations with decreased risks of cardiovascular events, 
cancer, and mortality in observational studies.38,39 A previous analysis indicated that 
dietary patterns with a high anti-inflammatory potential reduce endothelial activation 
and vascular inflammation, which could possibly explain the central mediating role of 
systemic inflammation in lowering residual CVD risk in patients that receive optimal 
medical risk factor treatment.40 Detailed future analyses could further illuminate if 
there truly is a beneficial inflammatory response to healthy dietary habits and to what 
extent such responses contribute to cardiovascular event risk.

Although the DASH diet has specifically been designed to ‘stop hypertension’ and 
has previously been shown to lower systolic blood pressure levels by over 11 mmHg 
in hypertensive patients,41 the current study indicated that blood pressure was not 
an important mediator in the relationship between DASH compliance and mortality 
outcomes. Furthermore, in patients in the highest DASH score tertile, systolic blood 
pressure was the highest. Potential explanations for this finding include that blood 
pressure-lowering effects of the DASH diet may be less pronounced in a CVD 

5
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population because of the high proportion of patients treated with blood pressure-
lowering medication. Indication bias may be present, when hypertensive patients were 
more likely to be counselled on dietary habits that align with a DASH diet resulting 
in dilution of the observed effects. Finally, the DASH diet strongly relies on sodium 
restriction.5,41 In this study, an FFQ was used to measure sodium intake, but this 
approach is not suitable to measure discretionary salt intake42 and this may have led 
to misclassification of patients with a high discretionary salt use as being highly DASH 
compliant. As a result, a potential beneficial effect of the DASH diet might not have 
been detected in the current study.

It is important to acknowledge a substantial proportion of the observed associations 
between diet and mortality was not mediated by the included cardiovascular risk 
factors. Between 60 and 90% of the total effects in this study constituted a direct 
effect, meaning that these were effectuated independently of the included traditional 
CVD risk factors. Improved insulin sensitivity is a plausible alternative mediator as it 
is strongly related to cardiovascular outcomes 43 and can be beneficially affected by 
adopting a healthy diet.44 It was not possible to explore the impact of insulin resistance 
as a mediator in the current analysis, as no fasting blood samples with glucose and/
or insulin measures were available to calculate a measure of insulin sensitivity. Other 
alternative mediating pathways include effects on gut microbiota which influence 
cardiovascular outcomes or effects of micronutrients that were not assessed in the 
current analysis.

The current study yielded results that are hypothesis-generating for future research. 
The finding that systemic inflammation was a stronger mediator compared to the other 
four traditional risk factors, could provide an explanation for findings of recent RCTs, 
such as the CORDIOPREV trial, that demonstrated large protective effects on recurrent 
cardiovascular event rates, despite negligible effects on LDL-cholesterol and blood 
pressure levels.12 Low-grade systemic inflammation remains a relatively underassessed 
outcome measure in dietary intervention trials but could potentially help identify the 
most heart-healthy diets, especially for drug-treated CVD patients. Future research 
could also help identify additional mediating factors, as the included mediators in the 
current analysis only accounted for a proportion of the overall effect. These insights 
hold value for clinical practice, because the majority of dietary intervention trials assess 
the effect of these interventions on intermediate endpoints, such as the cardiovascular 
risk factors that were assessed in this study. A better understanding of the mediating 
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role of such intermediate factors can be used to translate the findings of dietary 
intervention trials to cardiovascular event risk.

Strengths and limitations
Strengths of this study include the size of the study population, the rigorous collection 
of dietary intake data, and the long and detailed follow-up on vital status and cause of 
death. Study limitations include the need for categorization of continuous exposure 
and mediator variables. This approach was necessary for the counterfactual approach 
used in the mediation analysis, but categorization leads to a loss of contrast in the data 
and a loss of statistical power. Dietary habits were self-reported in an FFQ and are 
subject to social desirability bias. Residual sources of confounding should always be 
considered and, in the current analysis, residual confounding from difficult-to-measure 
variables such a social-economic position or frailty may affect the results. Finally, the 
exposure and mediator variables were measured at the same time and this cross-
sectional assessment prevents drawing conclusions on the direction of a potential 
causal effect. However, based on the results of clinical trials on dietary interventions it 
is likely that dietary habits influenced mediator levels instead of the other way around.

CONCLUSION

In conclusion, small non-statistically significant associations between DASH and 
Mediterranean diet scores and all-cause and cardiovascular mortality were observed 
among drug-treated CVD patients. Systemic inflammation appeared to be an important 
mediator of these associations compared to other traditional cardiovascular risk 
factors. Improved insight in the mediating pathways of different dietary patterns may 
contribute to translating results of dietary trials reporting changes in cardiovascular 
risk factors to clinical outcomes or for developing personalized dietary counselling 
targeted at the individual risk profile of patients with established CVD.

5
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SUPPLEMENTAL MATERIAL

Supplemental appendix 1 Supplemental methods

Statistical analyses
The mediation analysis in this study was based on an approach described by VanderWeele 
et al (2009), Hong et al (2010) and Lange et al (2012) and used marginal structural models 
within a counterfactual frame work.1-4 This model allows for estimating a direct, indirect 
and total effects within a survival context and for taking confounding in the exposure-
mediator, mediator-outcome and exposure-outcome relationship into account.

The mediation was first applied to each potential mediator separately to assess if the 
causal paths were independent of other mediators. For the main analyses, the five 
mediators were combined into a single model to estimate the overall indirect and direct 
effects. The mediation analysis was executed by following the steps below:

1.	 Fit multinomial logistic regression models to condition the mediator on the exposure 
and to adjust for confounding in the exposure-mediator relationship.

2.	 Create new dataset by replicating the original data with addition of a new variable: 
exposure1*. In the first replication, exposure1* takes the value for the exposure that 
was observed. In the second replication, exposure1* takes the counterfactual value 
(i.e. if the patient was adherent, the new value will be non-adherent).

3.	 This procedure is repeated five times (because there are five potential mediators) 
and yields pseudo-population that will be used for the subsequent analyses.

4.	 The multinomial logistic regression models from the first step are used to predict 
the probability the value that was observed for a mediator given exposure*. This 
procedure was repeated to obtain a probability for each mediator included in the 
analysis. Weights for each participant in the pseudo-population are calculated by 
multiplying the five probabilities.

5.	 Ratio of mediator probability weighting on the combined probability is applied to 
ensure balance of the covariates in the pseudo-population. Through this weighting 
procedure adjustment for confounding in the exposure-mediator and the mediator-
outcome relation can be achieved.

6.	 Weighted Cox proportional hazard models including only the direct and indirect 
effects and confounders in the exposure-outcome relation are used to estimate 
each effect. This step yields the estimate for the direct and indirect effect.
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7.	 Direct and indirect effects are additive on the log(hazard) scale. To calculate the 
proportion mediated effect (PME), the indirect effect of each mediator is divided 
by the total effect on the log(hazard) scale.

Bootstrapping was used to obtain 95% confidence intervals for the direct effects, 
indirect effects and PMEs. The entire procedure was repeated in 1,000 bootstrap 
samples and the 2.5th and 97.5th percentiles of the distributions for each estimand 
were set as the lower and upper bounds of the confidence intervals.

Operationalization of potential mediating factors

Mediator Operationalization in the Alpha Omega cohort

Body mass index Body mass index was calculated by dividing body weight in kg by height 
squared.
Quintile cut-offs (kg/m2):
24.8, 26.5, 28.2, 30.5

Systolic blood 
pressure

Blood pressure was measured twice with the patient in sitting position and 
after a 10-minute rest using an automatic device (HEM-711, Omron) and 
then averaged.
Quintile cut-offs (mmHg):
124, 136, 146, 160

LDL-cholesterol LDL-cholesterol levels estimated using the Friedewald formula.
Quintile cut-offs (mmol/l):
1.9, 2.3, 2.7, 3.2

Triglycerides Non-fasting triglyceride levels
Quintile cut-offs (mmol/l):
1.1, 1.5, 1.9, 2.5

C-reactive protein C-reactive protein (CRP) was selected as a measure for systemic 
inflammation. A CRP value > 20 mg/L was considered to be indicative of 
an ongoing inflammatory process and therefore not to be representative 
of low-grade inflammation. To handle these values, CRP values > 20 mg/L 
were set as missing and included in the imputation.
Quintile cut-offs (mg/L):
0.7, 1.2, 2.3, 4.3

5
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FIGURE S1  Kaplan Meier curves stratified for DASH and Mediterranean diet compliance tertile.
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Survival curves for all-cause mortality and cardiovascular mortality stratified for DASH compliance 
tertiles (panels A and B) and survival curves for all-cause mortality and cardiovascular mortality 
stratified for Mediterranean diet compliance tertiles (panels C and D). MEDAS: Mediterranean diet 
Adherence Screener, DASH: Dietary Approaches to Stop Hypertension
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FIGURE S2  Restricted cubic splines depicting the relation between compliance with the DASH and 
Mediterranean diet and risk of all-cause and cardiovascular mortality.
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Panels A and B show the relationship between compliance with the DASH diet and all-cause mortality 
(A) and cardiovascular mortality (B). Panels C and D show the relationship between compliance with 
the Mediterranean diet and all-cause mortality (C) and cardiovascular mortality (D). The solid black 
line indicates the estimated hazard ratio and the dotted grey lines indicate the limits of the 95% 
confidence interval Models were adjusted for age, sex, education, smoking status, physical activity 
level, alcohol consumption and total daily energy intake (model 2). . The histogram included in the 
panels describes the distribution of the DASH and Mediterranean diet adherences scores in the 
Alpha Omega cohort.
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TABLE S1  Mediterranean diet and DASH diet compliance scores

Food group Mediterranean diet
MEDAS score20

DASH diet
Mellen’s DASH index19

Fruits •	 ≥ 3 pieces of fruit per day

Vegetables •	 ≥ 2 servings (200g) of vegetables per 
day’

•	 ≥ 2 dishes with a sauce of tomato, garlic, 
onion or leek sautéed in olive oil per 
week

Legumes •	 ≥ 3 servings (150g) of pulses per week

Nuts •	 ≥ 3 servings (30g) of nuts per week

Meat •	 < 1 serving (100-150g) red meat, 
hamburger, or sausage per day

•	 Prefers chicken, turkey or rabbit over 
red meat

Fish •	 ≥ 3 servings (100-150g fish, 200g 
seafood) fish or seafood per week

Sweets •	 < 2 times commercial pastry per week

Non-alcoholic 
drinks

•	 < 1 carbonated and/or sugar-sweetened 
beverages per day

Alcoholic 
drinks

•	 ≥ 7 cups wine per week

Fatty acids •	 Olive oil as the principal source of fat 
for cooking

•	 ≥ 4 tbsp olive oil per day
•	 < 1 serving (12g) butter, margarine, or 

cream per day

•	 Saturated fat:
•	 Target: < 6 E%,
•	 Intermediate target: < 11 E%
•	 Total fat:
•	 Target: <27 E%,
•	 Intermediate target: < 32 E%
•	 Cholesterol:
•	 Target < 150 mg/day, Intermediate 

target: < 225 mg/day

Protein •	 Target: >18 E%, Intermediate target: > 
16.5 E%

Fiber •	 Target < 150 mg/day, Intermediate 
target: < 225 mg/day

Magnesium •	 Target: > 500 mg/day
•	 Intermediate target: > 332 mg/day

Calcium •	 Target > 1,240 mg/day, Intermediate 
target: > 844 mg/day

Potassium •	 Target: > 4,700 mg/day, Intermediate 
target: >3,221 mg/day

Sodium •	 Target < 2400 mg/day,
•	 Intermediate target: <2,700 mg/day

In the MEDAS score, 1 point is awarded if participants reach the target intake. If not, no points are 
awarded. For the DASH diet index, 1 point is awarded if patients reach the target intake, 0.5 point is 
awarded if the intermediate intake level is reached. No points are awarded when participants do not 
at least comply with the intermediate intake level. MEDAS: Mediterranean diet Adherence Screener, 
DASH: Dietary Approaches to Stop Hypertension
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ABSTRACT

Aims
The Dietary Approaches to Stop Hypertension (DASH) diet has been shown to 
effectively reduce blood pressure and body weight, but its effectiveness for reducing 
(cardiovascular) mortality rates has never been assessed in a clinical trial. Causal 
effects of dietary interventions are difficult to measure, due to practical limitations of 
randomized controlled diet trials. Target trial emulation can be used to improve causal 
inference in observational data. The aim of this study was to emulate a target trial 
assessing the relationship between compliance with the DASH diet and cardiovascular 
and all-cause mortality risk in patients with established CVD.

Methods
Using data from the Alpha Omega Cohort, we emulated a DASH diet trial in patients 
with a history of myocardial infarction (MI). Inverse probability of treatment weighting 
(IPTW) was used to balance confounders over DASH-compliant and non-DASH-
compliant participants. Hazard ratios (HRs) were estimated with IPT-weighted Cox 
models.

Results
Of 4,365 patients (79% male, median age 69 years, >80% treated with lipid- and blood 
pressure-lowering medication), 598 were classified as DASH-compliant (compliance 
score ≥5 out of 9). During a median follow-up of 12.4 years, 2,035 deaths occurred of 
which 903 (44%) were of cardiovascular origin. DASH compliance was not associated 
with all-cause mortality (HR 0.92, 95%CI 0.0.80-1.06) and cardiovascular mortality 
(HR 0.90, 95%CI 0.72-1.11).

Conclusions
In an emulated target trial on the DASH diet in the Alpha Omega cohort no relation was 
found between DASH compliance and risk of all-cause and cardiovascular mortality in 
patients with a history of MI. The DASH diet’s effects may have been modified in this 
population by concomitant use of blood pressure-lowering medications.

Nadia_Binnenwerk_V3.indd   218Nadia_Binnenwerk_V3.indd   218 22-02-2024   08:3422-02-2024   08:34



219

DASH TARGET TRIAL EMULATION

INTRODUCTION

Cardiovascular disease (CVD) is the worldwide leading cause of mortality and inflicts 
a large morbidity burden.1 Unhealthy dietary habits are a major modifiable risk factor 
for developing CVD, both independently as well as through a harmful effects on 
cardiovascular risk factors like blood pressure and low-density lipoprotein cholesterol 
(LDL-C) levels.2,3

The Dietary Approaches to Stop Hypertension (DASH) diet is a dietary pattern rich 
in fruits, vegetables, whole grains, low-fat dairy products and with a focus on plant-
based rather than animal protein.4,5 DASH was originally developed for blood pressure 
management in people with hypertension, but is nowadays more widely recommended 
for populations with (high risk of) CVD.6-8 Although the benefits of the DASH diet 
with regards to blood pressure and body weight reduction are well established,9-11 

there have been no long-term clinical trials that assessed the effects of the DASH 
diet on risk of (recurrent) cardiovascular events or mortality. In general, randomized 
controlled trials investigating the long-term effects of dietary interventions on hard 
clinical endpoints are lacking.

Observational studies on the long-term effects of adhering to the DASH diet have 
reported mixed results, with some studies showing neutral associations with risk of 
cardiovascular events and mortality,12-15 while others found protective associations 
with CVD, cancer and all-cause mortality.16-21 These studies were performed in the 
general population or populations at high cardiovascular risk, but not in patients 
with established CVD. The health consequences of adhering to a DASH diet may be 
different in a CVD population due to a higher absolute risk of cardiovascular events, 
a different distribution of cardiovascular risk factors and more prevalent use of lipid-
lowering and blood pressure-lowering medications.

Current knowledge about the long-term effects of dietary patterns, such as the 
DASH diet, on health outcomes is largely based on observational studies, because 
randomized trials are often considered unpractical, unethical and too costly.22 Using 
observational data to estimate causal effects of dietary interventions is subject to 
bias from selection, information, reverse causation, confounding and confounding by 
indication.23,24 Target trial emulation is an increasingly popular methodology that can 
be used to approximate causal effects in observational data.25-28 By first designing a 

6
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target trial that would answer the clinical question and then emulating that trial in 
observational data, potential sources of bias come to light and can be addressed in the 
design of the observational study. As a result, the results are more directly applicable 
in clinical practice.25-28

The aim of this study was to emulate a clinical trial that assesses the long-term relation 
compliance with the DASH dietary pattern and risk of cardiovascular and all-cause 
mortality in patients with a history of myocardial infarction (MI).

MATERIAL AND METHODS

Target trial
In brief, the target trial would be a single-blind, randomized controlled trial that would 
include adults with stable coronary artery disease after having experienced an acute MI. 
To qualify for participation, the qualifying MI needed to be ascertained by the treating 
physician based on anginal chest pain, typical changes on the electrocardiogram and/
or myocardial enzymes and to have occurred between 6 months and 2 years before 
inclusion in the trial. All participants need to be 18 years or older and able to give 
written informed consent.

 Eligible participants would be randomized in a 1:1 ratio to the intervention or the 
control diet. The dietary intervention would be known to participants and their dietary 
counsellors, but not to investigators assessing or analysing outcome data (investigator-
blinded study). The primary outcome of the target trial would be time to cardiovascular 
death and all-cause death. Table 1 summarizes the design of the target trial and its 
emulation in the observational data set.

Trial interventions
Participants of the target trial would be randomly assigned to one of two dietary 
strategies, which they would be expected to maintain for the duration of the study.

1.	 No intervention. Participants are expected to have received counselling on healthy 
dietary habits as part of routine clinical care for MI patients. Participants in this 
control group receive no additional counselling or support on their dietary habits.7,8
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2.	 The DASH dietary intervention. A dietary intervention based the DASH 
intervention arm of previous trials.4,5,29 This intervention comprises nutritional 
counselling sessions on a dietary pattern emphasizing fruits, vegetables, whole-
grains and low-fat dairy products in lieu of red meats and refined carbohydrates. 
Participants will be provided with recipes, week menus and shopping lists that are 
in line with the DASH diet. Food items will not be provided.

Causal contrast and statistical analysis
The primary outcome, difference in risk of cardiovascular mortality and all-cause 
mortality, would be assessed using the log-rank test in Kaplan Meier survival analyses. 
The primary causal contrast of interest would be the intention-to-treat effect, 
comparing the (cardiovascular) mortality risks of the DASH intervention group to 
care-as-usual. A per-protocol analysis would be performed as a secondary outcome. 
Per-protocol analyses may be a useful addition in this setting, especially because of 
the high attrition rates in dietary intervention trials.30

TABLE 1  Target trial protocol and emulation in the Alpha Omega Cohort.

Target trial Emulated trial
in observational data

Aim To estimate the effect of an intervention 
to improve compliance with the DASH 
diet on risk of cardiovascular and all-
cause mortality in patients with a history 
of myocardial infarction.

To estimate the effect of compliance 
with the DASH diet on risk of 
cardiovascular and all-cause mortality 
in patients with a history of myocardial 
infarction.

Eligibility 
criteria

Male or female (aged 18 years or older).
Stable coronary artery disease after 
having experienced myocardial 
infarction, defined based on anginal 
chest pain, typical changes on the 
electrocardiogram and/or myocardial 
enzymes. Myocardial infarction should 
have occurred within 6 months and 2 
years before inclusion in the trial.
Able to provide written informed 
consent

Patients, aged 60-80, with a history of 
myocardial infarction within 10 years of 
inclusion.
Additionally, patients that reported 
implausible energy intake on a food 
frequency questionnaire at baseline 
were excluded.

6
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TABLE 1  (Continued)

Target trial Emulated trial
in observational data

Sample size A total of 497 deaths would be needed 
to detect a hazard ratio of 0.80, with 
two-sided α of 0.05 and 80% power.

This requires a total sample size of 1,212 
patients, equally distributed over the 
intervention and control group.

The sample size calculation was based 
on the following assumptions:
−	 1:1 randomization ratio
−	 Expected effect: HR 0.80
−	 Two-sided α 0.05, power 80%21)
−	 Accrual period: 2 years
−	 Trial duration: 10 years
−	 Incidence rate control group: 0.069 

deaths/person year (median survival 
10 years).

−	 Loss to follow-up during the study 
period: 20%

Sample size calculation was based on 
estimation on the log-rank test.55

The same number of events would be 
required in the observational data if the 
exposure and control groups were of 
equal size.

After IPTW, intervention and control 
groups had a size of 596.65 and 3767.17 
(1:6.3). For this ratio, a total of 1052 
deaths would need to be observed; or a 
total sample size of 2,279.

Due to the observational design of 
the study and the determination of 
endpoints through linking of the data 
with municipal registries, the loss to 
follow-up and censoring rates are lower 
in the observational study.
In the emulated trial this was assumed 
to be 0%.

Note: For the observed effect size of 
HR 0.90, a sample size of 9,768 would 
be required for an α of 0.05 and power 
80%.

Dietary 
strategies

DASH, as described and trialled 
previously by Appel et al[4]) and Sacks 
et al[5]).

We assumed that dietary intake 
reported in baseline food frequency 
questionnaires adequately represented 
the dietary intake during the study 
period.

We assessed compliance with the DASH 
diet using a score developed by Mellen 
et al[37] based on the intake target 
from the original DASH trials[4,5]). 
We defined a score of ≥5 out of 9 as 
compliant to DASH.

In the target trial the DASH diet would 
be adopted at the start of the trial. 
In the emulated trial, the moment of 
DASH initiation is unknown, but likely 
to be (long) before inclusion in the 
observational cohort.
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TABLE 1  (Continued)

Target trial Emulated trial
in observational data

Assignment Patients are randomly assigned 1:1 to 
either the intervention or comparator 
diet.

Randomization not possible, instead 
was emulated with inverse probability 
of treatment weighting (IPTW). A 
propensity score for complying with 
the DASH diet was constructed 
using logistic regression models with 
adjustment for age, sex, education level, 
smoking status, alcohol consumption, 
physical activity and creatinine. After 
IPTW the DASH-compliant and non-
compliant groups were balanced in a 
1:6.3 ratio.

Outcome Follow-up starts at inclusion in the trial 
and ends at death or loss to follow-up, 
whichever comes first.

Intended trial duration would be 10 
years.

Follow-up starts at inclusion in the study 
and ends at death, loss to follow-up, 
or December 31st, 2018 (the end of 
follow-up for the Alpha Omega Cohort), 
whichever comes first

A sensitivity analysis with follow-up cut 
off after 10 years was run to mimic the 
10 years follow-up of the target trial.

Follow-up (Cardiovascular) death after inclusion in 
the trial

Same

Causal 
contrast

Intention-to-treat effect Observational analogue of a per-
protocol effect. Intervention strategies 
cannot be assigned in observational 
data. It is only possible to present the 
causal contrast between people that 
comply with the intervention and those 
who do not, balanced for observed 
confounders.

Statistical 
analysis

Intention-to-treat analysis: unadjusted 
Cox proportional hazard models to 
estimate relative risk reductions with the 
DASH diet.

Unadjusted Cox proportional hazard 
models in the IPTW pseudo-population 
to estimate relative risk reductions with 
compliance with the DASH diet.

DASH: Dietary approaches to stop hypertension, IPTW: inverse probability of treatment weighting

6
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Target trial emulation in observational data
Study population
For the target trial emulation, data from the Alpha Omega Cohort was used. This is 
a prospective cohort study, comprising adults aged 60-80 years who experienced a 
MI within ten years before inclusion (2002-2006). During early follow-up, patients 
were randomized to low-dose supplementation of omega-3 fatty acids or placebo for 
approximately 40 months, which resulted in no effect on cardiovascular events and 
all-cause mortality.31 Therefore randomization was ignored, and the Alpha Omega 
Cohort was treated like an observational cohort study. Follow-up for cause-specific 
mortality continued and is still ongoing. The study was approved by the research ethics 
committee and all participants gave written informed consent. Details on study design 
and eligibility criteria have been published previously.31,32

For the present study, patients with missing FFQ data or implausible energy intake 
(total energy intake <800 kcal/day or >8,000 kcal/day for men and <600 kcal/day or 
>6,000 kcal/day for women) were excluded (n = 19, 0.4%), leaving a total of 4,365 
patients with a history of MI.

At baseline, all participants completed a health questionnaire, physical examination and 
laboratory measurements. Physical activity was assessed using the validated Physical 
Activity Scale for the Elderly.33 Blood pressure was measured two times using an 
automated device (HEM-711; Omron); the average of the two measurements was used 
in the analyses. Serum lipids were determined from non-fasting blood and analysed 
by an automated analyser (Hitachi 912; Roche Diagnostics).

Dietary intake was assessed using a 203-item food frequency questionnaire (FFQ).34 
The FFQ assessed food and beverage intake over the last month before inclusion. 
Sodium intake was assessed from food items only and did not include discretionary 
salt use. Trained dietitians checked all responses and additional data was obtained 
when responses were missing or unclear. Energy and nutrient intake were calculated 
by linking the FFQ responses to the Dutch Food Composition Database (2006).35

Cardiovascular deaths were coded in accordance with the International Classification 
of Disease coding, tenth revision (ICD-10)36 and comprised the following codes: I20-
I25, I46, R96, I50 and I60-I69. Data on vital status was obtained through linkage of 
the Alpha Omega Cohort to municipal registries from baseline through December 
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2018. Causes of death were obtained from the national mortality registry (Statistics 
Netherlands, CBS). From 2013, the CBS only provided the primary cause of death and 
therefore treating physicians were asked to complete an additional cause-of-death 
questionnaire (response rate 67%).

Modifications to the trial protocol
Eligibility criteria of the observational data were age between 60 and 80 years at the 
moment of inclusion, which is stricter than the inclusion criterion of an age >18 years 
in the target trial. Conversely, patients with a MI within the past 10 years were eligible 
for the Alpha Omega study, which was broader than the time restriction in the target 
trial. This restriction on time since qualifying event was loosened in the target trial 
emulation, to maintain sufficient statistical power.

Randomization to the control diet or the dietary intervention could not be applied to 
patients in the observational dataset. Compliance with the DASH diet was therefore 
quantified using a DASH diet compliance index proposed by Mellen and colleagues.37 
This diet index comprises nine components: saturated fat, total fat, protein, cholesterol, 
fibre, magnesium, calcium, potassium and sodium. For each component, a target intake 
(indexed to total daily energy intake) was proposed based on the target intakes from 
the two original DASH trials.4,5 Respondents received 1 point when they achieved 
the target intake for a DASH component; when only the intermediate target was 
reached, 0.5 point was awarded. The scores for the nine components were then 
summed, meaning that a total score ranging between 0 and 9 points could be achieved. 
Supplemental table S1 shows the targets and intermediate targets for the nine DASH 
components.

In the current study, patients were classified with a DASH compliance greater or equal 
to 5 out of 9 as DASH-compliant. To emulate randomization, a pseudo-population with 
balanced distribution of confounding factors over the intervention and comparator 
groups was created, using inverse probability of treatment weighting (IPTW).

Statistical analysis
Continuous baseline characteristics were presented as mean with standard deviation 
or median with interquartile range, as appropriate. Categorical baseline characteristics 
were presented as number with percentage.

6
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Real-world compliance with medical treatments or lifestyle behaviours is often 
motivated by underlying medical conditions, that are also associated with clinical 
outcomes: i.e. confounding by indication.38 Propensity score (PS) methods, including 
IPTW, have been suggested as a statistical method to deal with confounding by 
indication in observational studies.39-41 A PS was constructed to predict the probability 
of being DASH-compliant using multivariable logistic regression adjusted for the a priori 
identified confounders: age, sex, education level, smoking status, alcohol consumption, 
leisure-time physical activity and serum creatinine level. A pseudo-population was 
created using IPTW, where patients that were DASH-compliant received a weight of 
1/PS and patients that were not DASH-compliant received a weight of 1/(1-PS). IPT 
weights were stabilized to prevent the impact of outliers. After IPTW, balance was 
assessed by calculating standardized mean differences (SMD) in baseline characteristics 
and SMD values < 0.10 were accepted as indicative of achieved balance between the 
intervention and comparator group.42 The relation of compliance with the DASH diet 
with cardiovascular mortality and all-cause mortality risk was assessed using the Kaplan 
Meier method. Weighted Cox proportional hazard models with time-on-study as a time 
axis were used to obtain hazard ratios (HRs) for all-cause and cardiovascular mortality 
in the pseudo-population. Schoenfeld residuals were visually assessed to check the 
proportional hazard assumption. The IPT-weighted models are presented as the main 
findings, but explorative adjustments were made for the covariates included in the PS 
estimation and for covariates that could be either confounder or intermediates, i.e. 
type 2 diabetes, body mass index, systolic blood pressure, LDL-C and high-sensitivity 
C reactive protein (hs-CRP) levels.

Missing data was imputed with single imputation using predictive mean matching. A 
two-sided p-value <0.05 was considered statistically significant. All statistical analyses 
were performed using R statistical software, version 4.0.3 (R Foundation for Statistical 
Computing, Vienna, Austria).

Subgroup analyses and sensitivity analyses
Sensitivity analyses with DASH compliance defined as a score ≥2, ≥3, ≥4 and ≥6 
were performed to assess the impact of the choice of compliance cut-off. A new 
PS was estimated for each cut-off and HRs were estimated after IPTW. The IPT-
weighted analyses were also repeated in subgroups of patients not currently using any 
blood-pressure lowering agents (N = 446) and a subgroup of patients not using renin-
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angiotensin system inhibitors (RASi, N = 3,372) to assess potential effect modification 
by the use of these medications and the DASH diet.

Sodium intake is difficult to assess using FFQs and might be underestimated. Therefore, 
a sensitivity analysis excluding the sodium criterion from Mellen’s proposed DASH 
compliance scores was performed. In this sensitivity analysis a DASH score ≥4/8 
instead of ≥5/9 was defined as DASH compliant. Unweighted, multivariable adjusted 
Cox proportional hazard models were run as a sensitivity analysis to explore differences 
in the estimates compared to IPTW, one comparing DASH compliance (score ≥5/9) to 
non-compliance and one comparing quintiles of the DASH compliance scores.

RESULTS

Baseline characteristics
Table 2 shows the baseline characteristics of 4,365 post-MI patients included in the 
present analysis. Median age was 69 [IQR 64 -73] years and the majority of the cohort 
was male (N = 3,432, 79%). Upon inclusion in the cohort, the median time since the 
classifying MI was 3.7 years. Over 85% of the cohort was treated with lipid- and/or 
blood pressure-lowering medications.

DASH compliance scores in the cohort ranged between 0 and 8.5 out of a maximum 
score of 9, with a median of 3.0 [IQR 2.0-4.0] (Figure S1). DASH compliance scores 
were higher for women compared with men, but followed similar distributions across 
strata of age, education, smoking status, alcohol consumption and physical activity level 
(Figure S1). When focusing on individual components of the DASH compliance score, 
compliance was high for the fibre and potassium targets, with over 70% of the cohort 
reaching at least the intermediate intake target level for these components. Compliance 
was lowest for protein and saturated fat intake, with 73% of the participants not even 
reaching the intermediate intake target (Figure S2).

6
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Five hundred ninety-eight participants (14%) had a DASH compliance score ≥5 and 
were classified as DASH-compliant. Patients that were DASH-compliant were similar 
in age, history of diabetes, physical activity level and education levels compared 
with those that were not. However, DASH-compliant patients were more frequently 
female (40% vs 18%) and less frequently smokers (10% vs 17%). SMD values in the 
unadjusted data indicated that the DASH-compliant and non-compliant groups were 
not balanced (Table 2). After IPTW was applied, the baseline characteristics and 
potential confounding covariates were balanced over the DASH-compliant and non-
compliant groups (Table 2, Figure S3).

Relation with cardiovascular mortality and all-cause mortality
During a median follow-up of 12.4 years, 2,035 deaths occurred of which 903 (44%) 
were of cardiovascular origin. Figure 1 shows IPT-weighted Kaplan Meier curves 
for all-cause mortality and cardiovascular mortality. DASH compliance showed no 
association with all-cause mortality (HR 0.92, 95%CI 0.80-1.06) and cardiovascular 
mortality (HR 0.90, 95%CI 0.72-1.11). Further adjustments for potential confounders 
and intermediate factors did not affect the estimates (Table 3)

FIGURE 1  IPT-weighted Kaplan Meier curves for all-cause mortality and cardiovascular mortality
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Propensity score-matched Kaplan Meier curves for all-cause mortality (A) and cardiovascular mortality 
(B). The presented hazard ratios are based on IPT-weighted Cox proportional hazard models. 95%CI: 
95% Confidence Interval, HR –Hazard Ratio, DASH: Dietary Approaches to Stop Hypertension
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TABLE 3  IPTW estimates for the effect of DASH compliance on the risk of all-cause and cardiovascular 
mortality

All-cause mortality Cardiovascular mortality

Not DASH-compliant DASH-compliant Not DASH-compliant DASH-compliant

Crude Reference 0.92 (0.80-1.06) Reference 0.90 (0.72-1.11)

Model 1 Reference 0.89 (0.77-1.03) Reference 0.88 (0.70-1.09)

Model 2 Reference 0.89 (0.77-1.02) Reference 0.87 (0.70-1.08)

IPT-weighted hazard ratios for compliance with the DASH-diet and risk of all-cause mortality and 
cardiovascular mortality. The crude model included no covariates but was IPT-weighted. Model 1 
adjusted for the confounders included in the propensity score model: age, sex, education, smoking 
and alcohol consumption. Model 2 was further adjusted for body mass index, systolic blood pressure, 
LDL-cholesterol and type 2 diabetes. DASH: Dietary approaches to stop hypertension

In a sensitivity analysis using multivariable adjusted Cox proportional hazard models, 
instead of IPT-weighted Cox models, the direction and size of the relations between 
DASH compliance and all-cause and cause-specific mortality were similar to the main 
analyses (HR 0.92, 95%CI 0.80-1.05 and HR 0.88, 95%CI 0.72-1.08 respectively (Table 4).

TABLE 4  Sensitivity analysis – Effect estimates based on multi-variable adjusted Cox regression models

All-cause mortality Cardiovascular mortality

Not DASH-compliant DASH-compliant Not DASH-compliant DASH-compliant

Events/N 1,774/3,767 261/598 789/3,767 114/598

FU (py) 41,583 6,891 41,583 6,891

Crude Reference 0.87 (0.77-0.99) Reference 0.86 (0.71-1.04)

Model 1 Reference 0.92 (0.80-1.05) Reference 0.88 (0.72-1.08)

Model 2 Reference 0.91 (0.80-1.04) Reference 0.88 (0.72-1.07)

Hazard ratios for compliance with the DASH-diet and risk of all-cause mortality and cardiovascular 
mortality estimated using multivariable-adjusted Cox Proportional Hazard models. Model 1 adjusted 
for the confounders included in the propensity score model: age, sex, education, smoking, alcohol 
consumption, physical activity and creatinine. Model 2 further adjusted for body mass index, systolic 
blood pressure, LDL-cholesterol and type 2 diabetes. DASH: Dietary approaches to stop hypertension, 
py: person year

Figure 2 shows the IPT-weighted and multivariable adjusted HRs for different cut-off 
values for DASH compliance. IPTW was successful for the alternative cut-off values, 
and balance of baseline characteristics (SMDs <0.10) was achieved at each threshold 
(data not shown). Both lower (≥2, ≥3, ≥4 of 9) and higher (≥6 of 9) cut-off values for 
DASH compliance were not related with a significantly reduced risk of all-cause and 
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cardiovascular mortality. In sensitivity analyses assessing DASH compliance in quintiles 
of the compliance distribution, there was no indication of a dose-response relation 
between DASH compliance score and all-cause or cardiovascular mortality (Figure S4).

To more closely mimic the target trial, a sensitivity analysis was performed limiting the 
follow-up to 10 years, after which patients that were still alive were censored. In this 
analysis, the incidence rates for all-cause mortality and cardiovascular mortality did not 
differ according to DASH compliance status (all-cause mortality: 3.4/100 py for non-
DASH compliant versus 2.9/100 py for DASH-compliant patients and cardiovascular 
mortality: 1.6/100 py vs. 1.4/100 py, respectively. Table S2).

FIGURE 2  IPT-weighted hazard ratios for alternative cut-offs for DASH compliance
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This figure shows the estimated hazard ratio for all-cause and cardiovascular mortality for alternative 
cut-offs for DASH compliance. For all included cut-offs, patients with a score greater or equal to the 
cut-off value are compared with patients below the threshold. The presented numerical hazard ratios 
are IPT-weighted; a new propensity score was calculated for each cut-off value.  
The forest plot shows the IPT-weighted hazard ratio, model 1 is a hazard ratio that was further 
adjusted for confounders: age, sex, education, smoking and alcohol consumption. Model 2 was 
additionally adjusted for body mass index, systolic blood pressure, LDL-cholesterol and type 2 
diabetes (potential confounders or intermediates). 
IPT: inverse probability of treatment, 95%CI: 95% confidence interval 

 

This figure shows the estimated hazard ratio for all-cause and cardiovascular mortality for alternative 
cut-offs for DASH compliance. For all included cut-offs, patients with a score greater or equal to the 
cut-off value are compared with patients below the threshold. The presented numerical hazard ratios 
are IPT-weighted; a new propensity score was calculated for each cut-off value. The forest plot shows 
the IPT-weighted hazard ratio, model 1 is a hazard ratio that was further adjusted for confounders: 
age, sex, education, smoking and alcohol consumption. Model 2 was additionally adjusted for body 
mass index, systolic blood pressure, LDL-cholesterol and type 2 diabetes (potential confounders 
or intermediates). IPT: inverse probability of treatment, 95%CI: 95% confidence interval. In an IPT-
weighted sensitivity analysis that negated the sodium component of the DASH compliance score, 
similar HRs were found compared to the main analysis (Table S2). In hypothesis-generating analyses 
of patients not using any blood pressure-lowering agents (N = 446), a protective association of DASH 
compliance and all-cause mortality (HR 0.85, 95%CI 0.45-1.63) and cardiovascular mortality (HR 0.36-
1.12) was found (Table S2). In patients not using any RASi a smaller but still protective association 
was found (Table S2).
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DISCUSSION

In this study, a target trial was emulated to assess of the relationship between DASH 
compliance and risk of (cardiovascular) mortality in an observational cohort of patients 
with a history of MI. Adhering to the DASH diet was not related with reduction in 
cardiovascular and all-cause mortality risk in a population with established CVD. This 
absence of a beneficial relationship may in part be explained by a high proportion 
of patients using blood-pressure lowering agents which interfere with the working 
mechanisms of the DASH diet.

It is not possible to compare the findings of the present study to experimental 
study data, as no such long-term RCT on the clinical effects of DASH has ever been 
performed in a population with CVD, or any other population. A meta-analysis of 
observational studies in apparently healthy patients reported a pooled estimate of 20% 
relative risk reduction for both all-cause and cardiovascular mortality when comparing 
the highest to lowest DASH compliance categories.21 Effect estimates in the present 
study were smaller, probably due to smaller contrast between the DASH-compliant 
and non-compliant participants or because the meta-analysis did not include secondary 
prevention populations. Overall, the findings in the current study are in line with 
existing literature that shows that compliance with the DASH diet has a small, if any, 
effect on cardiovascular and all-cause mortality risk.12-21

Previous short-term RCTs in populations at high cardiovascular risk, found that 
DASH effectively reduces body weight11,43 and blood pressure5,9,44, and observational 
studies in these populations indicate that DASH also has a beneficial association with 
cardiovascular and mortality outcomes, possibly through amelioration of cardiovascular 
risk factors.16=21 However, body weight reduction and blood pressure-lowering effects 
were not observed in the present study. DASH has been hypothesized to reduce 
blood pressure through reduced sodium intake, additional natriuretic effects,45 and 
inhibition of RAS which induces a blood pressure-lowering response.46,47 The blood 
pressure-lowering potential of DASH in the study population will likely have been 
limited because a vast majority of the Alpha Omega Cohort, was treated with blood-
pressure lowering agents, some of which also interact with RAS. This hypothesis is 
supported by the larger benefits observed in subgroups of patients not using any blood 
pressure-lowering agents or RASi specifically. These findings suggest that the use of 
such agents may attenuate the effects of the DASH diet.

6
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Overall, the target trial emulation was successful. Important design components of 
the target trial that could not directly be emulated in the observational study were 
age of the study population and time since the qualifying MI. As a result, the emulated 
trial comprised an older population with a relatively long time since the qualifying 
event. This may have resulted in an attenuated relation between DASH compliance 
and (cardiovascular) mortality, because the benefits of dietary changes likely take 
a few years to fully manifest and may therefore be more pronounced in younger 
populations.48 Furthermore, people were not actively instructed to adopt a DASH 
diet, but instead they were naturally compliant to the diet. Previous studies suggest 
that DASH’s blood pressure-lowering effects manifest quickly, even as soon as one or 
two weeks after diet initiation, and remain stable afterwards.4,49,50 The observation that 
the HRs for DASH compliance in the present study were not statistically significant 
might have been due to insufficient statistical power, as a post hoc power calculation 
indicated that approximately 10,000 participants would have been required to detect 
a statistically significant result for a HR of 0.90.

Strengths and limitations
Strengths of the current study include the extensive range of available baseline 
characteristics which were systematically collected. Linkage with mortality registries 
prevented loss to follow-up and limited the chance of selection bias introduced by 
informative censoring.27,51,52 This study is the first target trial emulation to assess the 
long-term relation of DASH compliance with (cardiovascular) mortality risk. Using 
target trial has resulted in a well-defined study population, which improves applicability 
of the findings to external populations. Moreover, using IPTW is a recommended 
statistical approach to handle confounding by indication,39-41 and yielded a well-
balanced distribution of confounders over the intervention and reference group.

Study limitations need to be considered. The current study did not actively randomize 
patients to be DASH-compliant or non-DASH compliant and is remains observational 
research. Using trial emulation and IPTW techniques, does not resolve all biases that 
are inherent to observational research, such as unmeasured confounding, model 
misspecification and measurement bias. In these analyses, no adjustments could be 
made for variables that were not measured, but which might have affected the findings 
(e.g. frailty and functional status). For the determination of dietary intake, we relied on 
self-report in an FFQ, which, although validated in a Dutch population,34 is sensitive 
to measurement and reporting errors. Reduction of sodium intake is an important 

Nadia_Binnenwerk_V3.indd   234Nadia_Binnenwerk_V3.indd   234 22-02-2024   08:3422-02-2024   08:34



235

DASH TARGET TRIAL EMULATION

aspect of the DASH diet, but it is notoriously difficult to validly estimate using an 
FFQ.53 Estimated sodium intake was relatively low in this cohort compared with the 
Dutch population but could have been underestimated.54 Misclassification of sodium 
intake could have diluted the observed associations with compliance with DASH, 
but a sensitivity analysis excluding the sodium criterion yielded highly similar results 
to the main analysis. Dichotomization of the DASH compliance score into compliant 
and non-compliant categories is likely to have resulted in loss of contrast and an 
underestimation of the true effect size of a DASH intervention. However, in an analysis 
of DASH compliance quintiles, no indication for a dose-response relation was found.

Using explicit trial emulation and IPTW reduced the risk of biases and increased 
transparency of the findings but did not eradicate all biases that accompany 
observational data when answering etiologic questions. Ideally, a long-term RCT would 
be performed to assess the benefits of the DASH diet in an experimental setting. As 
it is unlikely that such a trial will ever be performed, the present study provides an 
important clue that the DASH diet is unlikely to have large beneficial effects in patients 
with established CVD.

CONCLUSION

In conclusion, this target trial emulation assessing the relationship between compliance 
with the DASH diet and all-cause and cardiovascular mortality found no association 
between compliance with the DASH diet and reductions in risks of all-cause and 
cardiovascular death. This survival benefits effectuated by the DASH diet can partly 
be explained by the high proportion of CVD patients treated with blood-pressure 
lowering medications that modify the effect of the DASH diet.

6
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SUPPLEMENTAL MATERIAL

TABLE S1  DASH compliance score targets

Diet component DASH score target
(1 point)

Intermediate target
(0.5 point)

Saturated fat <6% total energy 11% total energy

Total fat <27% total energy 32% total energy

Protein >18.0% total energy 16.5% total energy

Cholesterol <71.4 mg/1,000 kcal 107.1 mg/1,000 kcal

Fiber >14.8 g/1,000 kcal 9.5 g/1,000 kcal

Magnesium >238 mg/1,000 kcal 158 mg/1,000 kcal

Calcium >590 mg/1,000 kcal 402 mg/1,000 kcal

Potassium >2,238 mg/1,000 kcal 1,534 mg/1,000 kcal

Sodium* <1,143 mg/1,000 kcal 1,286 mg/1,000 kcal

DASH compliance score as proposed by Mellen and colleagues.(37) The score was based on the 
target nutrient intakes from the original DASH trials assuming a daily energy intake of 2,100 kcal. 
The total compliance score ranges between 0 and 9. Abbreviations: DASH: Dietary Approaches to 
Stop Hypertension. * This criterion was negated in a sensitivity analysis.

TABLE S2  Sensitivity analyses

TABLE S2a  Follow-up cut off after 10 years

All-cause mortality Cardiovascular mortality

Not DASH-
compliant

DASH-compliant Not DASH-
compliant

DASH-compliant

N events/N 1,122/3,767 155/598 513/3,767 73/598

Follow-up (py) 32,729 5,337 32,729 5,337

Incidence rate /100py 3.4 2.9 1.6 1.4

10-year event risk 30% 26% 14% 12%

Crude Reference 0.91 (0.76-1.09) Reference 0.93 (0.71-1.20)

Model 1 Reference 0.90 (0.75-1.08) Reference 0.92 (0.70-1.20)

Model 2 Reference 0.88 (0.73-1.06) Reference 0.91 (0.70-1.19)

6
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TABLE S2b  DASH compliance without sodium component (compliant defined as a score 4/8)

All-cause mortality Cardiovascular mortality

Not DASH-
compliant

DASH-compliant Not DASH-
compliant

DASH-compliant

N events/N 1,880/4,017 155/348 833/4,017 70/348

Follow-up (py) 44,496 3,978 44,496 3,978

Crude Reference 0.97 (0.79-1.18) Reference 0.98 (0.73-1.30)

Model 1 Reference 0.93 (0.76-1.13) Reference 0.94 (0.71-1.25)

Model 2 Reference 0.88 (0.72-1.08) Reference 0.92 (0.69-1.24)

TABLE S2c  Subgroup of patients not using any antihypertensive medication (N = 446)

All-cause mortality Cardiovascular mortality

Not DASH-
compliant

DASH-compliant Not DASH-
compliant

DASH-compliant

N events/N 181/387 17/59 70/387 5/59

Follow-up (py) 4,486 775 4,486 775

Crude Reference 0.85 (0.45-1.63) Reference 0.36 (0.12-1.12)

Model 1 Reference 0.70 (0.42-1.19) Reference 0.31 (0.09-1.04)

Model 2 Reference 0.54 (0.28-1.01) Reference 0.29 (0.08-1.07)

TABLE S2d  Subgroup of patients not using RAS-inhibitors (N = 3,372)

All-cause mortality Cardiovascular mortality

Not DASH-
compliant

DASH-compliant Not DASH-
compliant

DASH-compliant

N events/N 733/1,634 104/257 293/1,634 37/257

Follow-up (py) 18,430 3,032 18,430 3,032

Crude Reference 0.90 (0.71-1.14) Reference 0.79 (0.54-1.16)

Model 1 Reference 0.86 (0.68-1.09) Reference 0.76 (0.52-1.12)

Model 2 Reference 0.83 (0.64-1.06) Reference 0.76 (0.51-1.12)

Hazard ratios for compliance to the DASH-diet and risk of all-cause mortality and cardiovascular 
mortality estimated using multivariable-adjusted Cox Proportional Hazard models. DASH compliance 
was defined as a score equal to 5 or greater out of maximum 9. In the sensitivity analysis excluding 
the sodium intake criterion (Table S2b), a score greater or equal to 4 out of maximum 8 was defined 
as DASH compliant. All models were inverse probability of treatment weighted, with propensity 
scores estimated in the relevant subgroups. Additional adjustments were made in two steps: Model 
1 adjusted for the confounders included in the propensity score model: age, sex, education, smoking, 
alcohol consumption, physical activity and creatinine. Model 2 further adjusted for body mass index, 
systolic blood pressure, LDL-cholesterol and type 2 diabetes. DASH: Dietary approaches to stop 
hypertension, py: person year
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FIGURE S1  Distribution of DASH compliance scores

DASH diet trial emulation 

227  

Figure S1   Distribution of DASH compliance scores 

 
Distribution of the DASH compliance score in the study population, overall (A) and stratified for the covariates 
in the propensity score model: age (B), sex (C), education level (D), smoking status (E), alcohol consumption (F) 
and physical activity level (G).. The red dashed line indicates the median DASH compliance score of 3.0. 
DASH: Dietary Approaches to Stop Hypertension, IQR: interquartile range, METh/wk: Metabolic equivalent of 
task hours/wk.

Distribution of the DASH compliance score in the study population, overall (A) and stratified for the 
covariates in the propensity score model: age (B), sex (C), education level (D), smoking status (E), 
alcohol consumption (F) and physical activity level (G).. The red dashed line indicates the median 
DASH compliance score of 3.0. DASH: Dietary Approaches to Stop Hypertension, IQR: interquartile 
range, METh/wk: Metabolic equivalent of task hours/wk.
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FIGURE S3  Balance plot of confounding factors before and after IPTW

Age

Male sex

Education level 

Diabetes

Smoking status 

Alcohol consumption 

Physical activity

Body mass index 

Waist circumference 

Systolic blood pressure 

Diastolic blood pressure 

Total cholesterol 

Triglycerides

HDL−cholesterol 

LDL−cholesterol 

Creatinin

hsCRP

−0.5 −0.3 −0.1 0 0.1 0.3 0.5

Standardized mean difference

Unweighted IPT−weighted

Balance of patient characteristics before (unadjusted) and after (adjusted) inverse probability of 
treatment weighting. A SMD < 0.10 was accepted as the cut-off for a balanced distribution. HDL: 
high density lipoprotein, LDL: low-density lipoprotein, hsCRP: high sensitivity lipoprotein
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FIGURE S4  Analysis of DASH compliance in quintiles

FIGURE S4a  Association between DASH compliance quintiles and all-cause mortality

Quintile 1

Quintile 2

Quintile 3

Quintile 4

Quintile 5

563/1,180

292/595

537/1,193

382/799

261/598

12,981

6,453

13,246

8,903

6,891

(95%CI)

Reference

1.01 (0.87−1.16) 

0.95 (0.84−1.07) 

1.02 (0.89−1.16) 

0.91 (0.78−1.06)

0.70 1.0 1.3
HR (95%CI)

(py)

FIGURE S4b  Association between DASH compliance quintiles and cardiovascular mortality

(95%CI)(py)

12,981

6,453

13,246

8,903

6,891

Quintile 1

Quintile 2

Quintile 3

Quintile 4

Quintile 5

Hazard ratios for quintiles of compliance scores to the DASH-diet and risk of all-cause mortality 
(Figure S4a) and cardiovascular mortality (Figure S4b) estimated using multivariable-adjusted Cox 
Proportional Hazard models. These estimates were adjusted for age, sex, education, smoking, alcohol 
consumption, physical activity and creatinine levels. Inverse probability of treatment weighting was 
not applied in these analyses. DASH: Dietary approaches to stop hypertension, py: person year
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ABSTRACT

Objective
In healthy populations, leisure-time physical activity (LTPA) improves health outcomes, 
while, paradoxically, occupational physical activity (OPA) is associated with detrimental 
health effects. This study aimed to investigate the associations of LTPA and OPA 
with mortality, cardiovascular events, and type 2 diabetes (T2D) in patients with 
cardiovascular disease (CVD).

Methods
In 7,058 CVD outpatients (age 61 ±10 years, 75% male) from the prospective Utrecht 
Cardiovascular Cohort-Second Manifestations of ARTerial disease (UCC-SMART) 
cohort, Cox models were used to quantify the associations between self-reported 
LTPA and OPA and all-cause mortality, cardiovascular events, and T2D.

Results
Over 8.6 years [IQR: 4.6-12.5] of follow-up, 1,088 vascular events, 1,254 deaths, 
and 447 incident T2D cases occurred. The top LTPA quarter had a lower risk of 
all-cause mortality (HR 0.63, 95%CI0.54-0.74), recurrent cardiovascular events (HR 
0.72, 95%CI0.60-0.84) and incident T2D (HR 0.71, 95%CI0.55-0.93), compared to the 
lowest quarter. The continuous LTPA associations were reverse J-shaped for all-cause 
mortality and vascular events and linear for T2D. OPA (heavy manual vs sedentary) 
showed a trend towards an increased risk of all-cause mortality (HR 1.08, 95%CI0.86-
1.35), cardiovascular events (HR 1.15, 95%CI0.91-1.45), and T2D (HR 1.04, 95%CI0.72-
1.50). The detrimental effects of higher OPA were more pronounced in men, never-
smokers, people with higher education and active employment.

Conclusions
In CVD patients, LTPA was associated with lower risk of all-cause mortality, recurrent 
cardiovascular events and incident T2D. In contrast, OPA seemed to increase the risk 
of these outcomes. These findings support the existence of a physical activity paradox 
in patients with CVD.
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KEY MESSAGES

What is already known
In apparently healthy populations, leisure-time physical activity and occupational 
physical activity have opposite health effects: while leisure-time physical activity 
is associated with reduced risk of all-cause mortality and cardiovascular events, 
occupational physical activity increases these risks. This physical activity 
paradox may be more pronounced in patients with cardiovascular disease, due 
to pathophysiological changes after cardiovascular events.

What this study adds
This study shows that leisure-time physical activity has a strong protective 
association with all-cause mortality (HR 0.63, 95%CI 0.54-0.74), cardiovascular 
events (HR 0.72, 95%C I0.60-0.84) and type 2 diabetes risk (HR 0.71, 95%CI0.55-
0.93) in patients with cardiovascular disease, while physical activity at work might 
be associated with unfavourable health effects in this population (hazard ratios 
around 1.10 with 95%CI including 1.00, for the three outcomes)

How this study might affect research, practice or policy
This study shows that physical activity at work does not provide similar health 
benefits as leisure-time physical activity and may even have harmful effects for 
patients with cardiovascular disease. For clinical practice, our results indicate 
that physical activity at work should not be regarded as a substitute for physical 
activity in leisure-time.

7
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INTRODUCTION

Physical activity has extensively been shown to reduce the risk of cardiovascular 
disease (CVD) in apparently healthy individuals1 and is a key recommendation in 
guidelines for CVD prevention and treatment.2,3 Physical activity’s benefits result 
from reducing inflammation and improving cardiorespiratory fitness4,5 as well as 
attenuation of traditional cardiovascular risk factors such as systolic blood pressure 
and lipid profile.6,7

Physical activity can be categorized into occupational physical activity (OPA), 
comprising all work-related activity, and leisure-time physical activity (LTPA), comprising 
all activity outside the workspace, such as sport and transport-related activities like 
walking. In apparently healthy populations, higher LTPA confers relative risk reductions 
for all-cause mortality (up to 35%)8; CVD (up to 55%)9; and type 2 diabetes (T2D) (up 
to 30%).9,10 In contrast, increased OPA does not unequivocally show such benefits, 
with some studies even indicating that more physically demanding OPA increases CVD 
risk, especially in men.11-14 This contradiction in the effects of LTPA and OPA has been 
called the physical activity paradox.12

LTPA and OPA may affect patients with CVD differently than patients from the 
general population. LTPA is commonly regarded as beneficial for atherosclerotic plaque 
stability, but OPA has been associated with an increased rate of plaque progression.15,16 

Evidence from subgroup analyses of observational studies indicates that LTPA reduces 
CVD and all-cause mortality risk in patients with a history of CVD.17,18 On the other 
hand, CVD subgroups in observational studies on OPA show that physically demanding 
OPA might be associated with an increased risk of cardiovascular events and mortality 
and even show that higher LTPA could have a detrimental effect in CVD patients with 
physically demanding OPA.16

In this study, we investigated the associations between LTPA and OPA and risk of all-
cause mortality, recurrent cardiovascular events, and incident T2D in patients with a 
history of CVD.

7
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METHODS

Study population
Data were used from the Utrecht Cardiovascular Cohort - Secondary Manifestations 
of Arterial Disease (UCC-SMART) study, an ongoing single-center prospective cohort 
comprising patients aged 18 to 79 years with cardiovascular risk factors or established 
CVD.19 The UCC-SMART study was approved by the local Medical Ethics Committee 
(reference number 22-088) and all participants gave written informed consent. 
For the current study, data was used from 7,058 patients, included in the cohort 
between January 2002 and December 2019 with established coronary artery disease, 
peripheral artery disease (PAD), or cerebrovascular disease (CeVD) at inclusion in 
the cohort. Analyses on T2D incidence were limited to participants without T2D at 
baseline (N = 5,765, Figure S1).

Baseline measurements
Upon inclusion in the UCC-SMART cohort, participants completed a standardized 
questionnaire on medical history, cardiovascular risk factors and medication use. 
Patients underwent physical examination and laboratory measurements were 
performed.

LTPA and OPA were self-reported in the baseline questionnaire. LTPA was defined as 
activity from sports, walking, cycling and gardening and was assessed using validated 
ranking physical activity questionnaire20 with an additional question on sport activity. 
LTPA was expressed as Metabolic Equivalent of Task hours per week (METh/wk). 
METh/wk combines intensity and duration of the activity by multiplying the reported 
weekly hours of physical activity with activity-specific MET intensity obtained from the 
Compendium of Physical Activity.21 To exemplify: a participant who walks (estimated 
at 3.5 MET) 2 hours per week would perform (2 x 3.5 =) 7.0 METh/week. OPA was 
quantified using a question with four intensity levels that assessed the physical 
activity intensity during participants’ last active employment. These four levels were: 
predominantly sedentary work, standing work, manual work and heavy manual work.

Clinical outcomes
Participants were sent biannual follow-up questionnaires on vital status and the 
occurrence of cardiovascular events. When participants reported an event, additional 
information was obtained from the treating physician or hospital. The endpoint 

Nadia_Binnenwerk_V3.indd   256Nadia_Binnenwerk_V3.indd   256 22-02-2024   08:3422-02-2024   08:34



257

PHYSICAL ACTIVITY PARADOX

classification was made independently by three physicians in accordance with 
previously published definitions.19

The primary outcomes were all-cause mortality, recurrent cardiovascular events, 
and incident T2D. Recurrent cardiovascular events were a composite of non-fatal 
myocardial infarction (MI), non-fatal stroke and cardiovascular mortality. The individual 
components of the vascular composite endpoint were assessed as secondary 
endpoints.

Data analyses
Baseline characteristics were reported stratified for quarters of the LTPA distribution 
and OPA categories. Categorical variables were presented as frequencies with 
percentages and continuous variables as means with standard deviation or medians 
with interquartile range (IQR). Multivariable adjusted Cox models with time-on-study 
as time-scale were used to estimate the associations for LTPA and OPA. Patients 
that were lost to follow-up (N = 446, 6%) were censored on the last day their status 
was known. The proportional hazard assumption was checked by visual inspection 
of Schoenfeld residuals. Model 1 adjusted for age and sex. Model 2 adjusted for 
model 1, smoking status, number of pack years and alcohol use. Model 3, the main 
model, additionally adjusted for education level and employment status. In model 
4, further adjustments were made for variables that could be either confounders or 
intermediates: T2D, body mass index (BMI), systolic blood pressure and low-density 
lipoprotein cholesterol (LDL-C). The models for LTPA and OPA were not mutually 
adjusted for each other. The associations of LTPA as a continuous variable were 
assessed using restricted cubic splines with three knots in Cox models adjusted for 
the covariates in model 3.

Interplay between LTPA and OPA was assessed by comparing the effect of different 
combinations of LTPA and OPA against a common reference (i.e. LTPA quarter 1 and 
sedentary OPA). Sex, age, education, employment status, type of pre-existing CVD, 
presence of metabolic syndrome, BMI, systolic blood pressure and LDL-C levels were 
assessed as potential effect modifiers. Effect modification was tested by introducing 
multiplicative interaction terms into the Cox models. Bonferroni correction was used 
to account for multiple testing. Subgroup analyses based on strata of sex, smoking 
status and employment status were run. To assess the impact of reverse causation, the 
primary analyses were repeated with removal of the first 1, 3 and 5 years of follow-up.

7
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Missing data on LTPA (1%), OPA (7%), education (33%), metabolic syndrome (1%), 
smoking status (1%), alcohol consumption (1%) and LDL-C levels (7%) were imputed 
with single imputation using predictive mean matching. A complete-case analysis was 
run to assess the robustness of the imputation. All statistical analyses were performed 
using R statistical software, version 4.0.3 (R Foundation for Statistical Computing, 
Vienna, Austria).

RESULTS

The central figure summarizes the study design and key findings.

Baseline characteristics
Patients with higher levels of LTPA were more frequently men (top vs lowest LTPA 
quarter, 77% vs 69%), more often had a history of coronary artery disease (68% vs 60%), 
were less likely to smoke (24% vs 35%) and reported more physically demanding OPA 
(35% (heavy) manual OPA vs 28%, Table 1). Patients with more physically demanding 
OPA had lower education levels, were more frequently smokers and had a higher BMI 
(Table S1). Participants with active employment were younger than those who were not 
actively employed, but otherwise had similar distributions of baseline characteristics.
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FIGURE 1  Continuous association between leisure-time physical activity and risk of all-cause 
mortality, recurrent cardiovascular events, and incident type 2 diabetes
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Associations between continuous leisure-time physical and all-cause mortality (A), recurrent vascular 
events (B), and incident type 2 diabetes (C). Hazard ratios are adjusted for age, sex, smoking status, pack 
years, alcohol consumption, education and current employment (model 3). The histograms inside the 
figures represent the number of study participants that achieved a certain leisure-time physical activity 
level. METh/wk: Metabolic equivalent of task hours per week. 95%CI: 95% confidence interval

Association between leisure-time physical activity and risk of all-cause 
mortality, recurrent cardiovascular events, and incident type 2 diabetes
Over a follow-up of 8.6 years [IQR: 4.6-12.5 years], 1,254 patients (18%) died and 
1,088 patients (15%) experienced a recurrent cardiovascular event. Incident T2D was 
diagnosed in 447 participants (8%). For all-cause mortality and recurrent cardiovascular 
events, LTPA showed a reverse J-shaped association and the association with incident 
T2D risk was approximately linear (Figure 1). Compared to the lowest LTPA quarter, 
participants in the highest quarter had a lower risk of all-cause mortality (HR 0.63, 
95%CI 0.54-0.74), recurrent cardiovascular events (HR 0.72, 95%CI 0.60-0.84) and 
incident T2D (HR 0.72, 95%CI 0.55-0.93, Table 2). The decreased risk of recurrent 
cardiovascular events was driven by cardiovascular mortality (HR 0.54, 95%CI 0.42-
0.69, LTPA Q4 vs Q1) and non-fatal stroke (HR 0.87, 95%CI 0.64-1.17, Figure S2/Table 
S2). LTPA was associated with a slightly increased risk of non-fatal MI (HR 1.06 95%CI 
0.91-1.24, Figure S2/Table S2).
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TABLE 2  Association between leisure-time physical activity and all-cause mortality, recurrent 
cardiovascular events, and incident type 2 diabetes

Leisure-time physical activity level, HR (95%CI)

Quarter 1 Quarter 2 Quarter 3 Quarter 4

All-cause mortality

Events/N total 434/1,746 434/1,740 255/1,732 262/1,739

Follow-up (py) 15,007 15,392 15,218 15,214

Model 1 Reference 0.66 (0.57-0.77) 0.55 (0.47-0.65) 0.55 (0.47-0.65)

Model 2 Reference 0.73 (0.63-0.85) 0.63 (0.54-0.73) 0.64 (0.54-0.73)

Model 3 Reference 0.73 (0.63-0.85) 0.63 (0.54-0.74) 0.63 (0.54-0.74)

Model 4 Reference 0.74 (0.64-0.86) 0.65 (0.55-0.76) 0.66 (0.56-0.77)

Recurrent vascular events

Events/N total 342/1,746 342/1,740 221/1,732 244/1,739

Follow-up (py) 14,023 14,427 14,455 14,356

Model 1 Reference 0.78 (0.67-0.91) 0.60 (0.51-0.71) 0.65 (0.55-0.77)

Model 2 Reference 0.84 (0.72-0.99) 0.67 (0.56-0.79) 0.72 (0.61-0.84)

Model 3 Reference 0.85 (0.72-0.99) 0.67 (0.56-0.79) 0.72 (0.60-0.84)

Model 4 Reference 0.86 (0.74-1.01) 0.69 (0.58-0.82) 0.74 (0.62-0.87)

Type 2 diabetes

Events/N total 139/1,447 139/1,445 106/1,437 93/1,436

Follow-up (py) 11,894 12,046 11,815 11,921

Model 1 Reference 0.77 (0.60-0.98) 0.76 (0.58-0.97) 0.65 (0.50-0.84)

Model 2 Reference 0.84 (0.65-1.09) 0.85 (0.66-1.10) 0.72 (0.55-0.94)

Model 3 Reference 0.86 (0.67-1.11) 0.86 (0.66-1.11) 0.71 (0.55-0.93)

Model 4 Reference 0.91 (0.71-1.18) 0.96 (0.74-1.25) 0.79 (0.61-1.04)

Multivariable adjusted hazard ratios and 95% confidence intervals. Model 1 was adjusted for age and 
sex. Model 2 was additionally adjusted for: smoking, packyears, alcohol use. Model 3 additionally 
adjusted for education level and current employment. Model 4 was adjusted for model 3 and history of 
T2D, body mass index, systolic blood pressure and low-density lipoprotein cholesterol. Abbreviations: 
Py: Person years. Model 3 was used as the main outcome.

Association between occupational physical activity and risk of all-cause 
mortality, recurrent cardiovascular events and incident type 2 diabetes
For all-cause mortality and recurrent cardiovascular events, there was an increased risk 
in the groups with higher OPA (HR 1.08, 95%CI 0.86-1.35 and HR 1.15, 95%CI 0.91-
1.45 respectively, heavy manual vs sedentary, Table 3). Standing work conferred an 
increased risk of all-cause mortality (HR 1.14, 95%0.99-1.31 vs sedentary) and manual 
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work conferred an increased risk of recurrent cardiovascular events (HR 1.10, 95%CI 
0.94-1.28 vs sedentary). Heavy manual work was associated with a higher non-fatal 
stroke risk (HR 1.66, 95%CI 1.10-2.50 vs sedentary, Table S2). OPA was not associated 
with incident T2D (Table 3).

TABLE 3  Association between occupational physical activity and all-cause mortality, recurrent 
cardiovascular events, and incident type 2 diabetes

Occupational physical activity level, HR (95%CI)

Sedentary Standing Manual Heavy manual

All-cause mortality

Events/N total 540/3,558 307/1,449 313/1,605 94/446

Follow-up (py) 29,482 12,713 14,804 3,831

Model 1 Reference 1.21 (1.05-1.39) 1.07 (0.92-1.24) 1.20 (0.97-1.50)

Model 2 Reference 1.16 (1.01-1.34) 0.99 (0.86-1.16) 1.12 (0.90-1.40)

Model 3 Reference 1.14 (0.99-1.31) 0.98 (0.84-1.14) 1.08 (0.86-1.35)

Model 4 Reference 1.13 (0.98-1.30) 0.97 (0.83-1.12) 1.09 (0.87-1.36)

Recurrent vascular events

Events/N total 486/3,558 231/1,449 284/1,605 87/446

Follow-up (py) 27,980 11,969 13,806 3,506

Model 1 Reference 1.10 (0.94-1.29) 1.22 (1.05-1.43) 1.34 (1.07-1.68)

Model 2 Reference 1.04 (0.89-1.22) 1.13 (0.96-1.32) 1.21 (0.96-1.53)

Model 3 Reference 1.02 (0.87-1.20) 1.10 (0.94-1.28) 1.15 (0.91-1.45)

Model 4 Reference 1.01 (0.86-1.18) 1.08 (0.92-1.26) 1.15 (0.91-1.46)

Type 2 diabetes

Events/N total 214/2,948 87/1163 111/1287 35/367

Follow-up (py) 23,514 9747 11411 3004

Model 1 Reference 1.01 (0.79-1.31) 1.14 (0.90-1.44) 1.25 (0.87-1.79)

Model 2 Reference 0.97 (0.76-1.25) 1.06 (0.84-1.35) 1.15 (0.81-1.66)

Model 3 Reference 0.93 (0.72-1.20) 0.98 (0.77-1.25) 1.04 (0.72-1.50)

Model 4 Reference 0.92 (0.71-1.18) 0.97 (0.76-1.25) 0.91 (0.63-1.32)

Multivariable adjusted hazard ratios and 95% confidence intervals. Model 1 was adjusted for age and 
sex. Model 2 was additionally adjusted for: smoking, packyears, alcohol use. Model 3 additionally 
adjusted for education level and current employment. Model 4 was adjusted for model 3 and history of 
T2D, body mass index, systolic blood pressure and low-density lipoprotein cholesterol. Abbreviations: 
Py: Person years. Model 3 was used as the main outcome.
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PHYSICAL ACTIVITY PARADOX

Effect modification
Figure 2 shows the interaction between LTPA and OPA. For all-cause mortality and 
T2D, higher levels of LTPA were associated with a lower risk regardless of OPA level. 
For recurrent cardiovascular events, the protective association of LTPA was not present 
in participants with (heavy) manual work. When looking at the different components 
of recurrent vascular events, this effect modification of (heavy) manual OPA on LTPA 
was most pronounced in the associations with non-fatal MI and stroke (Figure S3).

Figure 3 shows the associations between LTPA and OPA across strata of potential 
effect modifiers. LTPA was strongly associated with risk reductions in patients with 
multiple CVD types and PAD, but had smaller effects in patients with a history 
of coronary disease, CeVD or abdominal aortic aneurysm. Across age strata, the 
association between LTPA and recurrent vascular events was stronger for patients 
aged 60 or older.

The associations of OPA with all-cause mortality and recurrent events differed 
across sex-strata, with a protective association of heavy manual OPA in women and 
a detrimental effect in men (Figure 3A/B). Similarly, the associations differed across 
strata of pre-existing CVD type: protective associations were found for people with 
PAD and harmful associations were found for people with CeVD. For patients with 
multiple CVD manifestations, higher OPA was associated with reduced risk of recurrent 
cardiovascular events, HR 0.58 (95%CI 0.33-1.00), while there was no association for 
patients with a single CVD type. The associations for OPA were stronger for people 
with a higher education level, with a recurrent events HR of 1.48 (95%CI 0.52-4.23) for 
heavy manual work in highly educated participants compared to a HR of 1.10 (95%CI 
0.88-1.88) in participants with a lower education.

Subgroup and sensitivity analyses
In never-smokers, higher LTPA was associated with a lower risk of all-cause mortality 
and recurrent cardiovascular events compared to the full population, with HR 0.56 
(95%CI0.38-0.83) for all-cause mortality and HR 0.45 (95%CI0.29-0.71) for recurrent 
vascular events (Table S4). Conversely, OPA seemed to be associated with increased 
risk of the primary outcomes in never-smokers (e.g. incident T2D HR 1.87, 95%CI 
1.04-3.37 for manual vs. sedentary OPA).

7
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CHAPTER 7

 Association between the highest vs. lowest quarter of LTPA and heavy manual OPA vs. 
sedentary OPA and all-cause mortality and recurrent cardiovascular events, stratified for potential 
effect modifiers. Hazard ratios are adjusted for age, sex, smoking status, pack years, alcohol 
consumption, education and active employment (model 3). After Bonferroni correction for multiple 
testing a p-value <0.001 (<0.05/36 tests) was considered statistically significant. HR: hazard ratio, 
95%CI: 95% confidence interval, CVD: cardiovascular disease, CAD: coronary artery disease, CeVD: 
cerebrovascular disease, PAD: peripheral artery disease, AAA: abdominal aortic aneurysm, BMI: body 
mass index, LDL: low-density lipoprotein.

In actively employed participants (N=3,478), OPA was more strongly associated 
with detrimental health effects compared to unemployed or retired participants, 
especially for recurrent vascular events (HR 1.30, 95%CI 1.01-1.67 for heavy manual 
vs sedentary, Table S5). The harmful health effects of OPA were more pronounced in 
men (Tables S6a-d).

To address potential reverse causality, sensitivity analyses were performed excluding 
participants who experienced an outcome within 1, 3 or 5 years after inclusion and 
the results were similar in size and direction to main analysis (Figure S4). A complete-
case analysis resulted in associations that were similar in size and direction to the main 
analysis (data not shown).

DISCUSSION

In patients with established CVD, higher levels of LTPA were associated with a lower 
risk of all-cause mortality, recurrent cardiovascular events and incident T2D. In 
contrast, OPA, especially standing and manual work, was associated with an increased 
risk of all-cause mortality and recurrent cardiovascular events, notably in men, actively 
employed participants, patients with a history of CeVD and non-smokers. Furthermore, 
the beneficial effects of LTPA were attenuated in patients with (heavy) manual work. 
These findings suggest that the physical activity paradox also manifests in patients 
with established CVD.

The health benefits of increasing LTPA are widely accepted in healthy populations 
and supported by multiple prospective cohort studies.8-10 In patients with established 
CVD, studies show that people with the highest LTPA level have up to 50% lower 
risk of all-cause mortality and 35% lower risk of recurrent CVD events which is in line 
with the findings in our study.17,18 In the present study, the association between LTPA 
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PHYSICAL ACTIVITY PARADOX

and cardiovascular and mortality risk had a reverse J-shape, meaning that a level of 
LTPA exists beyond which additional activity no longer confers further risk reduction. 
This finding is in line with previous studies in apparently healthy populations8 and 
with findings in two cohorts of patients with CVD.17,18 Potential explanations for the 
plateauing and even reversal of the beneficial effects of LTPA at higher levels include 
atherosclerotic plaque rupture during vigorous exercise or triggering of arrhythmias 
in scarred myocardial tissue.22.23

Interestingly, LTPA was protective of cardiovascular mortality and non-fatal stroke 
but was associated with an increase in non-fatal MI risk. A potential explanation for 
these contrasting associations is that LTPA does not reduce the number of events, but 
prevents events from being fatal by limiting the ischemic damage incurred to heart 
muscle. Mechanisms for this process include improved blood flow, vasodilation and 
angiogenesis in coronary arteries.24,25 These adaptations could reduce infarct size and 
infarction-reperfusion injury after a recurrent cardiovascular event.

The associations of LTPA and OPA with T2D have not extensively been studied in 
a CVD populations, but in apparently healthy populations, a linear association with 
LTPA was observed.10 Potential explanations for the protective effect of LTPA on T2D, 
include weight loss and increased insulin sensitivity through upregulation of GLUT4 
transporters in skeletal muscles.10,26 In the present study, OPA was not associated with 
T2D risk. Possible explanations for this lack of effect include that OPA is associated 
with other lifestyle factors that increase the risk of T2D (e.g. unhealthy diet) or that 
the low-intensity, repetitive character of OPA puts less strain on skeletal muscles and 
therefore does not result in upregulation of GLUT-4.

In apparently healthy populations, higher OPA levels have been associated with up to 
50% increased risk of mortality and CVD.12 In the present study, higher OPA levels 
were associated with risk increases of approximately 10%, which is in line with previous 
evidence from exploratory analyses in CVD subgroups.16 A possible explanation for 
this difference in effect size could be that UCC-SMART participants with CVD were 
around retirement age while OPA conferred stronger harmful effects in a subgroup 
of actively employed participants. Furthermore, the results could have been affected 
by index-event bias.

7
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Although standing work is commonly thought of as health-promoting, this idea might 
not hold for patients with established CVD.27 Our results showed that standing OPA 
was associated with increased risk of all-cause and cardiovascular mortality and 
non-fatal stroke. The hemodynamic effects of prolonged standing may lead to blood 
pooling in the extremities, increased pulse pressure and vascular turbulence, ultimately 
increasing risk of cardiovascular, specifically cerebrovascular, events.15

An explanation for the contrasting health effects of LTPA and OPA should be sought in 
the differing characteristics of the physical activity types.28 LTPA usually has a higher 
intensity and shorter duration, while OPA requires low-intensity repetitive movements 
with short recovery times. Therefore, it has been hypothesized that OPA does not 
lead to the cardiovascular benefits and improved cardiorespiratory fitness that can 
be achieved with LTPA and instead has unhealthy effects, such as increased 24-hour 
heart rate, systolic blood pressure and systemic inflammation.28

Another explanation for the finding that OPA does not improve health outcomes, 
might be residual confounding. Manual work is associated with heavier smoking 
habits and unhealthy diet. Furthermore, people with manual work have has a higher 
chance of exposure to toxic environmental factors and more frequently do shift work 
which is independently associated with increased CVD risk.29 In the current analyses, 
attempts were made to account for socioeconomic status by adjusting for education 
level, and the estimated HR decreased slightly toward the null. In studies with more 
extensive adjustment for socioeconomic factors, the detrimental health effects of 
OPA were still upheld.12 In never-smokers, the detrimental associations of OPA were 
also found, indicating that residual confounding from smoking status did not bias the 
main findings. Ultimately, it is difficult to disentangle the effect of OPA itself from 
the effects of other (lifestyle) factors that often accompany it. Further research is 
needed to better understand the effects of physically demanding work so specific 
OPA recommendations can be implemented in guidelines.

Strengths of our study include its size, prospective design, comprehensive data 
collection and low rate of loss-to-follow-up. Study limitations include that OPA level 
was assessed at baseline only, while the majority of the study population was no longer 
actively employed at that time. This may have diluted the overall effect estimates 
for OPA, as a sensitivity analysis in actively employed patients yielded stronger 
associations. Moreover, the physical activity questionnaire was only validated for 
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ranking participants from lowest to highest LTPA level and, therefore, it was impossible 
to estimate an optimal LTPA level. Furthermore, LTPA and OPA were based on self-
reporting, which may lead to optimistic estimates due to social desirability bias. There 
is, however, no reason to assume the extent of over-reporting differs between low and 
high levels of LTPA, which means that ranking of individuals will remain unaffected. 
OPA estimates may have been biased by a healthy workers effect, an important form 
of selection bias in occupational epidemiology research, because unhealthy people 
are more likely to switch to less physically demanding occupations.30 As a result, the 
associations for the more physically demanding OPA categories could have been biased 
towards the null.

In conclusion, in patients with established CVD, higher LTPA was associated with a 
lower risk of all-cause mortality, recurrent cardiovascular events and incident T2D, 
but this relationship was not observed for higher OPA levels. These findings support 
the existence of a physical activity paradox in patients with established CVD, because 
they show that while LTPA is beneficial, physically demanding OPA may have harmful 
effects. Health care providers should be aware of these potentially harmful effects of 
OPA and OPA should therefore not be regarded as a substitute for LTPA. 7
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SUPPLEMENTAL MATERIAL

FIGURE S1  Flowchart UCC-SMART participants selection

UCC-SMART participants included between January 2002 and
December 2019 

N = 13,898

Participants with established CVD at inclusion in the cohort 
 N =  7,058

All-cause mortality and vascular
endpoints available 

N = 7,058

Participants without T2D at
inclusion in the cohort 

N = 5,765

Flowchart describing the criteria used to create the datasets used in the analyses of the association 
between physical activity levels and different outcomes. All datasets were limited to participants 
included from January 2002 onwards, because a new questionnaire for physical activity level was 
introduced then. All datasets were limited to participants with established cardiovascular disease at 
baseline. Data on all-cause mortality, cause-specific mortality and recurrent cardiovascular events 
was available for all participants. The analysis for incident type 2 diabetes was limited to participants 
without diabetes at baseline.
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TABLE S2  Hazard ratios for non-fatal myocardial infarction, non-fatal stroke and cardiovascular 
mortality

TABLE S2a  Specific vascular outcomes and LTPA

Leisure-time physical activity level

Quartile 1 Quartile 2 Quartile 3 Quartile 4

Non-fatal myocardial infarction

Events/N total 325/1,765 322/1,767 345/1,763 357/1,763

Follow-up (py) 13,030 13,196 13,013 12,832

Model 1 Reference 0.97 (0.83-1.13) 1.03 (0.89-1.20) 1.06 (0.91-1.23)

Model 2 Reference 1.00 (0.86-1.17) 1.07 (0.92-1.25) 1.06 (0.91-1.24)

Model 3 Reference 1.03 (0.88-1.21) 1.12 (0.96-1.30) 1.12 (0.96-1.30)

Non-fatal stroke

Events/N total 96/1,765 87/1,767 57/1,763 82/1,763

Follow-up (py) 14,592 14,992 14,946 14,912

Model 1 Reference 0.87 (0.65-1.16) 0.57 (0.41-0.79) 0.81 (0.60-1.09)

Model 2 Reference 0.93 (0.69-1.24) 0.62 (0.44-0.86) 0.87 (0.64-1.17)

Model 3 Reference 0.92 (0.69-1.23) 0.61 (0.44-0.86) 0.86 (0.64-1.16)

Cardiovascular mortality

Events/N total 187/1,765 133/1,767 103/1,763 101/1,763

Follow-up (py) 15,007 15,392 15,218 15,214

Model 1 Reference 0.68 (0.54-0.84) 0.52 (0.41-0.66) 0.49 (0.38-0.62)

Model 2 Reference 0.73 (0.59-0.92) 0.57 (0.45-0.72) 0.54 (0.42-0.69)

Model 3 Reference 0.76 (0.61-0.96) 0.61 (0.48-0.78) 0.58 (0.45-0.74)

Hazard ratios and corresponding 95% confidence intervals for non-fatal myocardial infarction, non-
fatal stroke and cardiovascular mortality. In Model 1 adjustments were made for age and sex. In 
Model 2 adjustments were made for Model 1 + smoking status, packyears, alcohol consumption, 
and education. In Model 3 adjustments were made for Model 2 + diabetes mellitus, body mass index, 
systolic blood pressure and LDL-cholesterol levels. Abbreviations: py: person year

7
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TABLE S2b  Specific vascular outcomes and OPA

Occupational physical activity level

Sedentary Standing Manual Heavy manual

Non-fatal myocardial infarction

Events/N total 662/3,558 258/1,449 321/1,605 108/446

Follow-up (py) 25,331 10,994 12,578 3,170

Model 1 Reference 0.97 (0.84-1.13) 1.16 (1.01-1.33) 1.22 (0.99-1.49)

Model 2 Reference 0.92 (0.80-1.07) 1.06 (0.92-1.22) 1.07 (0.87-1.32)

Model 3 Reference 0.92 (0.79-1.06) 1.05 (0.91-1.21) 1.05 (0.85-1.29)

Non-fatal stroke

Events/N total 127/3,558 74/1449 91/1,605 30/446

Follow-up (py) 28,934 12415 14,394 3,699

Model 1 Reference 1.31 (0.98-1.75) 1.40 (1.05-1.85) 1.77 (1.19-2.64)

Model 2 Reference 1.27 (0.95-1.70) 1.35 (1.01-1.81) 1.66 (1.10-2.50)

Model 3 Reference 1.25 (0.93-1.68) 1.34 (1.00-1.79) 1.74 (1.15-2.63)

Cardiovascular mortality

Events/N total 233/3,558 131/1,449 125/1,605 35/446

Follow-up (py) 29,482 12,713 14,804 3,831

Model 1 Reference 1.22 (0.98-1.51) 1.04 (0.83-1.31) 1.03 (0.72-1.46)

Model 2 Reference 1.14 (0.92-1.42) 0.93 (0.74-1.17) 0.90 (0.62-1.29)

Model 3 Reference 1.12 (0.90-1.39) 0.91 (0.72-1.15) 0.89 (0.62-1.28)

Hazard ratios and corresponding 95% confidence intervals for non-fatal myocardial infarction, non-
fatal stroke and cardiovascular mortality. In Model 1 adjustments were made for age and sex. In 
Model 2 adjustments were made for Model 1 + smoking status, packyears, alcohol consumption, 
and education. In Model 3 adjustments were made for Model 2 + diabetes mellitus, body mass index, 
systolic blood pressure and LDL-cholesterol levels.
Abbreviations: py: person year.

Nadia_Binnenwerk_V3.indd   278Nadia_Binnenwerk_V3.indd   278 22-02-2024   08:3422-02-2024   08:34



279

PHYSICAL ACTIVITY PARADOX

FI
G

U
RE

 S
2 

 C
on

tin
uo

us
 a

ss
oc

ia
tio

n 
be

tw
ee

n 
le

is
ur

e-
tim

e 
ph

ys
ic

al
 a

cti
vi

ty
 a

nd
 n

on
-f

at
al

 m
yo

ca
rd

ia
l i

nf
ar

cti
on

, n
on

-f
at

al
 s

tr
ok

e 
an

d 
ca

rd
io

va
sc

ul
ar

 m
or

ta
lit

y

0
50

10
0

15
0

20
0

0.10.20.51.02.0

05001000

Le
is

ur
e−

tim
e 

ph
ys

ic
al

 a
ct

iv
ity

 (M
ET

h/
w

k)

Hazard ratio (95%CI) 

A
ll−

ca
us

e 
m

or
ta

lit
y 

P−
va

lu
e 

fo
r n

on
−l

in
ea

rit
y 

<0
.0

01

0
50

10
0

15
0

20
0

0.10.20.51.02.0

05001000

Le
is

ur
e−

tim
e 

ph
ys

ic
al

 a
ct

iv
ity

 (M
ET

h/
w

k)

R
ec

ur
re

nt
 c

ar
di

ov
 as

cu
la

r 
ev

en
ts

P−
va

lu
e 

fo
r n

on
−l

in
ea

rit
y 

<0
.0

01

0
50

10
0

15
0

20
0

0.10.20.51.02.0

05001000

Le
is

ur
e−

tim
e 

ph
ys

ic
al

 a
ct

iv
ity

 (M
ET

h/
w

k)

Patients (N)

In
ci

de
nt

 ty
pe

 2
 d

ia
be

te
s 

P−
va

lu
e 

fo
r n

on
−l

in
ea

rit
y 

= 
0.

68

H
az

ar
d 

ra
tio

s 
ar

e 
ad

ju
st

ed
 fo

r a
ge

, s
ex

, s
m

ok
in

g 
st

at
us

, p
ac

k 
ye

ar
s,

 a
lc

oh
ol

 c
on

su
m

pti
on

, e
du

ca
tio

n 
an

d 
cu

rr
en

t e
m

pl
oy

m
en

t (
m

od
el

 3
). 

Th
e 

hi
st

og
ra

m
s 

in
si

de
 

th
e 

fig
ur

es
 re

pr
es

en
t t

he
 n

um
be

r o
f s

tu
dy

 p
ar

tic
ip

an
ts

 th
at

 a
ch

ie
ve

d 
a 

ce
rt

ai
n 

le
isu

re
-ti

m
e 

ph
ys

ic
al

 a
cti

vi
ty

 le
ve

l. 
M

ET
h/

w
k:

 M
et

ab
ol

ic
 e

qu
iv

al
en

t o
f t

as
k 

ho
ur

s 
pe

r w
ee

k.
 9

5%
C

I: 
95

%
 c

on
fid

en
ce

 in
te

rv
al

7

Nadia_Binnenwerk_V3.indd   279Nadia_Binnenwerk_V3.indd   279 22-02-2024   08:3422-02-2024   08:34



280

CHAPTER 7

FI
G

U
RE

 S
3 

 In
te

ra
cti

on
 b

et
w

ee
n 

LT
PA

 a
nd

 O
PA

 o
n 

th
e 

ris
k 

of
 a

ll-
ca

us
e 

m
or

ta
lit

y 
re

cu
rr

en
t v

as
cu

la
r e

ve
nt

s,
 a

nd
 in

ci
de

nt
 T

2D
.

O
cc

up
at

io
na

l P
A

 le
ve

l
Si

tti
ng

St
an

di
ng

M
an

ua
l

H
ea

vy
 m

an
ua

l

p 
fo

r i
nt

er
ac

tio
n 

= 
1.

00

0.
5

1.
0

1.
5

2.
0

Q
ua

rti
le

 1
Q

ua
rti

le
 2

Q
ua

rti
le

 3
Q

ua
rti

le
 4

Le
is

ur
e−

tim
e 

ph
ys

ic
al

 a
ct

iv
ity

 le
ve

l

Hazard ratio (95%CI)

A
ll−

ca
us

e 
m

or
ta

lit
y

p 
fo

r i
nt

er
ac

tio
n 

= 
0.

20

0.
5

1.
0

1.
5

2.
0

Q
ua

rti
le

 1
Q

ua
rti

le
 2

Q
ua

rti
le

 3
Q

ua
rti

le
 4

Le
is

ur
e−

tim
e 

ph
ys

ic
al

 a
ct

iv
ity

 le
ve

l

Hazard ratio (95%CI)

R
ec

ur
re

nt
 v

as
cu

la
r e

ve
nt

s

p 
fo

r i
nt

er
ac

tio
n 

= 
0.

97

0.
5

1.
0

1.
5

2.
0

Q
ua

rti
le

 1
Q

ua
rti

le
 2

Q
ua

rti
le

 3
Q

ua
rti

le
 4

Le
is

ur
e−

tim
e 

ph
ys

ic
al

 a
ct

iv
ity

 le
ve

l

Hazard ratio (95%CI)

In
ci

de
nt

 ty
pe

 2
 d

ia
be

te
s

H
az

ar
d 

ra
tio

s 
as

se
ss

in
g 

th
e 

in
te

ra
cti

on
 b

et
w

ee
n 

LT
PA

 a
nd

 O
PA

 le
ve

l i
n 

th
e 

as
so

ci
ati

on
 w

ith
 t

he
 in

di
vi

du
al

 c
om

po
ne

nt
s 

of
 t

he
 c

om
bi

ne
d 

va
sc

ul
ar

 e
nd

po
in

t: 
no

n-
fa

ta
l m

yo
ca

rd
ia

l i
nf

ar
cti

on
, n

on
-f

at
al

 s
tr

ok
e 

an
d 

ca
rd

io
va

sc
ul

ar
 d

ea
th

. T
he

se
 fi

gu
re

s 
sh

ow
 th

e 
ha

za
rd

 ra
tio

s 
fo

r e
ac

h 
co

m
bi

na
tio

n 
of

 le
is

ur
e-

tim
e 

an
d 

O
PA

 
le

ve
l w

ith
 th

e 
le

as
t a

cti
ve

 (q
ua

rti
le

 1
 le

is
ur

e-
tim

e 
an

d 
se

de
nt

ar
y 

O
PA

) a
s 

re
fe

re
nc

e 
ca

te
go

ry
. M

od
el

s 
w

er
e 

ad
ju

st
ed

 fo
r a

ge
, s

ex
, s

m
ok

in
g,

 p
ac

ky
ea

rs
, a

lc
oh

ol
 

co
ns

um
pti

on
, e

du
ca

tio
n 

an
d 

cu
rr

en
t e

m
pl

oy
m

en
t. 

95
%

C
I: 

95
%

 c
on

fid
en

ce
 in

te
rv

al
, M

i: 
m

yo
ca

rd
ia

l i
nf

ar
cti

on
.

Nadia_Binnenwerk_V3.indd   280Nadia_Binnenwerk_V3.indd   280 22-02-2024   08:3422-02-2024   08:34



281
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TABLE S3  Hazard ratios for interplay between LTPA and OPA

TABLE S3a  All-cause mortality

Leisure-time physical activity, HR (95%CI)

Quarter 1 Quarter 2 Quarter 3 Quarter 4

O
cc

up
ati

on
al

 P
A Sedentary Reference 0.74 (0.59-0.92) 0.64 (0.51-0.81) 0.67 (0.53-0.86)

Standing 1.21 (0.95-1.54) 0.89 (0.68-1.17) 0.77 (0.58-1.02) 0.70 (0.53-0.94)

Manual 1.07 (0.84-1.37) 0.76 (0.57-1.01) 0.63 (0.47-0.84) 0.64 (0.49-0.85)

Heavy manual 1.10 (0.75-1.62) 0.87 (0.53-1.44) 0.73 (0.45-1.18) 0.72 (0.48-1.07)

TABLE S3b  Recurrent vascular events

Leisure-time physical activity, HR (95%CI)

Quarter 1 Quarter 2 Quarter 3 Quarter 4

O
cc

up
ati

on
al

 P
A Sedentary Reference 0.86 (0.69-1.08) 0.59 (0.46-0.76) 0.63 (0.48-0.82)

Standing 1.07 (0.81-1.42) 0.88 (0.66-1.19) 0.73 (0.53-1.00) 0.58 (0.42-0.8)

Manual 1.00 (0.76-1.32) 0.87 (0.65-1.16) 0.76 (0.56-1.02) 0.84 (0.64-1.1)

Heavy manual 0.94 (0.61-1.47) 0.65 (0.36-1.16) 0.78 (0.47-1.31) 1.08 (0.75-1.55)

TABLE S3c  Incident type 2 diabetes

Leisure-time physical activity, HR (95%CI)

Quarter 1 Quarter 2 Quarter 3 Quarter 4

O
cc

up
ati

on
al

 P
A Sedentary Reference 0.79 (0.55-1.13) 0.83 (0.58-1.20) 0.74 (0.49-1.11)

Standing 1.02 (0.64-1.61) 0.86 (0.54-1.38) 0.84 (0.52-1.36) 0.54 (0.32-0.92)

Manual 0.86 (0.56-1.33) 0.90 (0.57-1.42) 0.87 (0.55-1.38) 0.77 (0.50-1.18)

Heavy manual 1.15 (0.62-2.13) 1.04 (0.48-2.28) 0.80 (0.35-1.84) 0.71 (0.36-1.38)

Hazard ratios assessing the interaction between LTPA and OPA level in the association with all-
cause mortality, recurrent vascular events and incident type 2 diabetes. All presented hazard ratios 
are relative to people with sedentary OPA and LTPA quarter 1. Models were adjusted for age, 
sex, smoking, pack years, alcohol consumption, education and current employment. 95%CI: 95% 
confidence interval, HR: hazard ratio
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TABLE S4  Hazard ratios for LTPA and OPA in patients that never smoked

TABLE S4a  Hazard ratios for different levels of LTPA in never-smokers.

Leisure-time physical activity level

Quartile 1 Quartile 2 Quartile 3 Quartile 4

All-cause mortality

Events/N total 64/374 50/426 33/441 44/447

Follow-up (py) 2910 3620 3675 3783

Model 1 Reference 0.66 (0.45-0.96) 0.48 (0.31-0.74) 0.55 (0.37-0.81)

Model 2 Reference 0.66 (0.45-0.96) 0.50 (0.33-0.77) 0.56 (0.38-0.83)

Model 3 Reference 0.72 (0.49-1.05) 0.55 (0.36-0.85) 0.66 (0.44-0.98)

Combined vascular endpoint

Events/N total 57/374 50/426 29/441 50/447

Follow-up (py) 2722 3453 3550 3596

Model 1 Reference 0.71 (0.49-1.04) 0.42 (0.27-0.66) 0.68 (0.46-0.99)

Model 2 Reference 0.74 (0.50-1.08) 0.45 (0.29-0.71) 0.45 (0.29-0.71)

Model 3 Reference 0.77 (0.52-1.13) 0.47 (0.30-0.75) 0.46 (0.28-0.73)

Type 2 diabetes

Events/N total 24/363 15/408 21/434 19/442

Follow-up (py) 2428 2847 2969 3084

Model 1 Reference 0.54 (0.28-1.04) 0.73 (0.40-1.31) 0.62 (0.34-1.14)

Model 2 Reference 0.62 (0.32-1.19) 0.83 (0.46-1.52) 0.67 (0.36-1.23)

Model 3 Reference 0.66 (0.34-1.29) 0.94 (0.51-1.72) 0.80 (0.43-1.48)

Sensitivity analysis limited to SMART participants that reported they had never smoked (N = 1688). 
This table shows hazard ratios and corresponding 95% confidence intervals all-cause mortality, 
recurrent cardiovascular events, and incident type 2 diabetes. In Model 1 adjustments were made 
for age and sex. In Model 2 adjustments were made for Model 1 + smoking status, packyears, alcohol 
consumption, and education. In Model 3 adjustments were made for Model 2 + diabetes mellitus, body 
mass index, systolic blood pressure and LDL-cholesterol levels. * The combined vascular endpoints 
was a composite of non-fatal myocardial infarction, non-fatal stroke and cardiovascular mortality. 
Abbreviations: py: person year.
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TABLE S4b  Hazard ratios for different levels of OPA in never-smokers.

Occupational physical activity level

Sedentary Standing Manual Heavy manual

All-cause mortality

Events/N total 73/869 40/329 63/393 15/97

Follow-up (py) 6661 2942 3486 898

Model 1 Reference 0.98 (0.66-1.45) 1.24 (0.84-1.82) 1.01 (0.58-1.76)

Model 2 Reference 0.97 (0.65-1.44) 1.27 (0.85-1.89) 1.04 (0.58-1.86)

Model 3 Reference 0.93 (0.62-1.38) 1.26 (0.84-1.87) 1.03 (0.58-1.86)

Combined vascular endpoint

Events/N total 73/869 39/329 58/393 16/97

Follow-up (py) 6408 2789 3279 845

Model 1 Reference 1.10 (0.74-1.64) 1.31 (0.89-1.93) 1.44 (0.83-2.47)

Model 2 Reference 1.02 (0.68-1.52) 1.20 (0.81-1.79) 1.20 (0.81-1.79)

Model 3 Reference 0.99 (0.66-1.48) 1.18 (0.79-1.77) 1.26 (0.72-2.21)

Type 2 diabetes

Events/N total 32/752 11/271 30/306 6/84

Follow-up (py) 5603 2400 2579 744

Model 1 Reference 0.77 (0.38-1.55) 1.94 (1.11-3.37) 1.29 (0.53-3.09)

Model 2 Reference 0.76 (0.37-1.54) 1.87 (1.04-3.37) 1.17 (0.47-2.92)

Model 3 Reference 0.74 (0.36-1.50) 1.85 (1.01-3.36) 1.04 (0.41-2.58)

Sensitivity analysis limited to SMART participants that reported they had never smoked (N = 1688). This 
table shows hazard ratios and corresponding 95% confidence intervals all-cause mortality, recurrent 
cardiovascular events, and incident type 2 diabetes. In Model 1 adjustments were made for age and 
sex. In Model 2 adjustments were made for Model 1 + alcohol consumption, and education. In Model 3 
adjustments were made for Model 2 + diabetes mellitus, body mass index, systolic blood pressure and 
LDL-cholesterol levels. * The combined vascular endpoints was a composite of non-fatal myocardial 
infarction, non-fatal stroke and cardiovascular mortality. Abbreviations: py: person year.
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TABLE S5  Hazard ratios for OPA stratified for employment status at inclusion in the UCC-SMART 
cohort

TABLE S5a  Hazard ratios for OPA among actively employed UCC-SMART participants

Occupational physical activity level

Sedentary Standing Manual Heavy manual

All-cause mortality

Events/N total 166/1958 77/641 84/681 23/198

Follow-up (py) 16696 5811 6425 1744

Model 1 Reference 1.22 (0.93-1.61) 1.09 (0.83-1.43) 1.13 (0.73-1.74)

Model 2 Reference 1.13 (0.86-1.49) 0.95 (0.72-1.26) 1.04 (0.66-1.62)

Model 3 Reference 1.11 (0.84-1.46) 0.98 (0.74-1.29) 1.13 (0.72-1.77)

Combined vascular endpoint

Events/N total 198/1958 73/641 106/681 36/198

Follow-up (py) 15987 5563 6021 1588

Model 1 Reference 1.12 (0.85-1.47) 1.50 (1.18-1.90) 1.65 (1.15-2.35)

Model 2 Reference 1.03 (0.79-1.36) 1.30 (1.01-1.67) 1.30 (1.01-1.67)

Model 3 Reference 1.01 (0.77-1.33) 1.29 (1.01-1.66) 1.54 (1.06-2.23)

Type 2 diabetes

Events/N total 127/1704 43/539 45/591 18/174

Follow-up (py) 13861 4620 5396 1445

Model 1 Reference 1.09 (0.77-1.55) 0.97 (0.69-1.37) 1.26 (0.77-2.07)

Model 2 Reference 0.99 (0.70-1.41) 0.81 (0.57-1.16) 1.13 (0.68-1.89)

Model 3 Reference 0.98 (0.69-1.40) 0.84 (0.59-1.21) 1.01 (0.61-1.69)

Sensitivity analysis limited to SMART participants that reported they had active employment at the 
moment of inclusion in the cohort (n = 3,478). This table shows hazard ratios and corresponding 95% 
confidence intervals all-cause mortality, recurrent cardiovascular events, and incident type 2 diabetes. 
In Model 1 adjustments were made for age and sex. In Model 2 adjustments were made for Model 
1 + smoking status, pack years, alcohol consumption, and education. In Model 3 adjustments were 
made for Model 2 + diabetes mellitus, body mass index, systolic blood pressure and LDL-cholesterol 
levels. * The combined vascular endpoints was a composite of non-fatal myocardial infarction, non-
fatal stroke and cardiovascular mortality. py: person year
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TABLE S5b  Hazard ratios for OPA among UCC-SMART participants without active employment

Occupational physical activity level

Sedentary Standing Manual Heavy manual

All-cause mortality

Events/N total 374/1600 230/808 229/924 71/248

Follow-up (py) 12786 6902 8380 2087

Model 1 Reference 1.17 (0.99-1.38) 1.04 (0.87-1.24) 1.19 (0.92-1.53)

Model 2 Reference 1.14 (0.96-1.34) 0.98 (0.82-1.17) 1.07 (0.83-1.39)

Model 3 Reference 1.13 (0.95-1.33) 0.97 (0.81-1.15) 1.07 (0.83-1.39)

Combined vascular endpoint

Events/N total 288/1600 158/808 178/924 51/248

Follow-up (py) 11993 6405 7786 1918

Model 1 Reference 1.05 (0.87-1.28) 1.03 (0.85-1.26) 1.13 (0.84-1.53)

Model 2 Reference 1.01 (0.83-1.22) 0.96 (0.78-1.18) 0.96 (0.78-1.18)

Model 3 Reference 1.00 (0.82-1.22) 0.95 (0.78-1.17) 0.98 (0.72-1.34)

Type 2 diabetes

Events/N total 87/1244 44/624 66/696 17/193

Follow-up (py) 9653 5127 6015 1559

Model 1 Reference 0.96 (0.67-1.39) 1.24 (0.88-1.73) 1.20 (0.71-2.01)

Model 2 Reference 0.91 (0.63-1.31) 1.11 (0.79-1.56) 1.00 (0.59-1.69)

Model 3 Reference 0.88 (0.61-1.28) 1.06 (0.75-1.50) 0.85 (0.50-1.45)

Sensitivity analysis limited to SMART participants that reported they were not actively employed at 
the moment of inclusion in the cohort (n = 3,580). This table shows hazard ratios and corresponding 
95% confidence intervals all-cause mortality, recurrent cardiovascular events, and incident type 2 
diabetes. In Model 1 adjustments were made for age and sex. In Model 2 adjustments were made for 
Model 1 + smoking status, pack years, alcohol consumption, and education. In Model 3 adjustments 
were made for Model 2 + diabetes mellitus, body mass index, systolic blood pressure and LDL-
cholesterol levels. * The combined vascular endpoints was a composite of non-fatal myocardial 
infarction, non-fatal stroke and cardiovascular mortality. py: person year
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TABLE S6  Hazard ratios for LTPA and OPA stratified for sex

TABLE S6a  Hazard ratios for LTPA in female UCC-SMART participants

Leisure-time physical activity level

Quartile 1 Quartile 2 Quartile 3 Quartile 4

All-cause mortality

Model 1 Reference 0.56 (0.42-0.75) 0.49 (0.36-0.67) 0.48 (0.34-0.67)

Model 2 Reference 0.59 (0.44-0.79) 0.51 (0.37-0.70) 0.54 (0.39-0.75)

Model 3 Reference 0.61 (0.45-0.82) 0.55 (0.40-0.75) 0.57 (0.41-0.80)

Combined vascular endpoint

Model 1 Reference 0.67 (0.48-0.93) 0.57 (0.40-0.81) 0.54 (0.37-0.78)

Model 2 Reference 0.68 (0.49-0.94) 0.60 (0.42-0.86) 0.58 (0.40-0.84)

Model 3 Reference 0.73 (0.53-1.02) 0.68 (0.47-0.97) 0.64 (0.44-0.93)

Type 2 diabetes

Model 1 Reference 0.74 (0.44-1.26) 1.06 (0.65-1.72) 0.82 (0.47-1.42)

Model 2 Reference 0.76 (0.45-1.28) 1.08 (0.66-1.77) 0.83 (0.48-1.43)

Model 3 Reference 0.83 (0.49-1.41) 1.18 (0.72-1.92) 0.91 (0.52-1.58)

TABLE S6b  Hazard ratios for OPA in female UCC-SMART participants

Occupational physical activity level

Sedentary Standing Manual Heavy manual

All-cause mortality

Model 1 Reference 1.35 (0.98-1.86) 1.54 (1.16-2.05) 1.11 (0.41-3.04)

Model 2 Reference 1.16 (0.84-1.61) 1.10 (0.82-1.47) 0.78 (0.28-2.14)

Model 3 Reference 1.11 (0.80-1.54) 1.03 (0.76-1.38) 0.71 (0.26-1.94)

Combined vascular endpoint

Model 1 Reference 1.19 (0.83-1.71) 1.44 (1.05-1.96) 1.32 (0.48-3.63)

Model 2 Reference 1.07 (0.74-1.53) 1.07 (0.78-1.47) 1.01 (0.37-2.78)

Model 3 Reference 0.98 (0.69-1.41) 0.92 (0.66-1.27) 0.83 (0.30-2.29)

Type 2 diabetes

Model 1 Reference 0.68 (0.38-1.20) 1.29 (0.84-1.97) 1.71 (0.53-5.57)

Model 2 Reference 0.65 (0.37-1.15) 1.17 (0.76-1.82) 1.58 (0.48-5.15)

Model 3 Reference 0.60 (0.34-1.06) 0.98 (0.63-1.53) 1.17 (0.36-3.86)

7

Nadia_Binnenwerk_V3.indd   287Nadia_Binnenwerk_V3.indd   287 22-02-2024   08:3422-02-2024   08:34



288

CHAPTER 7

TABLE S6c  Hazard ratios for LTPA in male UCC-SMART participants

Leisure-time physical activity level

Quartile 1 Quartile 2 Quartile 3 Quartile 4

All-cause mortality

Model 1 Reference 0.72 (0.60-0.85) 0.60 (0.51-0.72) 0.62 (0.52-0.74)

Model 2 Reference 0.68 (0.58-0.81) 0.57 (0.47-0.68) 0.56 (0.47-0.66)

Model 3 Reference 0.70 (0.59-0.83) 0.58 (0.48-0.69) 0.56 (0.47-0.66)

Combined vascular endpoint

Model 1 Reference 0.84 (0.70-1.00) 0.63 (0.52-0.77) 0.72 (0.60-0.87)

Model 2 Reference 0.82 (0.68-0.98) 0.61 (0.51-0.74) 0.69 (0.57-0.83)

Model 3 Reference 0.85 (0.71-1.01) 0.63 (0.52-0.77) 0.69 (0.58-0.83)

Type 2 diabetes

Model 1 Reference 0.77 (0.58-1.02) 0.67 (0.50-0.90) 0.60 (0.45-0.81)

Model 2 Reference 0.77 (0.58-1.02) 0.67 (0.50-0.90) 0.60 (0.45-0.82)

Model 3 Reference 0.81 (0.61-1.08) 0.70 (0.52-0.95) 0.61 (0.45-0.82)

TABLE S6d  Hazard ratios for OPA in male UCC-SMART participants

Occupational physical activity level

Sedentary Standing Manual Heavy manual

All-cause mortality

Model 1 Reference 1.37 (1.17-1.61) 1.04 (0.87-1.25) 1.29 (1.03-1.62)

Model 2 Reference 1.22 (1.04-1.43) 1.05 (0.87-1.25) 1.23 (0.98-1.54)

Model 3 Reference 1.17 (0.99-1.37) 0.97 (0.80-1.16) 1.11 (0.88-1.39)

Combined vascular endpoint

Model 1 Reference 1.17 (0.98-1.40) 1.26 (1.05-1.50) 1.37 (1.09-1.74)

Model 2 Reference 1.01 (0.92-1.32) 1.25 (1.04-1.49) 1.36 (1.08-1.72)

Model 3 Reference 1.05 (0.88-1.26) 1.15 (0.96-1.39) 1.20 (0.94-1.53)

Type 2 diabetes

Model 1 Reference 1.17 (0.89-1.54) 1.03 (0.77-1.38) 1.22 (0.84-1.78)

Model 2 Reference 1.18 (0.89-1.56) 1.03 (0.77-1.38) 1.22 (0.84-1.78)

Model 3 Reference 1.11 (0.84-1.47) 0.91 (0.67-1.23) 1.05 (0.71-1.55)

Sensitivity analyses stratified for sex. These tables shows hazard ratios and corresponding 95% 
confidence intervals all-cause mortality, recurrent cardiovascular events, and incident type 2 diabetes. 
In Model 1 adjustments were made for age and sex. In Model 2 adjustments were made for Model 
1 + smoking status, pack years, alcohol consumption, and education. In Model 3 adjustments were 
made for Model 2 + diabetes mellitus, body mass index, systolic blood pressure and LDL-cholesterol 
levels. * The combined vascular endpoints was a composite of non-fatal myocardial infarction, non-
fatal stroke and cardiovascular mortality.
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ABSTRACT

Aims
To estimate the relation between physical exercise volume, type and intensity with all-
cause mortality and recurrent vascular events in patients with cardiovascular disease 
(CVD), and to quantify to what extent traditional cardiovascular risk factors mediate 
these relations.

Methods
In the prospective UCC-SMART cohort (N=8,660), the associations of clinical endpoints 
and physical exercise volume (metabolic equivalent of task hours per week, METh/
wk), type (endurance vs endurance + resistance) and intensity (moderate vs vigorous) 
were estimated using multivariable-adjusted Cox models. The proportion mediated 
effect (PME) through body mass index, systolic blood pressure, low-density lipoprotein 
cholesterol, insulin sensitivity and systemic inflammation was assessed using structural 
equation models.

Results
Sixty-one percent of patients (73% male, age 61±10 years), reported that they did 
not exercise. Over a median follow-up of 9.5 years [IQR 5.1-14.0], 2,256 deaths and 
1,828 recurrent vascular events occurred. The association between exercise volume 
had a reverse J-shape with a nadir at 29 (95%CI 24-29) METh/wk, corresponding with 
a HR 0.56 (95%CI 0.48-0.64) for all-cause mortality and HR 0.63 (95%CI 0.55-0.73) 
for recurrent vascular events compared with no exercise. Up to 38% (95%CI 24-61) 
of the association was mediated through the assessed risk factors of which insulin 
sensitivity (PME up to 12%, 95%CI 5-25) and systemic inflammation (PME up to 18%, 
95%CI 9-37) were the most important.

Conclusion
Regular physical exercise is significantly related with reduced risk of all-cause mortality 
and recurrent vascular events in patients with CVD. The exercise benefits are mainly 
mediated through systemic inflammation and insulin resistance.
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LAY SUMMARY

People that have previously experienced cardiovascular events, like a heart attack 
or stroke, are at lower risk of a recurrent event or mortality when they regularly 
perform physical exercise because exercise beneficially affect cardiovascular 
risk factors.

•	 Time spent on exercise is the most important determinant of exercise benefits; 
similar cardiovascular benefits can be achieved with different exercise types 
and intensities. It is important to choose an exercise modality that suits a 
personal preferences and abilities, as any level of exercise is better than no 
exercise.

•	 For a large part, exercise benefits come about through beneficial modification 
of cardiovascular risk factors, most importantly inflammation and insulin 
sensitivity.

8
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INTRODUCTION

Physical exercise is a key component of a healthy lifestyle, and has consistently 
been associated with reduced rates of all-cause mortality and cardiovascular disease 
(CVD).1–3 Performing regular exercise is a central recommendation in international 
guidelines for CVD management, which distinguish between exercise type, e.g. 
resistance or endurance training, and intensity.4,5 Resistance training predominantly 
has musculoskeletal benefits and reduces risk of CVD and some types of cancer; 
it is specifically recommended for improving physical functioning and glycemic 
control.6–8 Endurance exercise effectively improves cardiorespiratory fitness, reduces 
subcutaneous fat mass and lowers CVD risk.9,10 However, the optimal exercise volume, 
type and intensity are unknown for patients with CVD.11

Exercise has been shown to attenuate traditional CVD risk factors,12–15 reduce systemic 
inflammation,16,17 increase insulin sensitivity18,19, and improve cardiorespiratory fitness.20 
However, the relative contributions of these mediating pathways are unclear and it is 
unknown if mediators differ across exercise types and intensities. Better understanding 
of the causal pathway between exercise and cardiovascular events may help inform 
patients with CVD about the most beneficial way to exercise.

We aimed to quantify the relation between exercise volume, type and intensity and 
risk of all-cause mortality and recurrent vascular events in patients with a history of 
CVD. Furthermore, we aimed to quantify to whichnadir extent the effects of exercise 
are mediated through body mass index (BMI), insulin resistance, systemic inflammation, 
systolic blood pressure (SBP) and low-density lipoprotein-cholesterol (LDL-C).

METHODS

Study population
The Utrecht Cardiovascular Cohort-Second Manifestations of ARTerial disease (UCC-
SMART) study is a single-centre prospective cohort study that comprises patients at 
high risk of or with established CVD. Details on study design have been published 
previously.21 The local Medical Ethics Review Committee approved the study, and all 
participants gave written informed consent.

8
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For the present study, data was used from 8,660 participants with established CVD 
at inclusion in the cohort. Participants were included between 1996 and 2019 and 
history of CVD was defined as either coronary artery disease, cerebrovascular disease, 
peripheral artery disease, or abdominal aortic aneurysm.

Baseline measurements and determination of exercise volume, intensity and type
All participants completed a baseline health questionnaire, and underwent a physical 
examination and laboratory testing. Physical activity was self-reported and assessed 
using the validated EPIC physical activity questionnaire with additional questions 
on type and duration of exercise.22 The EPIC questionnaire showed moderate-
high agreement with 3-day activity diaries especially in men (Spearman correlation 
coefficients between 0.32 and 0.81).22 Detailed information on exercise was available, 
i.e. the exact sports activity that a participant participated in and the number of 
hours spent on that activity each week. Metabolic equivalent of task (MET) values 
for the reported exercise activities were calculated according to the Compendium 
of Physical Activity.23 Exercise is commonly defined as planned, structured and goal-
oriented activity, which best translates to sport-related physical activity in the UCC-
SMART study.24 For this analysis, exercise was assessed in three ways: exercise volume, 
exercise type and exercise intensity.

1.	 Exercise volume was defined as the average intensity of exercise (the MET value) 
times weekly hours spent on exercise and was measured in METh/wk. It was 
analysed both continuously and categorically in three groups: (a) no exercise, (b) 
>0 and <7.5 METh/wk and (c) ≥7.5 METh/wk. This 7.5 METh/wk cut-off was based 
on guideline–recommended exercise volume and corresponds to 150 minutes/
week of moderate intensity exercise or 75 minutes/week of vigorous exercise4,5

2.	 Exercise intensity was based on the MET-value of the exercise and was assessed 
categorically in three groups: (a) no exercise, (b) light-moderate intensity exercise 
with a MET value between 0 and 6, and, (c) vigorous intensity with a MET value ≥6.

3.	 Exercise type was determined by classifying the reported exercise activity as either 
(a) no exercise, (b) resistance training or (c) combined endurance-resistance training, 
based on the classification proposed by the Dutch National Institute of Public 
Health and the Environment.25
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Outcome measurement
The primary outcomes were all-cause mortality and recurrent vascular events, a 
composite of non-fatal myocardial infarction, non-fatal stroke and, cardiovascular 
mortality. These components were assessed as secondary outcomes. Outcomes were 
assessed in biannual follow-up questionnaires, and requesting additional information 
from the treating physician for all reported events. Three independent physicians made 
the final endpoint adjudication based on pre-published definitions.21

Statistical analysis
Baseline characteristics were presented as frequencies with percentages for categorical 
variables and as means with standard deviation or median with interquartile range 
(IQR) for continuous variables. Cox proportional hazard models with time-on study 
as the time scale, were used to estimate the relations of exercise volume, intensity 
and type with the outcomes. Model 1 adjusted for age and sex. Model 2, the main 
model, additionally adjusted for smoking status, pack years, alcohol consumption 
and education level. Model 3 further adjusted for covariates that could be either 
intermediates or confounders: SBP, LDL-C, type 2 diabetes (T2D) and BMI. To model 
the association with exercise volume as a continuous variable, Cox models with 
restricted cubic splines with three knots were selected based on Akaike information 
criterion (AIC). The nadir exercise volume and corresponding 95% confidence intervals 
(95%CIs) were obtained in 1,000 bootstrap samples.

Mediation analysis was performed with marginal structural models in a counterfactual 
framework.26–28 Potential mediators were selected based on previous etiologic 
research: BMI, SBP, systemic inflammation, insulin resistance and LDL-C (Figure 1). To 
ensure stability of the models, the exposure was dichotomized and mediators were 
categorized into sex-specific quintiles. A weighted Cox regression model was used to 
estimate the total, direct and indirect effect and the proportion mediated effect (PME). 
The 95%CIs for these estimates were obtained in 1,000 bootstrap samples. A detailed 
methodology is provided in Supplemental appendix 1.

The mediation analysis was repeated in subgroups based on sex, metabolic syndrome 
(MetS) and a low-grade inflammatory state (defined as CRP level between 2 and 
10 mg/l). In a subgroup of people without type 2 diabetes, the mediation analysis 
was repeated using HOMA-IR for insulin resistance. To check robustness of the total 
effect estimates from these mediation analyses, subgroup analyses were repeated 

8
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using traditional Cox proportion hazard models adjusted for age, sex, education, 
smoking, number of pack years and alcohol consumption. To assess independence of 
the mediating pathways, PMEs were estimated in models including one mediator at 
a time. To assess the impact of reverse confounding, the analyses were repeated in 
subsets with follow-up commencing after 1, 3 and 5 year after inclusion.

Missing data on education (22.7%), SBP (0.1%), smoking status and pack years (0.1%), 
alcohol consumption (0.3%), BMI (0.1%), serum triglycerides (0.1%) and C-reactive 
protein (2.3%) were imputed with single imputation using predictive mean matching. 
All statistical analyses were performed using R statistical software, version 4.0.3 (R 
Foundation for Statistical Computing, Vienna, Austria).

FIGURE 1  Path diagram of the relation between physical exercise and cardiovascular events and 
all-cause mortality

Physical 
exercise

CV events/ 
mortality

Direct effect 
- not explained by mediators -

Potential mediators 
Body mass index 
Insulin sensitivity 

Systolic blood pressure 
LDL-cholesterol 

Inflammation 

Indirect effect 
- explained by mediators -

Confounders 
Age, sex, education, 

smoking, alcohol 

Causal path diagram of the relation between physical exercise and cardiovascular events and all-cause 
mortality. Abbreviations – CV: cardiovascular, LDL: low-density lipoprotein

RESULTS

Baseline characteristics
The majority (61%) of participants reported that they did not exercise (Table 1). 
Compared with these non-exercisers, people who exercised more frequently had 
higher levels of education (38% vs 19%), were less frequently smokers (20% vs 36%) 
and less frequently had T2D (12% vs 20%).
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Baseline characteristics were similar for resistance and endurance exercise (Table 1). 
Participants who engaged in vigorous intensity exercise were younger (58 vs 60 years) 
and more frequently male (78% vs 74%) compared to those who engaged in light-
moderate intensity (Table 1). Moreover, T2D and MetS were less prevalent among 
vigorous exercisers (7% vs 14%, and 39% vs 46%, respectively).

Exercise volume
Compared to no exercise, any exercise volume (>0 METh/wk) was related with risk 
reductions for all-cause mortality and recurrent events. Reverse J-shaped relations 
were observed for both outcomes, with nadir exercise volume at 29 METh/wk (95%CI 
24-90) which related with HR 0.56 (95%CI 0.48-0.64) for all-cause mortality and HR 
0.63 (95%CI 0.55-0.73) for recurrent vascular events (Figure 2). The relation with 
recurrent vascular events was driven by reductions in cardiovascular mortality and 
non-fatal stroke risk, while no relation with non-fatal myocardial infarction was found 
(Figure S2). Compared to no exercise, exercise volumes >0 and ≤7.5 METh/wk were 
related with HR 0.67 (95%CI 0.50-0.72) for all-cause mortality and HR 0.76 (95%CI 
0.63-0.91) for recurrent events; and >7.5 METh/wk with HR 0.68 (95%CI 0.61-0.76) 
and HR 0.73 (95%CI 0.64-0.82), respectively (Table 2).

Together, BMI, insulin resistance, SBP, systemic inflammation and LDL-C mediated 29% 
(95%CI 21-42) of the relation between exercise volume and all-cause mortality and 
32% (95%CI 22-48) for recurrent cardiovascular events. Systemic inflammation and 
insulin resistance were the most important mediators for both endpoints. Inflammation 
accounted for 16% (95%CI 12-24) of the relation with all-cause mortality and 17% 
(95%CI 11-26) with recurrent vascular events and insulin resistance accounted for 5% 
(95%CI 2-9) and 8% (95%CI 5-14), respectively.

8
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FIGURE 2  Continuous relation between exercise volume and all-cause mortality and recurrent 
vascular events
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This figure shows the best fitting restricted cubic splines (with 3 knots at the 10th, 50th and 90th 
percentile) for the continuous association between sports-related physical activity level and risk of 
all-cause mortality (A) and recurrent vascular events (B). The nadir and corresponding 95%CI for 
sports-related physical activity are provided in the plots. All splines are adjusted for age, sex, smoking 
status, number of pack years, alcohol consumption and education. The histograms in the plots show 
the number of participants at a specific physical activity level. Non-exercisers (N = 5,266) are not 
included in the histogram. METh/wk: Metabolic equivalent of task hours per week

Exercise type
Compared with non-exercisers, resistance exercise had a lower risk of all-cause 
mortality, HR 0.66 (95%CI 0.57-0.77) and recurrent vascular events, HR 0.76 (95%CI 
0.65-0.89). Combined endurance-resistance activities were similarly related to lower 
risk for all-cause mortality (HR 0.66, 95%CI 0.58-0.74) and recurrent vascular events 
(HR 0.75, 95%CI 0.66-0.85, Table 3). These relations were driven by reduced risk of 
cardiovascular mortality and non-fatal stroke (Table S2).

The five mediators accounted for 21% (95%CI 14.2-33.9) of the relation between 
resistance training and all-cause mortality and 27% (95%CI 13.9-61.0) of the relation 
with recurrent vascular events (Table 3). Systemic inflammation was the most important 
mediator, with PMEs 11% (95%CI 7-20) and 14% (95%CI 9-34), respectively. Insulin 
resistance mediated 5% (95%CI 2-9) of the relation with all-cause mortality and 9% 
(95%CI 4-21) of the relation with recurrent vascular events.
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CHAPTER 8

For combined endurance-resistance exercise, the total PMEs were 27% (20-42) and 
38% (24-61) for all-cause mortality and recurrent vascular events. Insulin resistance 
and inflammation were the most important mediators. Compared to resistance 
exercise, LDL-C was a more important mediator, accounting for PME 4% (95%CI 2-7) 
and PME 5% (2-11), respectively.

Exercise intensity
Compared to non-exercisers, light-moderate exercise related to lower risk of all-cause 
mortality, HR 0.65 (95%CI 0.58-0.73), and recurrent vascular events, HR 0.75 (95%CI 
0.66-0.84). These relations were similar for vigorous exercise, HR 0.65 (95%CI 0.55-
0.78) and HR 0.74 (95%CI 0.61-0.89), respectively (Table 2).

The five mediators accounted for 24% (95%CI 18-34) of the relation between light-
moderate exercise and all-cause mortality and 33% (95%CI 26-51) with recurrent 
vascular (Table 3). For vigorous exercise, total PMEs of 31% (95%CI 20-54) for all-cause 
mortality and 36% for recurrent events were observed (Table 5). For both intensities, 
systemic inflammation was the most important mediator, but the PME for insulin 
resistance was higher for vigorous exercise than light-moderate exercise: 8% (95%CI 
4-16) vs 3% (95%CI 1-6) for all-cause mortality.
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Subgroup and sensitivity analyses
Subgroup analyses
The effects of exercise volume, type and intensity were similar for men and women 
(all p-values for interaction >0.40, Table S3). The total PME through the included 
mediators was lower in females (e.g. 23% for vigorous exercise and all-cause mortality 
vs 31% in the full analysis). Specifically, the PME for systemic inflammation was smaller 
in females, while a larger PME was found for insulin resistance (Table S3).

In patients with low-grade inflammation (N = 3,557), the protective effect of exercise 
volume, type and intensity with all-cause mortality and recurrent events was smaller 
compared with the main analysis (p for interaction <0.01, Table S3). A smaller PME 
through inflammation was observed, e.g. a total PME of 7% (95%CI -2;12%) in the 
association between exercise volume and all-cause mortality vs. a PME of 29% (95%CI 
21-42) in the main analysis.

In patients with MetS (n= 4,547), the total PME was lower, e.g. the total PME for 
exercise volume and recurrent vascular events was 19% (95%CI 5-34) compared to 
32% (95%CI 21-51) in the main analysis mainly due to a lower PME through insulin 
resistance (Table S3). Across subgroups with differing BMI, the associations of exercise 
volume, type and intensity with all-cause mortality and recurrent cardiovascular 
events were stronger in people with BMI <25 kg/m2 or ≥30 kg/m2 (all p-values for 
interaction <0.02, Tables S3e-g). BMI remained an unimportant mediator in these 
subgroups. In patients without T2D, the HOMA-IR formula was used instead of the 
triglyceride-glucose ratio and findings were similar to the primary analysis (Table S3h). 
In a sensitivity analysis, using traditional Cox regression to estimate the relationship 
between exercise volume, type and intensity across these subgroups, HRs were 
comparable to the main analyses (Table S4a/b).

Sensitivity analyses
When the mediators were assessed individually to assess independence of the causal 
paths, a similar PME was found compared to the main analysis (Table S1). In analyses 
excluding patients that experienced an event in the first 1, 3, and 5 years after inclusion, 
the exercise volume, type and intensity relations were similar in direction to the main 
analysis, but the HRs were slightly closer to 1 (Figure S5a-c).

8
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DISCUSSION

This study shows that the majority of patients with established CVD report that they 
do not regularly perform physical exercise. Moreover, we show that exercise is strongly 
related with reduced risk of recurrent cardiovascular events and all-cause mortality 
in patients with established CVD, even at a low volume. The associations are reverse 
J-shaped, with a nadir at 29 METh/wk. METh/wk captures both exercise quantity and 
intensity, and therefore, more METh/wk can be achieved through either a longer time 
doing mild intensity exercise or a short time spent on vigorous intensity exercise. The 
present study found similar relations for different exercise types (muscle-strengthening 
vs endurance) and intensities (light-moderate vs vigorous). Over a third of the relations 
was mediated through changes in BMI, insulin resistance, SBP, systemic inflammation 
and LDL-C. Systemic inflammation was the most important mediator and accounted 
for over 15% of the total effect.

Few long-term studies on exercise have been performed in patients with established 
CVD, but the available studies report similar risk reductions.2,3,29,30 One previous study 
in coronary artery disease patients also found a reverse J-shaped association with 
mortality risk that plateaued around 20 METh/wk.29

In general population studies, muscle-strengthening activities have been associated 
with reductions in risk of mortality and cardiovascular events compared with no 
exercise, albeit not as strongly as the associations found in the present study.31 
Endurance and resistance training have previously been directly compared in clinical 
trials, in populations at high CVD risk.9,32,33 Some found that endurance exercise was 
more effective in lowering BMI and subcutaneous fat mass than resistance training, but 
overall resistance exercise and endurance exercise were similarly beneficial for CVD 
risk factors.9,32,33 We add to this existing literature that, in patients with established 
CVD, there is no great difference in the associations of different exercise types and 
intensities. Moreover, to our knowledge, we are the first to quantify the contribution 
of different mediating factors of physical exercise benefits in patients with CVD.

Multiple studies have investigated the physiological effects of exercise, but the relative 
contributions of these mediators in the association with clinical endpoints remains 
unknown. For the first time, our study identifies systemic inflammation and insulin 
resistance as the main mediators for cardiovascular risk reduction with exercise.
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Exercise results in the release of anti-inflammatory myokines, and adipokines.34,35 
Myokine release is stronger in vigorous and endurance exercise, which could explain 
why inflammation was a more important mediator in these associations. In our study, 
the beneficial effects of exercise on mortality and recurrent event risk through reduced 
inflammation was attenuated in patients with low-grade inflammation, possibly because 
the underlying cause for the low-grade inflammation negates the effects of exercise.

Exercise-induced release of adipokines, like IL-6 and adiponectin, accelerates lipolysis, 
inhibits gluconeogenesis and, increases insulin sensitivity.34,36,37 Moreover, exercise 
stimulates GLUT-4 expression, which results in increased glucose uptake during 
exercise and improved glycogen storage in rest.38

Although the mediators included in this analysis explain about a quarter to a third of 
the associations with exercise, the lion’s share remains unexplained. Previous research 
has indicated that the benefits of physical exercise exceed the effect that could be 
expected based resulting changes in traditional cardiovascular risk factors alone.39 A 
potential alternative mediator is cardiorespiratory fitness, which is a strong independent 
predictor of CVD and all-cause mortality.40 Additionally, regular exercise induces 
angioneogenesis and vasodilatation and reduces endothelial dysfunction, ultimately 
leading to better oxygen delivery.20,39,41 Theoretically, part of the relation between 
exercise and health outcomes could also be effectuated through placebo effect. For 
some patients with established CVD, exercise constitutes an active intervention 
targeted at reducing health risks and as such it is subject to placebo effect.42 Placebo 
effect has been shown to significantly and beneficially affect functional and quality of 
life measures and may reduce (cardiovascular) event risk.42,43 Furthermore, in patients 
with a history of CVD, it has been hypothesized that exercise increases atherosclerotic 
plaque stability and improves vascular function and coronary circulation, thus limiting 
ischemic damage from a next vascular event.44–46 This is a potential explanation for 
our findings that higher exercise intensity primarily reduces the mortality rate and has 
little effects on non-fatal myocardial infarction.

Our study shows that clinically relevant reductions in all-cause mortality and 
cardiovascular event risk can be achieved through compliance with international 
exercise guidelines for CVD management. Generally, the observed benefits were similar 
across exercise types and intensities. We recommend that health care professionals 
focus on motivating their patients to perform any type of exercise that is in line with 

8
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their capabilities and personal preferences. We identified some subgroups in which the 
relations of exercise and clinical outcomes were weaker (e.g. patients with MetS or low-
grade inflammation), possibly because underlying conditions negate exercise effects 
mediated through inflammation and insulin sensitivity. However, in these subgroups 
a protective association of exercise volume, type and intensity was still found, and 
therefore it remains important to motivate these patients to exercise.

Strengths and limitations
Strengths of the current study include its large sample size, prospective data collection, 
endpoints adjudication based on medical records and low rate of loss to follow-up. 
Study limitations include the need for categorization of exposure and mediator 
variables, and unavailability of data on other potential mediators. Exercise type was 
not directly assessed in the baseline questionnaire, but approximated based on national 
guidelines, possibly resulting in misclassification. Moreover, exercise was self-reported, 
and this should be taken into account when interpreting the results of this study. 
Although the EPIC physical activity questionnaire was validated against 3-day activity 
diaries, it was not validated for measuring absolute values of exercise volume. It is 
however possible to use the results to rank people based on their physical activity. 
Furthermore, the effect estimates found in this study were similar to those found in 
studies based on accelerometer-measured exercise levels.2 The analyses on exercise 
type were not subject to this limitation, as detailed information on exercise type was 
available and this was classified based on standards specifically designed for the Dutch 
population.25

Residual confounding is an important limitation in lifestyle-related research and may 
arise from difficult-to-measure confounders like social-economic status, frailty or diet. 
The majority of the study population was treated with blood pressure- and lipid-
lowering therapy, which may partly explain the small PMEs through systolic blood 
pressure and LDL-cholesterol. Evidence suggests that in patients using lipid-lowering 
therapies, the LDL-cholesterol lowering effects of exercise are smaller,13 while add-on 
blood pressure-lowering effects are still observed for patients using blood pressure-
lowering drugs.12 Blood pressure- and lipid-lowering pharmacological therapies are 
standard of care in patients with established CVD, but caution is warranted in applying 
the current study’s findings to populations without blood pressure and LDL-cholesterol 
medication. Mediation analysis with structural equation models assumes independence 
of the included causal pathway, which is difficult to assess. However, in a sensitivity 
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analysis assessing mediators independently, the PME was similar compared to the main 
analysis. Finally, exercise and mediator levels were measured at the same time. This 
cross-sectional assessment means that it is impossible to establish the direction of 
the causal effect. However, the included mediators were selected because previous 
intervention studies showed that exercise influenced them (and not the other way 
around).

CONCLUSION

Physical exercise is associated with a reduced risk of all-cause mortality and recurrent 
vascular events in patients with established CVD. When counselling CVD patients on 
lifestyle optimization, they should be advised to perform physical exercise in a manner 
that fits with their person abilities and preferences. Any level of exercise is associated 
with clinically relevant reduction in mortality and CVD risk reductions and health benefits 
are similar across different exercise types and intensities. Up to a third of the effect of 
exercise is mediated through improvement in traditional cardiovascular risk factors, of 
which systemic inflammation and insulin resistance are the most important. This study 
reiterates the importance of physical exercise in patients with established CVD.

8
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SUPPLEMENTAL MATERIAL

Supplemental appendix 1 Supplemental methods

Statistical analyses
Cox proportional hazard models were used to assess the association between exercise 
and all- cause mortality and recurrent vascular events. The proportional hazard 
assumption was visually checked using Schoenfeld residuals and log-minus-log plots. 
The functional form of covariates in the model was assessed using Martingale residuals.

For sports-related physical activity as a continuous variable, a restricted cubic spline 
was used when the linearity assumption did not hold. The number of knots used in the 
spline was selected based on Akaike’s Information Criterion, with a value decreased 
by at least 2 points deemed sufficient to select a model with additional knots over a 
more parsimonious model.

Nadir levels of sports-related physical activity, i.e. the level of sports-related physical 
activity that is associated with the lowest hazard ratio, were obtained from the cubic 
splines. 95% confidence intervals for these nadirs were estimated using bootstrapping 
methods. In 1,000 random samples, drawn with replacement, a new restricted cubic 
spline was fitted adjusted for age, sex, smoking status, number of pack years, alcohol 
consumption and education and the nadir for physical activity level was extracted. 
From these 1,000 nadirs, the 95% confidence interval was extracted by placing them 
in an ascending order and taking the value for the 2.5th and 97.5th percentile.

Mediation analysis based on a counterfactual framework was performed using the 
marginal structural model approach proposed by VanderWeele (2009), Hong (2010) 
and Lange (2012)1–3. This model was first applied to each potential mediator individually, 
to ensure that the causal paths were independent of other mediators. For the main 
analyses, multiple mediators were combined into a single model to estimate the total 
mediated effect.

1.	 Multinomial logistic regression models were used to condition the mediator on the 
exposure and confounders in the exposure-mediator relation.

2.	 A new dataset was created by replicating the original data with addition of a 
new variable: exposure1*. In the first replication, exposure1* took the value for 
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the exposure that was observed. In the second replication, exposure1* took the 
counterfactual value from the observed exposure. This procedure was repeated 4 
more times, until a dataset with 5 auxiliary variables was obtained.

3.	 The multinomial logistic regression models from step (1) were used to estimate the 
probability of the observed mediator value given exposure* for each observation in 
the pseudo-population. This procedure was repeated to obtain such a probability 
for each mediator included in the analysis. To assess the effects of all mediators 
simultaneously, the calculated weights for each individual mediator were multiplied.

4.	 Ratio of mediator probability weighting on the combined probability was used to 
ensure balance of the covariates in the pseudo-population. Through this weighting 
procedure adjustment for confounding in the exposure-mediator and the mediator-
outcome relation was achieved. Weighted Cox proportional hazard models including 
only the direct and indirect effects and confounders in the exposure-outcome 
relation were used to estimate each effect.

5.	 Direct and indirect effects are additive on the log(hazard) scale. To calculate the 
proportion mediated effect (PME), the indirect effect of through each mediator 
was divided by the total effect on the log(hazard) scale.

6.	 Bootstrapping was used to obtain 95% confidence intervals for the direct effects, 
indirect effects and PMEs. The entire procedure was repeated in 1,000 bootstrap 
samples and the 2.5th and 97.5th percentiles of the distributions for each estimand 
were set as the lower and upper bounds of the confidence intervals.

Operationalization of mediators
Based on published reviews on the physiological effects of exercise4,5 and availability in 
the UCC-SMART cohort, the following variables were selected as potential mediators in 
the association from physical activity to cardiovascular events and all-cause mortality: 
body mass index, systolic blood pressure, systemic inflammation, insulin resistance and 
cardiorespiratory fitness. All mediators were classified into quintiles to ensure stability 
of the models used in the mediation analysis.
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Mediator Operationalization of the mediator

Body mass index Sex-specific quintiles of body mass index as calculated as weight / 
height2 at inclusion in the cohort.

Quintile cut-offs (kg/m2)
Men: 24.0, 25.7, 27.4, 29.7

Women: 22.6, 25.0, 27.3, 30.5

Systolic blood pressure Sex-specific quintiles of the mean of the second and third of a total of 
three blood pressure measurements at inclusion in the cohort.

Quintile cut-offs (mmHg)
Men: 122, 132, 141, 154

Women: 120, 131, 141, 156

LDL-cholesterol Sex-specific quintiles of LDL-cholesterol measurements at inclusion 
in the cohort. LDL-cholesterol was estimated using the Friedewald 

formula.

Quintile cut-offs (mmol/l)
Men: 1.9, 2.4, 2.9, 3.6

Women: 2.0, 2.5, 3.1, 3.9

Systemic inflammation Sex-specific quintiles of plasma C reactive protein levels at inclusion in 
the SMART cohort. All patients with plasma C reactive protein levels 

> 10 mg/L were excluded from the analysis, as these values were 
thought to be indicative of an ongoing inflammatory process.

Quintile cut-offs (mg/L)
Men: 0.8, 1.5, 2.6, 5.0

Women: 0.9, 1.7, 3.1, 6.3

Insulin resistance Sex-specific quintiles of baseline triglyceride-glucose index. 
Triglyceride (Tg) and fasting glucose (FBG) concentrations were 

measured at baseline.
Formula: ln [Tg (mg/dL) × FBG (mg/dL)/2] [6]

Quintile cut-offs
Men: 7.5, 7.8, 8.1, 8.5

Women: 7.5, 7.8, 8.1, 8.4

8
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FIGURE S1  Flowchart of patient selection

Chapter 8 

306 

FIGURE S1   Flowchart of patient selection 
 

 
Flowchart representing the selection of patients from the UCC-SMART cohort for inclusion in the analyses. History 
of CVD comprised coronary artery disease, cerebrovascular disease, peripheral arterial disease and abdominal 
aortic aneurysm.  UCC-SMART: Utrecht Cardiovascular Cohort – Secondary Manifestations of ARTerial disease, 
CVD: cardiovascular disease. 
 

 
 
 
 
 
 
 
 
 
 
  
 
 
 

Flowchart representing the selection of patients from the UCC-SMART cohort for inclusion in the 
analyses. History of CVD comprised coronary artery disease, cerebrovascular disease, peripheral 
arterial disease and abdominal aortic aneurysm. UCC-SMART: Utrecht Cardiovascular Cohort – 
Secondary Manifestations of ARTerial disease, CVD: cardiovascular disease.
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FIGURE S3  Sensitivity analysis: Reverse causation

FIGURE S3a  Reverse causation in the continuous association between exercise volume and all-cause 
mortality and recurrent vascular events
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This figure shows the best fitting restricted cubic spline for the continuous association between 
sports- related physical activity level and risk of all-cause mortality (A) and recurrent vascular events 
(B). To assess the impact of reverse causation, splines were fit in the full dataset and in subsets with 
follow-up starting 1, 3 and 5 year after inclusion in the cohort. All splines are adjusted for age, sex, 
smoking status, number of pack years, alcohol consumption and education. 95%CI: 95% confidence 
interval, FU: follow-up, METh/wk: Metabolic equivalent of task hours per week. 8
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FIGURE S3b  Reverse causation in the association between exercise type and all-cause mortality 
and recurrent vascular events

Associations between physic activity type and physical activity intensity in the full dataset and in 
datasets excluding patients with an event in the first 1, 3 or 5 years of follow-up. Abbreviations: 
95%CI: 95% confidence interval, FU: follow-up, HR: hazard ratio

FIGURE S3c  Reverse causation in the association between exercise intensity and all-cause mortality 
and recurrent vascular events

Associations between physic activity type and physical activity intensity in the full dataset and in 
datasets excluding patients with an event in the first 1, 3 or 5 years of follow-up. Abbreviations: 
95%CI: 95% confidence interval, FU: follow-up, HR: hazard ratio
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ABSTRACT

Aims
To quantify the relationship between self-reported long-term lifestyle changes 
(smoking, waist circumference, physical activity, and alcohol consumption) and clinical 
outcomes in patients with established cardiovascular disease (CVD).

Methods
Data was used from 2,011 participants (78% male, age 57 ±9 years) from the UCC-
SMART cohort who returned for a reassessment visit (SMART2) after approximately 10 
years. Self-reported lifestyle change was classified as persistently healthy, improved, 
worsened or persistently unhealthy. Cox proportional hazard models were used to 
quantify the relationship between lifestyle change and risk of (cardiovascular) mortality 
and incident type 2 diabetes (T2D).

Results
Fifty-seven percent of participants was persistently healthy, 17% improved their 
lifestyle, 8% worsened, and 17% was persistently unhealthy. During a median follow-
up time of 6.1 [IQR 3.6-9.6] years after the SMART2 visit, 285 deaths occurred and 
99 new T2D diagnoses were made. Compared to a persistently unhealthy lifestyle, 
individuals who maintained a healthy lifestyle had a lower risk of all-cause mortality 
(HR 0.48, 95%CI 0.36-0.63), cardiovascular mortality (HR 0.57, 95%CI 0.38-0.87), and 
incident T2D(HR 0.46, 95%CI 0.28-0.73). Similarly, those who improved their lifestyle 
had a lower risk of all-cause mortality (HR 0.52, 95%CI 0.37-0.74), cardiovascular 
mortality (HR 0.46, 95%CI 0.26-0.81), and incident T2D (HR 0.50, 95%CI 0.27-0.92).

Conclusion
These findings suggest that maintaining or adopting a healthy lifestyle can significantly 
lower mortality and incident T2D risk in CVD patients. This study emphasizes the 
importance of ongoing lifestyle optimization in CVD patients, highlighting the potential 
for positive change regardless of previous lifestyle habits.
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LAY SUMMARY

In this study, we investigated whether lifestyle changes were related with 
improved health outcomes in individuals with cardiovascular disease (CVD). 
We assessed self-reported lifestyle behaviours (smoking, waist circumference, 
alcohol consumption and physical activity), at inclusion in the cohort and again 
approximately 10 years later. The results emphasize the importance of making 
healthy lifestyle choices, even for individuals already diagnosed with CVD and 
suggest that it is never too late to improve one’s lifestyle. 

Key Findings:
•	 CVD patients who maintained or improved to a healthy lifestyle had an 

almost 50% lower risks of death from any cause, cardiovascular-related 
death, and developing type 2 diabetes compared to CVD patients who 
maintained an unhealthy lifestyle.

•	 Not smoking and compliance with physical activity recommendations were 
associated with the lowest risk for all-cause and cardiovascular mortality in 
patients with established CVD

9
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INTRODUCTION

Cardiovascular disease (CVD) is the leading cause of morbidity and mortality, posing a 
significant worldwide health burden.1,2 Patients with established CVD are not only at 
a high risk of recurrent cardiovascular events but also at a high risk of other diseases, 
including type 2 diabetes (T2D), due to common risk factors, such as unhealthy lifestyle 
habits.3,4

Healthy lifestyle factors including regular physical activity, healthy body composition, 
non-smoking and limited alcohol intake, have been associated with improvement of 
traditional cardiovascular risk factors like systolic blood pressure and low-density 
lipoprotein (LDL) cholesterol levels.5–9 A healthy lifestyle also exerts beneficial effects 
on insulin sensitivity, cardiorespiratory fitness and inflammation.10–12 Furthermore, 
a healthy lifestyle is strongly related with reductions in risk of cardiovascular 
events, mortality and incident T2D in apparently healthy individuals.13 Therefore, 
optimizing lifestyle habits is a cornerstone in CVD and T2D prevention and a first-
line recommendation in the clinical management of established CVD.14–21

While extensive research has explored the relationship between lifestyle factors 
and health outcomes in healthy populations, it is important to investigate their 
applicability and impact specifically within the context of CVD populations. The 
few available studies in CVD populations indicate potentially large benefits from 
lifestyle improvement, which may even exceed those observed in apparently healthy 
populations.22 Lifestyle improvement in patients with CVD has been associated with 
attenuation of cardiovascular risk factors such as systemic inflammation and kidney 
function.23,24 However, the relationship between overall lifestyle change and risk of 
(cardiovascular) mortality and incident T2D has not been studied in patients with 
established CVD.

Predominantly, evidence on lifestyle-related health gains emerges from observational 
studies that primarily address individual lifestyle components. However, these 
components interconnect and jointly affect health, necessitating research that 
investigates multiple lifestyle components simultaneously. 25 Moreover, most 
epidemiological studies assess lifestyle behaviours only at baseline and using such 
single measurements does not provide insights about the effects of changing lifestyle 
habits on long-term health outcomes.
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The aim of the current study was to investigate the association between long-term 
changes in self-reported lifestyle behaviours (smoking, waist circumference, physical 
activity and alcohol consumption) and risk of all-cause mortality, cardiovascular 
mortality and incident T2D in patients with established CVD. Through these analyses 
we aimed to enhance the knowledge about the potential benefits of changing lifestyle 
behaviour in this high-risk population.

METHODS

Study population
The Utrecht Cardiovascular Cohort – Second Manifestations of ARTerial disease (UCC-
SMART) study is an ongoing single-center prospective cohort study in the Netherlands. 
From 1996 onwards patients referred to our center for cardiovascular risk management 
were asked to participate in the cohort. The study was approved by the local Medical 
Ethics Committee and all participants gave written informed consent. Details on the 
study design have been published previously.26 From 2006 onwards, a random sample 
of UCC-SMART participants with either established CVD or T2D and at least four 
years follow-up after the baseline visit, has been invited for a reassessment visit (i.e. 
the SMART2 visit, Figure 1).

For the current study, data was used from 2,011 participants of the SMART2 
reassessment visit with established CVD at inclusion in the UCC-SMART cohort. 
Established CVD was defined as coronary artery disease (CAD), cerebrovascular 
disease (CeVD), peripheral arterial disease (PAD) or abdominal aortic aneurysm (AAA), 
in accordance with previously published definitions.26,27 Information on cardiovascular 
history was based on assessments by the treating physician and self-reported medical 
history. For the T2D endpoint, the study population was limited to patients with CVD 
without prevalent diabetes (type 1 or 2) at the SMART2 visit as these were not at risk 
of developing diabetes (N = 1,567, Figure 1). Participants in the current study were 
included in the UCC-SMART study between 1996 and 2012 and the SMART2 visits 
took place between 2006 and 2019.

9
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FIGURE 1  Flowchart of selection of the study population

A - Schematic overview of inclusion in UCC-SMART and SMART2 

B - Flowchart of selection of the study population

1996 2006 2019

UCC-SMART cohort
Start 1996

SMART2 - reassessments
Start 2006

UCC-SMART cohort
N = 13,466

Invited for SMART2
 reassessment

N = 3500

Not invited for SMART2
  -  Died or lost to follow-up
  -  No history of either CVD     
  or diabetes

No response or not interested 
     N = 1,191

Included in SMART2 cohort
N = 2,309

No history of CVD 
     N = 298

Study population for
 mortality endpoint

N = 2,011

Prevalent diabetes 
     N = 712

Study population for
 diabetes endpoint

N = 1,567

Schematic representation of inclusion in the UCC-SMART study and SMART2 sub study. UCC-SMART: 
Utrecht Cardiovascular Cohort-Secondary Manifestations of Arterial disease, CVD: cardiovascular 
disease
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Assessment of lifestyle behaviours and other covariates
At inclusion in the UCC-SMART study and at the SMART2 visit, participants completed 
health questionnaires, anthropometric measurements and laboratory testing. The 
health questionnaire included questions on medical history, family history, medication 
use and lifestyle behaviour. Data on smoking and alcohol consumption was self-
reported. Smoking status was classified as either current, former or never. Alcohol 
consumption was collected categorically (no alcohol, <1, 1-10, 11-20, 21-30 or >30 
units/week). Leisure-time physical activity was quantified using a modified version 
of a validated ranking physical activity questionnaire with an additional question on 
sport activities.28 Metabolic equivalent of task (MET) values were obtained from the 
Compendium of Physical activity29 and used to calculate a total physical activity level 
per week (in METh/wk) by multiplying the MET value with hours spent on physical 
activity per week. Waist circumference was measured twice, halfway between the 
lowest rib and the iliac crest while patients were wearing light clothing and the two 
measurements were averaged.

Definition of healthy lifestyle and lifestyle change
To assess lifestyle change, self-reported lifestyle behaviours at the SMART2 visit 
were compared with those reported at the inclusion visit. The lifestyle components 
included in this analysis were smoking status, body composition (measured as waist 
circumference), leisure-time physical activity and alcohol consumption. Data on dietary 
habits, psychological stress and sleep were not available.

Healthy lifestyle targets were obtained from current guidelines for CVD management 
(Table 1). One point was awarded for each target that participants achieved; when 
a patient did not reach the target no points were given. A score of 3 or 4 (i.e. 3 or 4 
healthy behaviours) was defined as a healthy lifestyle. A lower score (0, 1, or 2 healthy 
behaviours) was deemed to be indicative of an unhealthy lifestyle. Overall lifestyle was 
assessed at both visits and used to classify an individual’s lifestyle trajectory. Lifestyle 
trajectories were classified as:

1.	 Persistently healthy: Healthy lifestyle at both visits.
2.	 Improved: Unhealthy at baseline but healthy at the SMART2 visit.
3.	 Worsened: Healthy at baseline but unhealthy at the SMART2 visit.
4.	 Persistently unhealthy: Unhealthy lifestyle at both visits.

9
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Overall lifestyle trajectory served as the main determinant in this study and the 
persistently unhealthy trajectory was used as reference category. Secondary analyses 
with changes in the four individual lifestyle components as determinants were 
performed.

TABLE 1  Lifestyle goals for patients with established CVD

Lifestyle component Healthy behaviour Unhealthy behaviour

Smoking Never or former smoker Current smoker

Body composition
(measured as waist circumference)

Female: < 88 cm
Male: <102 cm

Female: ≥ 88 cm
Male: ≥ 102 cm

Leisure-time physical activity ≥ 15 METh/week < 15 METh/week

Alcohol consumption No alcohol or ≤ 10 units/week > 10 units/week

Lifestyle target levels were obtained from international guidelines for prevention and management 
of cardiovascular disease.14,15

Outcome ascertainment
The endpoints in this study were all-cause mortality, cardiovascular death and incident 
T2D. All-cause mortality comprised all deaths during follow-up. Cardiovascular death 
was defined as sudden death and death from myocardial infarction, stroke, congestive 
heart failure, rupture of abdominal aortic aneurysm, or from secondary causes after a 
cardiovascular event or intervention, e.g. sepsis after bypass surgery. T2D was defined 
as a new and physician-confirmed diabetes diagnosis in patients aged 35-40 years with 
BMI >33 kg/m2 or in patients aged >40 years with BMI >27 kg/m2.

All participants were asked to complete an annual follow-up questionnaire on vital 
status and occurrence of cardiovascular events. When an event was reported, the 
relevant medical information was obtained from the treating physician. The final 
categorization of the type of event was made independently by three physicians from 
the UCC-SMART endpoint committee.27

Data analyses
Patients’ characteristics at baseline and at the SMART2 visit were described; categorical 
variables as absolute number (percentage) and continuous variables as mean and 
standard deviation or median and interquartile range (IQR), as appropriate. To assess 
comparability, SMART2 participants’ characteristics were compared to those of UCC-
SMART participants who were not included in SMART2.
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The relationships between lifestyle trajectories and (cardiovascular) death and incident 
T2D were quantified using the Kaplan Meier method and Cox proportional hazard 
models. Time-to-event was defined as time after an individual’s final visit (i.e. the 
SMART2 visit) until the outcome of interest or until censoring, whichever came first. 
Time between the initial visit and SMART2 visit was not taken into account in the 
survival analyses. Person time was calculated separately for each outcome as the sum 
of time-to-event for all study participants.

Stepwise adjustments were made for confounders. The first model adjusted for age 
and sex. The second, main model additionally adjusted for education level. Education 
level was included as a measure of social economic position, which is an important 
confounder in the relationship between lifestyle behaviours and health outcomes. 
No adjustments were made for cardiovascular risk factors such as hypertension, lipid 
levels and insulin resistance, because these were hypothesized to be mediators in the 
relationships of interest. The proportional hazard assumption was assessed using visual 
inspection of Schoenfeld residuals.

All analyses were repeated for trajectories of the individual lifestyle components. 
These models were adjusted for change in the other lifestyle components. The 
relationship between absolute change in physical activity and waist circumference 
and the endpoints was assessed using Cox models with restricted cubic splines (3 
knots). These models were adjusted for age, sex, education, change in the other three 
lifestyle components and baseline level of the lifestyle component of interest.

Missing data were imputed with single imputation using predictive mean matching. The 
main sources of missingness were education level (N = 381, 19%), waist circumference 
(N = 255, 13%) and LDL-cholesterol (N = 33, 2%). For all other covariates, missingness 
did not exceed 1%. Physical activity measurements taken before January 2002 
(N = 662) were replaced with imputed values, as a new questionnaire was used from 
this date onwards. Information from the repeated measurements was incorporated 
in the imputation.

All statistical analyses were performed using R statistical software, version 4.0.3 (R 
Foundation for Statistical Computing, Vienna, Austria). A two-sided p-value <0.05 was 
considered statistically significant.

9
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Sensitivity analyses
Sensitivity analyses were performed to assess the impact of potential sources of bias. 
Reverse causation in the relation between lifestyle trajectory and (cardiovascular) death 
were assessed by running the Cox models after exclusion of 1, 3 and 5 years of follow-
up after the SMART2 visit and by adjusting for occurrence of cardiovascular events 
between the two study visits. The impact of time between the study visits, was assessed 
by introducing an interaction term in the models and assessing the relation between 
lifestyle trajectory and mortality in subgroups with an interval of less or more than 10 
years between the two assessments. A sensitivity using body mass index (BMI) instead 
of waist circumference as measure of body composition was performed with a BMI < 
25 kg/m2 considered as healthy. A ‘minimally required change’ analysis was performed 
where a change in the continuous lifestyle components (physical activity and waist 
circumference) was defined as at least 5% increase or decrease from the baseline visit. 
The definition of change in smoking and alcohol consumption remained the same in this 
analysis. Finally, an sensitivity analysis was performed where all four lifestyle behaviours 
needed to classify as healthy to constitute an overall healthy lifestyle.

To explore the potential impact of healthy survivor bias on the study results, expected 
smoking behaviour, waist circumference, physical activity and alcohol consumption at 
the second visit were imputed using multiple imputation for all participants that did 
not partake in SMART2. The date for the imputed SMART2 visit was set at 4 years 
after the inclusion visit (i.e. the minimum follow-up before patients would be eligible for 
participation in SMART2) and survival analyses with Cox proportional hazard models 
were repeated in these imputed datasets comprising 7,191 patients with established 
CVD and 5,328 participants with CVD but without diabetes and pooled according to 
Rubin’s rules.

RESULTS

Lifestyle trajectories
A total of 2,011 patients with established CVD underwent two consecutive vascular 
screening visits. The majority of participants were men (N = 1,567, 78%) and mean age 
at inclusion was 57 ± 9 years. The median time between the first and second visit was 
10.0 [IQR 6.5-10.8] years. Patient characteristics at the first and second assessment 
are shown in Table S1.
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The majority of patients had a healthy lifestyle (i.e. 3 or 4 healthy behaviours) at 
the baseline visit (N = 1,327, 66%) and 169 participants (8% of the total population) 
worsened over time. The remaining 34% of participants (N=684) had an unhealthy 
lifestyle at baseline, and of these 336 (17%) had improved to a healthy lifestyle at 
the SMART2 visit (Table 2). PAD and metabolic syndrome were relatively prevalent 
among patients with an unhealthy lifestyle at baseline. These patients also had higher 
C-reactive protein (CRP) and LDL-cholesterol levels (Table 2).

Table 3 shows the change in individual lifestyle components and overall lifestyle 
between the first and second visit. Almost half of all smokers at baseline had ceased 
smoking at the second visit and very few participants had initiated smoking. On 
average, waist circumference increased between the two visits (women: 86 ±11cm 
to 91 ±13 cm, men: 97 ±10 cm to 101 ±11 cm). Physical activity levels and alcohol 
consumption remained stable over time.

Lifestyle changes and risk of cardiovascular mortality, all-cause mortality, and 
incident T2D
Median follow-up time after SMART2 was 6.1 [IQR 3.6-9.6] years and ranged from 
0 to 14 years. During this time, 285 deaths occurred of which 150 were due to 
cardiovascular causes (Figure 2, Figure S1). Compared with a persistently unhealthy 
lifestyle, patients with a persistently healthy lifestyle were at the lowest risk of all-
cause mortality, cardiovascular mortality and incident T2D (Figure 2). Improving 
lifestyle from an unhealthy to a healthy lifestyle was related to approximately 50% 
relative risk reductions for all-cause mortality, cardiovascular mortality and incident 
T2D. Patients with a worsened lifestyle, had a lower risk of all-cause and cardiovascular 
mortality, but not of incident T2D.

9
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TABLE 2  Baseline characteristics stratified for lifestyle trajectories

Characteristic
Persistently 

Healthy Worsened Improved
Persistently 
unhealthy

N 1,158 (58) 169 (8) 336 (17) 348 (17)

Female sex 255 (22) 50 (30) 71 (21) 68 (20)

Age, year 58 ±9 57 ±9 56 ±9 55 ±8

Education

Low 397 (34) 70 (41) 126 (38) 136 (39)

Middle 652 (56) 85 (50) 182 (54) 185 (53)

High 109 (9) 14 (8) 28 (8) 27 (8)

Coronary artery disease 814 (70) 112 (66) 181 (54) 184 (53)

Cerebrovascular disease 278 (24) 41 (24) 92 (27) 97 (28)

Peripheral arterial disease 128 (11) 32 (19) 76 (23) 94 (27)

Abdominal aortic aneurysm 52 (5) 8 (5) 22 (7) 26 (8)

Diabetes 142 (12) 28 (17) 40 (12) 47 (14)

Metabolic syndrome 439 (38) 85 (50) 217 (65) 235 (68)

Smoking

Never 357 (31) 24 (14) 23 (7) 18 (5)

Former 669 (58) 109 (65) 116 (35) 97 (28)

Current 132 (11) 36 (21) 197 (59) 233 (67)

Alcohol intake, units/wk

0 187 (16) 20 (14) 47 (11) 23 (7)

< 1 130 (11) 13 (7) 22 (8) 23 (7)

1 - 10 654 (56) 84 (25) 85 (50) 58 (17)

> 10 187 (16) 52 (54) 182 (31) 244 (70)

BMI, kg/m2 26 ±3.1 26.8 ±3.2 27.6 ±4.2 28.5 ±4.1

Waist circumference, cm F: 83 ±10
M: 94 ±8

F: 86 ±8
M: 99 ±8

F: 91 ±13
M: 100 ±10

F: 94 ±12
M: 103 ±11

Systolic BP, mmHg 139 ±20 140 ±22 139 ±20 140 ±19

Diastolic BP, mmHg 82 ±11 81 ±12 81 ±11 83 ±10

Total cholesterol, mmol/l 4.6 [4.0-5.5] 4.9 [4.1-5.6] 5.1 [4.4-5.9] 5.2 [4.4-5.9]

LDL-cholesterol, mmol/l 2.6 [2.1-3.4] 2.8 [2.3-3.4] 3.1 [2.5-3.8] 3.1 [2.4-3.8]

HDL-cholesterol, mmol/l 1.2 [1.0-1.5] 1.2 [1.0-1.4] 1.1 [0.9-1.4] 1.1 [0.9-1.4]

eGFR, ml/min 78 ±15 77 ±17 80 ±16 82 ±15

CRP, mg/l 1.4 [0.7-3.0] 2.1 [1.0-4.7] 2.4 [1.2-4.8] 2.6 [1.3-5.2]

Physical activity, METh/wk 43 [25-69] 35 [19-55] 12 [5-34] 18 [7-41]

Abbreviations: CAD: coronary artery disease, CeVD: cerebrovascular disease, PAD: peripheral arterial 
disease, AAA: abdominal aortic aneurysm, BMI: body mass index, BP: blood pressure, LDL: Low-
density lipoprotein, HDL: High-density lipoprotein, eGFR: estimated glomerular filtration rate, CRP: 
C reactive protein

Nadia_Binnenwerk_V3.indd   350Nadia_Binnenwerk_V3.indd   350 22-02-2024   08:3422-02-2024   08:34



351

LONG-TERM LIFESTYLE CHANGES AND CARDIOVASCULAR OUTCOMES

TABLE 3  Change in lifestyle components between baseline and SMART2 visits.

Persistently 
healthy

Worsened Improved Persistently 
unhealthy

Smoking 1,358 (68) 55 (3) 301 (15) 297 (15)

Waist circumference 1,054 (52) 385 (19) 88 (4) 484 (24)

Physical activity 1,374 (68) 154 (8) 375 (18) 108 (5)

Alcohol consumption 1,231 (61) 115 (6) 239 (12) 426 (21)

Overall lifestyle score 599 (29) 728 (36) 559 (28) 125 (6)

Number of patients that were persistently healthy, improved, worsened or were persistently unhealthy 
per lifestyle component and overall lifestyle

FIGURE 2  Risk of all-cause mortality, cardiovascular mortality and incident T2D for different lifestyle 
trajectory

Lifestyle trajectory

All−cause mortality

Cardiovascular mortality

Persistently healthy 

Worsened  

Improved   

Persistently unhealthy

Incident type 2 diabetes

Persistently healthy   

Worsened   

Improved   

Persistently unhealthy

Events/N

171/1,155

32/169

54/336

82/348

84/1,155

14/169

19/336

33/348

44/933

10/124

16/254

29/252

7,222

1,114

2,524

7,223

7,222

1,114

2,524

7,223

5,334

749

1,733

1,563

0.48 (0.36−0.63)

0.67 (0.44−1.01)

0.52 (0.37−0.74)

Reference

0.57 (0.38−0.87)

0.74 (0.39−1.40)

0.46 (0.26−0.81)

Reference

0.46 (0.28−0.73)

0.75 (0.37−1.55)

0.50 (0.27−0.92)

Reference

0.25 2.00.50 1.0       
Hazard ratio (95%CI)

Follow−up
(pers.yr)

Hazard ratio 

Persistently healthy  

Worsened   

Improved   

Persistently unhealthy

(95%CI)

Hazard ratio for all-cause mortality and cardiovascular mortality compared to a persistently unhealthy 
lifestyle. Hazard ratios were adjusted for age, sex and education level. Follow-up time in person years 
after the SMART2 study visit. Abbreviations: HR – hazard ratios, 95%CI: 95% confidence interval
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Of the four lifestyle components, smoking (non-smoking or smoking cessation) and 
physical activity (persistently healthy or improved levels) were most strongly associated 
with risk reductions for all-cause mortality and cardiovascular mortality (Figure 
3). Changes in waist circumference were not related with all-cause mortality and 
cardiovascular mortality risk. For incident T2D, the strongest association was found 
for a persistently healthy and improved waist circumference (Figure 3). No statistically 
significant relationship with the three other lifestyle components was observed. These 
findings were supported by an analysis using change in physical activity level and waist 
circumference as continuous variables (Figure S2).

FIGURE 3  Risk of all-cause mortality, cardiovascular mortality and incident T2D in relation to changes 
in individual lifestyle component

All-cause
mortality

0.25 0.50 1.0 2.0
Hazard ratio (95%CI)

Cardiovscular 
mortality

0.25 0.50 1.0 2.0
Hazard ratio (95%CI)

Incident 
T2D

0.25 0.50 1.0 2.0
Hazard ratio (95%CI)

Persistently healthy Worsened Improved Persistently unhealthy

Smoking

Waist circumference

Physical activity

Alcohol

Hazard ratio for changes in the four individual lifestyles compared to a persistently unhealthy 
behaviour. Hazard ratios were adjusted for age, sex and education level. Follow-up time in person 
years after the SMART2 study visit. HR – hazard ratios, 95%CI: 95% confidence interval

Sensitivity analyses
Characteristics and lifestyle behaviour at baseline were comparable between participant 
that did and did not partake in the SMART2 visit, although SMART2 participants were 
younger (mean age 57 vs 61 years) and had lower education levels compared to non-
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participants. When an overall healthy lifestyle was defined as presence of 4 out 4 
healthy behaviours instead of 3 out of 4, the results for a persistently healthy lifestyle 
were somewhat attenuated compared with the main analysis (Figure S3). Analyses in 
datasets with imputed values for lifestyle change in non-SMART2-participants, yielded 
similar results for a persistently healthy lifestyle compared with the main analysis, but 
resulted in a stronger beneficial relation for a reduced lifestyle trajectory (Figure S4). 
In this sensitivity analysis, no protective relationship was observed for an improved 
lifestyle (Figure S4).

In a sensitivity analysis requiring a minimal 5% change from baseline, the size and 
direction of the effect estimates were similar to the main analysis (Figure S5). In analyses 
exploring potential reverse causation by excluding the first 1, 3 and 5 years of follow-up, 
the associations between lifestyle trajectory and all-cause and cardiovascular mortality, 
were similar in size and direction compared with the main analysis (Figure S6). However, 
for incident T2D, the association was attenuated or even reversed (Figure S6). Additional 
adjustment for occurrence of cardiovascular events between the first and second 
assessment as a source of reverse causation, yielded near identical effect estimates to 
the main analysis, as well as additional adjustment for time between inclusion and the 
SMART2 visit. Using BMI as a measure of body composition yielded the same results 
as when waist circumference was used.

DISCUSSION

In a cohort of patients with established CVD and repeated lifestyle assessments, 
maintaining a persistently healthy lifestyle or transitioning from an unhealthy to a 
healthy lifestyle over time was linked to a nearly 50% decrease in all-cause mortality, 
cardiovascular mortality, and incident T2D, compared to those with a persistently 
unhealthy lifestyle. The findings suggest that even after CVD manifestation, maintaining 
or adopting a healthy lifestyle can reduce residual cardiovascular risk.

These study findings align with previous research. Similar reductions in risk of coronary 
calcification, cardiovascular events and (cardiovascular) mortality were observed in 
primary CVD prevention cohorts evaluating multiple lifestyle behaviors.13,21,30–32 An 
analysis of the UK Biobank demonstrated that maintaining an unhealthy lifestyle 
over time correlated with almost twice the risk of ischemic heart disease, while 

9
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lifestyle improvements were protective. regardless of baseline lifestyle behaviours.13 
In the current study, these relationships with CVD outcomes appear to hold true 
in a secondary CVD prevention population, despite differences in baseline risk, 
concomitant medications and morbidity. This conclusion continues upon a previous 
European-wide survey that showed that CVD patients with poor compliance with 
lifestyle recommendations, had higher CVD risk factor levels.33,34 Furthermore, 
increasing physical activity levels has been associated with 50% relative risk reductions 
in coronary artery patients.35 To our knowledge, the relationship between combined 
lifestyle changes and incident T2D has never been assessed in an established CVD 
population, but findings in the present study are in line with previous observations 
that a healthy lifestyle has the potential to significantly improve cardiometabolic risk 
factors.33

Patients with initially healthy lifestyles that declined over time still showed survival 
benefits compared to persistently unhealthy patients. Similar patterns were noted in 
earlier studies evaluating lifestyle changes over time. In the UK Biobank, people with 
declining lifestyle habits had similar cardiovascular event rates compared to those 
that were able to maintain a healthy lifestyle.13 This suggests that benefits of a healthy 
lifestyle endure over time. This hypothesis is reinforced by findings from multiple 
imputed analyses in the current study, which indicated a protective relationship with 
all outcomes for a worsened lifestyle trajectory, potentially explained by the after-
effects of the initial healthy lifestyle. However, this does not mean that patients 
with a healthy lifestyle should not be motivated to maintain that lifestyle, because 
the largest protective relationships are found for people with a persistent healthy 
lifestyle. Patients with declining lifestyle habits should be counselled that to resume 
their healthy lifestyle habits, especially sufficient physical activity and not smoking.

Most CVD patients in this study reported being compliant with guideline-recommended 
lifestyle behaviours and was able to maintain their healthy lifestyle over a period of 
approximately 10 years. This high adherence rate is consistent with, or even exceeds, 
adherence rates reported in previous research about compliance with guideline 
recommendations in secondary prevention of CVD33,36–38

This study is among the first to jointly assess the relation of changes in multiple lifestyle 
components with clinical outcomes, because previous studies primarily focussed on 
change in individual components.35,38,40,41 This approach allows for direct comparison 
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between components and aids prioritization of specific lifestyle changes. Not smoking 
and high physical activity showed the strongest links to all-cause and cardiovascular 
mortality, while a healthy waist circumference was more closely tied to lower incident 
T2D risk.

Strengths and limitations
Strengths of the current study include the large cohort size, the repeated assessment 
of lifestyle behaviours and the long follow-up duration. Study limitations need to 
be considered. Data on alcohol consumption was collected categorically and could 
therefore not be analysed continuously. In the current analysis, lifestyle was limited to 
smoking, waist circumference, physical activity and alcohol consumption, and did not 
include other lifestyle factors such as diet, sleep and stress, potentially resulting in an 
underestimation of the relationship between lifestyle changes and clinical outcomes. 
To assess overall lifestyle, a healthy lifestyle was defined as having a score of three out 
of four for healthy behaviours. However, this approach led to a counterintuitive finding 
wherein 132 participants categorized as having a ‘healthy’ lifestyle were identified as 
current smokers. Relatively few outcomes occurred in the worsened and improved 
groups due to the smaller size of these groups, which resulted in wide confidence 
intervals. Although, lifestyle was assessed at two separate time points, there was no 
information available on changes between the two measurements. Further limitations 
include that lifestyle behaviours were self-reported meaning that they are subject to 
misclassification and social desirability bias. However, as lifestyle behaviours were 
compared within-individual, the impact of these potential biases will likely be small. 
Residual confounding may bias the results, for example from social economic position, 
which was only evaluated based on education in the UCC-SMART study. Evaluating 
lifestyle changes over time inherently introduces healthy survivor bias, because only 
patients that survive until the second assessment can be included. Sensitivity analyses 
showed that the size and direction of the observed relations was not modified by the 
interval between the first and second visit, which implies that the effects of healthy 
survivor bias are small. For the T2D endpoint, associations with lifestyle change 
attenuated or even reversed when the first 1,3, or 5 years of follow-up were excluded. 
This may be due to limited power for these analyses or reverse causation could have 
biased these findings. Therefore, some caution should be taking in extending the 
association with T2D to a longer follow-up time.

9
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This study illustrates that in CVD patients, a persistently healthy and improved 
lifestyle were associated with lower risk of (cardiovascular) mortality and incident 
T2D compared to persistently unhealthy patients. The largest benefit was observed for 
patients that were able to maintain a healthy lifestyle over time. However, the study 
also reveals encouraging findings for individuals with an unhealthy lifestyle that change 
to a healthy lifestyle, indicating that it is never too late to improve their prognosis 
after CVD has manifested. A non-smoking status and healthy level of physical activity 
were the main drivers of lifestyle-related mortality risk reductions; while a low waist 
circumference was most important to prevent T2D. Conversely, patients with an 
unhealthy lifestyle over time faced a relatively high risk of cardiovascular mortality 
and incident T2D, underscoring the importance of addressing lifestyle habits in CVD 
management.

In conclusion, this study assessed the relationship between self-reported changes in 
lifestyle behaviour and (cardiovascular) mortality and T2D. The findings emphasize 
the pressing need for ongoing attention for maintaining or adopting a healthy 
lifestyle within the clinical management of CVD patients. By incorporating lifestyle 
interventions into their treatment plans, healthcare providers can potentially mitigate 
the risk of cardiovascular mortality and T2D for their patients. Ultimately, these findings 
underscore the profound impact that lifestyle choices can have on the outcomes and 
overall well-being of CVD patients.
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TABLE S1  Patient characteristics at baseline and at the SMART2 visit

Characteristic Responders Non-responders SMD
N = 2,011 N = 6,583

Female sex 444 (22) 1,815 (28) 0.13

Age, year 57 ±9 61 ±10 0.38

Education* 0.20

Low 729 (36) 1,456 (32)

Middle 740 (37) 1,581 (34)

High 542 (27) 1,576 (34)

Coronary artery disease 1,291 (64) 4,001 (61) 0.07

Cerebrovascular disease 508 (25) 2,036 (31) 0.13

Peripheral arterial disease 330 (16) 1,175 (18) 0.04

Abdominal aortic aneurysm 108 (5) 609 (9) 0.15

Diabetes 257 (13) 1,228 (19) 0.16

Metabolic syndrome 976 (49) 3,144 (54) 0.11

Smoking 0.05

Never 422 (21) 1,491 (23)

Former 991 (49) 3,057 (47)

Current 598 (30) 2,013 (31)

Alcohol intake, units/wk 0.18

0 275 (13.8) 1251 (19.2)

< 1 186 (9.3) 683 (10.5)

1 – 10 871 (43.7) 2818 (43.2)

> 10 659 (33.1) 1773 (27.2)

BMI, kg/m2 27 ±4 27 ±4 0.05

Waist circumference, cm F: 87 ±11
M: 97 ±10

F: 89 ±13
M: 99 ±11

0.67

Systolic blood pressure, mmHg 139 ±20 139 ±21 0.01

Diastolic blood pressure, mmHg 82 ±11 81 ±11 0.09

Total cholesterol, mmol/l 4.8 [4.1-5.7] 4.6 [3.9-5.5] 0.14

LDL-cholesterol, mmol/l 2.8 [2.2-3.6] 2.6 [2.0-3.4] 0.15

HDL-cholesterol, mmol/l 1.2 [1.0-1.4] 1.2 [1.0-1.4] 0.02

eGFR, ml/min† 79 ±16 77 ±19 0.13

CRP, mg/l 1.7 [0.8-3.8] 2.2 [1.0-4.9] 0.19

Physical activity, METh/wk 34 [15-61] 36 [17-63] 0.09

Data are reported as number (percentage), mean ±standard deviation, median [interquartile range]. 
Abbreviations: BMI: body mass index, LDL: low-density lipoprotein, HDL: high-density lipoprotein, 
eGFR: estimated glomerular filtration rate, CRP: C reactive protein *Missing for 1,970 non-responders, 
not imputed †Estimated using the CKD-EPI creatine formula.
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TABLE S2  Baseline characteristics of SMART2 responders and non-responders with established 
cardiovascular disease

Characteristic Baseline visit SMART2 visit
N = 2,011 N = 2,011

Female sex 444 (22) Unchanged

Age, year 57 ±9 66 ±9

Education

Low 729 (36) Unchanged

Middle 1,104 (55) Unchanged

High 178 (9) Unchanged

Coronary artery disease 1,291 (64) 1,371 (68)

Cerebrovascular disease 508 (25) 555 (28)

Peripheral arterial disease 330 (16) 389 (19)

Abdominal aortic aneurysm 108 (5) 147 (7)

Diabetes 257 (13) 444 (22)

Metabolic syndrome* 976 (49) 1,098 (55)

Smoking

Never 422 (21) 368 (18)

Former 991 (49) 1,291 (64)

Current 598 (30) 352 (18)

Alcohol consumption, units/wk

0 277 (13) 303 (15)

< 1 188 (9) 318 (16)

1 - 10 881 (44) 849 (42)

> 10 665 (33) 541 (27)

BMI, kg/m2 26.8 ±3.6 27.4 ±4.0

Waist circumference, cm F: 86 ±11
M: 97 ±10

F: 92 ±13
M: 101 ±11

Systolic blood pressure, mmHg 139 ±20 140 ±17

Diastolic blood pressure, mmHg 82 ±11 79 ±10

Total cholesterol, mmol/l 4.8 [4.1-5.7] 4.4 [3.8-5.0]

LDL-cholesterol, mmol/l 2.8 [2.2-3.6] 2.4 [2.0-3.0]

HDL-cholesterol, mmol/l 1.2 [1.0-1.4] 1.2 [1.0-1.5]

eGFR†, ml/min 79 ±16 74 ±17

CRP, mg/l 1.7 [0.8-3.8] 1.5 [0.8-3.4]

Physical activity, METh/wk 34 [15-61] 44 [24-70]

Data presented as number (percentage), mean ±standard deviation or median [interquartile range].
Abbreviations: BMI: body mass index, LDL: low density lipoprotein, HDL: high density lipoprotein, 
eGFR: estimated glomerular filtration rate. * Defined based on ATP III criteria. †eGFR was estimated 
using the CKD-EPI formula
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FIGURE S3  Associations with healthy lifestyle defined as four out of four healthy behaviours.
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Sensitivity analysis with a healthy lifestyle defined as compliance with all four lifestyle components. 
Hazard ratio for all-cause mortality and cardiovascular mortality compared to a persistently unhealthy 
lifestyle. Hazard ratios were adjusted for age, sex and education level. Follow-up time in person years 
after the SMART2 study visit. Abbreviations: HR – hazard ratios, 95%CI: 95% confidence interval
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FIGURE S4  Relationship between lifestyle change and mortality risk in multiple imputed datasets.
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FIGURE S5  Minimal change from baseline values
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FIGURE S6  Reverse causation
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ABSTRACT

Background
Lifestyle optimization is a central recommendation in secondary cardiovascular disease 
(CVD) prevention, but it unclear how much life years free of recurrent CVD can be 
realized with lifestyle interventions

Objectives
To determine the increase in life-years free of CVD that can be achieved by adopting 
a Mediterranean diet and/or increasing physical activity levels in patients with 
established CVD.

Methods
13,331 patients aged 45-79 years with atherosclerotic CVD from the UCC-SMART 
study and the Alpha Omega Cohort (AOC) were included. Individual 10-year and 
lifetime risk of recurrent cardiovascular events and CVD-free life expectancy were 
estimated using the competing-risk adjusted SMART-REACH model. To determine 
absolute survival benefits from lifestyle interventions, the SMART-REACH model was 
combined with treatment effects for the Mediterranean diet and increased physical 
activity.

Results
Median CVD-free life expectancy with current treatment was 7470-78 year in the 
UCC-SMART study and 7875-81 in the AOC study. Adopting a Mediterranean diet was 
associated with a mean predicted lifetime benefit of 1.9 (95%CI 0.1-3.8) life years free 
of CVD events, while increased physical activity yielded 3.7 (95%CI 2.2-5.4) additional 
CVD-free life years. Combining both interventions resulted in a mean predicted 
lifetime benefit of 5.8 (95%CI 3.4-7.8) CVD-free life years. Lifetime benefits were 
larger in younger patients and in patients with a high predicted lifetime risk of CVD.

Conclusions
In CVD patients, adopting a Mediterranean diet, guideline-recommended physical 
activity, and especially both, is predicted to result in significant CVD risk reductions 
and recurrent CVD-free life years gained.
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CONDENSED ABSTRACT

In patients with cardiovascular disease (CVD), adopting a Mediterranean diet 
and increasing physical activity can significantly extend CVD-free life years. This 
study, encompassing 13,331 patients, found that a Mediterranean diet added 
1.9 CVD-free life years, increased physical activity contributed 3.7 CVD-free 
years, and combining both interventions resulted in 5.8 additional CVD-free life 
years. The benefits were more pronounced in younger patients and those with 
higher CVD risk. These findings underscore the potential for substantial CVD 
risk reduction and increased CVD-free life years through lifestyle modifications 
in secondary CVD prevention.

10
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INTRODUCTION

Promoting a healthy lifestyle is a core recommendation in global guidelines for 
preventing and managing cardiovascular disease (CVD)1,2 Extensive observational 
evidence supports the positive impact of healthy dietary and exercise habits on 
cardiovascular outcomes. A recent meta-analysis indicated that the Mediterranean 
diet, a dietary pattern rich in legumes, whole grains, and healthy fats, might be the most 
effective diet for CVD prevention.3 Notably, the CORDIOPREV trial demonstrated 
a 28% reduction in CVD risk in patients with established CVD assigned to a 
Mediterranean diet on top of optimal pharmacologic treatment.4 Physical activity 
appears to yield benefits even surpassing those achieved through dietary changes.5–8

Recognizing the importance of promoting healthy habits in patients with established 
CVD, European Society of Cardiology (ESC) and American College of Cardiology (ACC) 
guidelines for prevention of CVD include healthy diet and physical activity as a central 
preventive measure, alongside non-smoking, lowering systolic blood pressure and 
low-density lipoprotein (LDL) cholesterol and use of antithrombotic medication.1,2

In clinical practice, motivating patients to adhere to lifestyle interventions often poses 
a challenge. Potential explanations include insufficient awareness among patients and 
healthcare providers regarding the impact of a healthy lifestyle, and a lack of intuitive 
tools to communicate the benefits of healthy lifestyle with patients.9 To enhance 
motivation for lifestyle change, it is necessary to provide patients with personalized 
information about the benefits of such a change.

Recently, European Association for Preventive Cardiology consensus statement 
highlighted the potential of online tools for patient personalized nutritional guidance. 
However few tools are available that predict the long-term effects of lifestyle 
change.10–12 Lifetime prediction models, such as the SMART-REACH model, are 
highly suitable for this purpose, as they offer a personalized estimate of healthy life 
years gained from an intervention. These tools also provide insights into the effect 
of treating other cardiovascular risk factors such as smoking, lipid-lowering, blood 
pressure-lowering or anti-platelet therapy, and can therefore be used to decide upon 
an optimal and personalized treatment strategy. Currently, only one lifetime prediction 
model exists to predict life years gained with a healthy diet, but it is not personalized 
and might overestimate lifestyle effects due to strong correlation between the 

10
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included food groups. 13 Moreover, this model was not specifically designed for 
patients with established CVD, who are at high risk for (cardiovascular) events. Valid 
and individualized predictions on CVD risk are crucial for guiding personalized medical 
interventions and preventive measures, ultimately reducing morbidity and mortality 
associated with CVD.

The aim of the current study was to estimate the individualized 10-year and lifetime 
benefit from interventions targeted at adopting a Mediterranean-style diet, guideline-
recommended physical activity levels, or both, in patients with established CVD using 
a guideline-recommended and externally validated algorithm.

METHODS

Study population
The Utrecht Cardiovascular Cohort – Secondary Manifestations of ARTerial disease 
(UCC-SMART) study is an ongoing prospective cohort study. Details on study design 
have been published previously.14 Briefly, from 1996 onwards, patients with established 
cardiovascular disease or high risk thereof were included. For the present analysis, 
data was used from 8,947 patients aged 45 or older with a history of coronary artery 
disease (CAD), cerebrovascular disease (CeVD), and/or peripheral arterial disease (PAD, 
Table S1), who were enrolled between December 1996 and January 2023.

The Alpha Omega Cohort (AOC) is a prospective cohort study comprising 4,837 
patients aged 60-80 years with a history of myocardial infarction within 10 years 
before inclusion in the cohort (between 2002 and 2006). In the initial years, the AOC 
was a clinical trial where patients were randomized to low-dose omega-3 fatty acid 
supplementation or a placebo. The trial had a neutral effect on cardiovascular events 
and mortality.15

Data collection
In both cohorts, patients completed a questionnaire on demographics, lifestyle and 
medical history, and physical and laboratory examinations upon inclusion. In both 
cohorts, dietary intake was assessed using a food frequency questionnaire (FFQ). 
In the UCC-SMART study, data on dietary habits was retrospectively collected in 
December 2022. All participants in active follow-up were invited to complete the 
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FFQ-NL 1.0 and 45% completed the questionnaire (30% of the total UCC-SMART 
cohort). FFQ-NL 1.0 is a 160-item FFQ designed for the Dutch population that 
assesses dietary intake over the past 12 months.16,17 In the AOC, dietary intake was 
assessed using a 203-item FFQ.18 For both FFQs, energy and nutrient intake were 
calculated by linking the responses to the Dutch Food Composition Database.19 

Participants’ baseline compliance with the Mediterranean diet was assessed using 
the 14-point Mediterranean Diet Adherence Screener (MEDAS).20

In the UCC-SMART cohort, physical activity was assessed with the EPIC physical 
activity questionnaire.21 In AOC, physical activity level was quantified using the 
Physical Activity Scale for the Elderly (PASE).22 Metabolic equivalent of task values 
for the reported physical activities were obtained from the Compendium of Physical 
activity.23 For the current analyses, people with a weekly activity level ≥ 7.5 METh/
wk was considered to be physically active as this indicated compliance with guideline-
recommended physical activity levels.1,2

Missing data in both cohorts was imputed using single imputation with predictive 
mean matching (aregImpute function, Hmisc package). In the UCC-SMART cohort, 
missingness was highest for education level (n = 3,045, 34%) and CRP (N = 756, 8%). 
No data on chronic heart failure was available, so all patients were assumed not to 
have heart failure upon inclusion. In the AOC, missingness was highest for history of 
cerebrovascular disease (24%) and history of heart failure (23%).

SMART-REACH model for estimating CVD risk
Individual 10-year and lifetime risks of recurrent CVD (comprising myocardial infarction, 
stroke or cardiovascular death) were predicted using the ESC guideline-recommended 
SMART-REACH model.24 The SMART-REACH model is an externally validated and 
competing-risk adjusted prediction model that includes the following predictors: sex, 
current smoking, diabetes mellitus, systolic blood pressure, total cholesterol, creatinine, 
number of cardiovascular disease locations, atrial fibrillation and chronic heart failure 
(CHF). Internally, the SMART-REACH model consists of two Fine and Gray hazards 
functions, predicting cardiovascular events and non-CVD mortality respectively. The 
SMART-REACH model uses age as the time axis (i.e. left truncation). The model allows 
for modelling of personalized benefits of cardiovascular preventive interventions, 
both in terms of absolute risk reduction (ARR) as well as number of life years free of 

10
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recurrent cardiovascular events and is recommended by prevention guidelines.1 The 
SMART-REACH model is available via an online calculator (www.U-Prevent.com).

Individual predictions for lifetime benefit of lifestyle interventions
Patient-level data from the UCC-SMART and AOC studies were used to predict 
individual 10-year and lifetime risk of cardiovascular events using the SMART-REACH 
model. Measures of treatment benefit can be estimated by combining causal hazard 
ratios (HR) from trials and meta-analyses with annual risks of CVD events and non-
CVD mortality as estimated in the SMART-REACH model. The HR for Mediterranean 
diet was based on the CORDIOPREV trial which compared a Mediterranean diet 
intervention to a low-fat diet in secondary CVD prevention and found a HR 0.72 
(95%CI 0.54 – 0.96).4 In the absence of extensive, long-term intervention studies 
deemed suitable for lifetime predictions, the effect estimate for physical activity was 
based on a meta-analysis of observational studies in patients with coronary heart 
disease. This meta-analysis found a pooled HR 0.63 (0.51-0.78) for increasing physical 
activity over time.8 In the primary analyses, no effect of either intervention on the 
competing endpoint (non-cardiovascular death) was assumed.

The HR for Mediterranean diet was applied to all patients, given a very low compliance 
score in the two cohort: the median MEDAS score was 3.0 [IQR 3.0-4.0] compared 
8 in the low-fat group and 11 in Mediterranean diet group in the CORDIOPREV trial 
(Figure S1). The HR for physical activity was only applied to patients that had low 
physical activity levels at inclusion in the cohort (<7.5 METh/wk).1

Distributions of predicted CVD risk and benefit from lifestyle interventions
Expected individual benefits from Mediterranean diet, physical activity or a combined 
intervention are presented as ARR in 10-year risk and lifetime risk, and as lifetime 
benefit in CVD-free life years gained from the intervention. These results are presented 
for the entire population and stratified for age groups (45-50, 51-55, 56-60, 61-65, 
66-70, 71-75 and 75-80 year at inclusion) and for deciles of predicted 10-year and 
lifetime risk at inclusion in the UCC-SMART and AOC studies.

To assess the expected benefit of lifestyle interventions in combination with the other 
STEP1 treatment recommendations, an additional analysis was performed where the 
SMART-REACH model was used to predict the benefit when achieving all these STEP1 
goals, including the lifestyle targets. HRs for the individual STEP1 targets (Table S2) 

Nadia_Binnenwerk_V3.indd   376Nadia_Binnenwerk_V3.indd   376 22-02-2024   08:3422-02-2024   08:34



377

LIFETIME BENEFIT FROM MEDITERRANEAN DIET AND PHYSICAL ACTIVITY

were only applied when a patient was not already compliant with the respective target 
at baseline.

Sensitivity analyses
The primary analyses were repeated in a subgroup of patients with a history of CAD 
at inclusion in the UCC-SMART and AOC study (N = 10,749), HRs for the treatment 
effect of a Mediterranean diet and physical activity were originally based on studies 
involving CAD patients.

To account for the inherent uncertainty in the estimates for the treatment effects of 
the Mediterranean diet and physical activity, a Monte Carlo simulation (MCS) with 
1,000 iterations was used to estimate the distribution of 10-year ARR, lifetime ARR 
and lifetime benefit. HRs were assumed to derive from a log-normal distribution, 
which was modelled based on the reported HR and the 95%CI. In each MCS iteration, 
a random sample was drawn from the distribution and the outcomes were calculated 
as described earlier. All other input variables were maintained at their original values 
for this analysis.

Furthermore, to address potential favourable or adverse effects of the Mediterranean 
diet and physical activity interventions on the competing endpoint (non-cardiovascular 
causes of death), a sensitivity analysis was undertaken. In this analysis, a treatment 
effect on the competing endpoint was included by varying HRs between 0.5 and 
1.5, in 0.01 increment steps. We evaluated 10-year ARR, lifetime ARR, and lifetime 
benefit across this range of HRs. Results of the main analysis and sensitivity analysis 
were combined in a web-application. All results presented in this application are based 
on analyses in the UCC-SMART cohort. The application was developed using the R 
Shiny package.25

RESULTS

Study population
Mean age in the UCC-SMART cohort was 62 ±9 years and 69 ±6 in the AOC (Table 1). 
Both cohorts predominantly consisted of men, 74% and 78%, respectively. At inclusion 
in the UCC-SMART study, 66% of patients had CAD, 29% had CeVD and 17% had 
PAD. All patients in the AOC had CAD (specifically a history of MI), the prevalence 

10
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of CeVD was 7% and 12% for PAD. A vast majority of patients reported using lipid-
lowering (73% in UCC-SMART, 85% in the AOC), blood pressure-lowering (78% and 
98%, respectively), and anti-thrombotic medication (87% and 98%, respectively).

TABLE 1  Patient characteristics in the UCC-SMART study and Alpha Omega cohort

UCC-SMART study Alpha Omega Cohort
N = 8,947 N = 4,837

Age, year 62.2 ±8.7 69.0 ±5.6

Male sex, n (%) 6,621 (74) 3,783 (78)

Cardiovascular history*

CAD, n (%) 5,912 (66) 4,837 (100)

CeVD, n (%) 2,606 (29) 338 (7)

PAD, n (%) 1,549 (17) 587 (12)

Chronic heart failure, n (%) NA 275 (6)

Diabetes, n (%) 1,629 (18) 1,014 (21)

Current smoker, n (%) 2,406 (27) 713 (16)

Alcohol consumer, n (%) 7,398 (82) 3,585 (74)

MEDAS score† 4.0 [3.0-5.0] 3.0 [3.0-4.0]

Physical activity

Compliant with guidelines, n (%) 2,682 (30) 1,795 (37)

Physical activity volume, METh/wk 36 [17-62] 35±41

Body mass index, kg/m2 27 ±4.6 28 ±3.8

Systolic BP, mmHg 139 ±21 142 ±22

Total cholesterol, mmol/l 4.5 [3.8-5.4] 4.6 [4.0-5.3]

HDL-cholesterol, mmol/l 1.2 [1.0-1.4] 1.2 [1.1-1.5]

LDL-cholesterol, mmol/l 2.5 [2.0-3.3] 2.5 [2.0-3.1]

Triglycerides, mmol/l 1.4 [1.0-2.0] 1.7 [1.2-2.3]

eGFR, ml/min/1.73m2‡ 78 [66-90] 84 [72-101]

hsCRP, mg/dl 2.0 [1.0-4.3] 1.7 [0.8-3.8]

Lipid-lowering medication, n (%) 6,564 (73) 4,122 (85)

BP-lowering medication, n (%) 7,018 (78) 4,340 (90)

Antithrombotic agents, n (%) 7,745 (87) 4,718 (98)

Data are presented as number (percentage), mean ± standard deviation or median [interquartile range]. 
Abbreviations: CAD: coronary artery disease, CeVD: cerebrovascular disease, PAD: peripheral arterial 
disease, MEDAS: Mediterranean Diet Adherence Screener, BP: blood pressure, HDL: high-density 
lipoprotein, LDL-cholesterol: Low-density lipoprotein, eGFR: estimated glomerular filtration rate, NA: 
not available. * CVD manifestation groups are non-mutually exclusive. † Dietary intake data available 
for 2,046 participants in the UCC-SMART cohort and for 4,365 participants in the AOC with plausible 
reported dietary intake. ‡ Estimated using the CKD-EPI formula
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Plausible dietary intake data was available for 2,046 participants (23%) in the UCC-
SMART cohort and for 4,365 participants (90%) in the AOC. Compliance with the 
Mediterranean diet was low in both cohorts. Among patients with available dietary 
intake data, the median MEDAS scores was 3.0 [IQR 3.0-4.0], out of a maximum score 
of 14 (Figure S1). 2,682 participants in the UCC-SMART study (30%) and 1,795 (37%) 
AOC-participants were compliant with guideline-recommended physical activity levels.

10-year and lifetime CVD benefit from lifestyle interventions
In the UCC-SMART study, median predicted 10-year and lifetime risks of recurrent 
CVD were 37.4 [IQR 22.7-66.4] and 73.1 [IQR 53.9-86.6], respectively (Table 2). The 
median remaining life years with treatment used at inclusion in the cohort was 10.9 
years [IQR 8.0-14.1]. Distributions of 10-year ARR, lifetime ARR and lifetime benefit 
are shown in Figures S2-S4

The median 10-year ARR from Mediterranean diet initiation was 8.3% [IQR 5.5-10.8] 
and lifetime ARR was 9.5% [IQR 6.0-10.5] (Table 2). The median lifetime benefit from 
adopting a Mediterranean diet was 2.1 [IQR 1.6-2.8] CVD-free life years. With a 
physical activity intervention, 10-year ARR was 10.5% [IQR 0.0-15.5], lifetime ARR 
12.4% [0.0-15.4] and lifetime benefit 2.3 CVD-free life years [IQR 0.0-3.6]. The largest 
benefits were estimated for a combined Mediterranean diet and physical activity 
intervention: 15.9% [5.9-25.2] 10-year ARR in CVD risk, 21.7% [IQR 7.5-25.7] in 
lifetime risk and 3.9 [IQR 2.7-5.8] CVD-free life years lifetime benefit.

In AOC, the predicted lifetime risk was lower (60.8%, IQR 47.5-75.4) compared with the 
UCC-SMART cohort (Table 2). Predicted lifetime benefits from lifestyle interventions 
were 1.5 [IQR 1.2-1.8] CVD-free life years from a Mediterranean diet and 0 [IQR 
0-2.3] CVD free life years for physical activity. Among non-physically active patients, 
lifetime benefit from a physical activity intervention was 2.2 [IQR 1.7-2.6] CVD-free 
life years. A combined Mediterranean diet and physical activity intervention resulted 
in a median gain of 1.7 [IQR 1.3-2.3] CVD-free life years.

10
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Distribution of benefit from lifestyle interventions
The largest benefits from the lifestyle interventions were observed in the youngest 
patients (aged 45-50 years, Figure 1). Mean benefit from a combined Mediterranean 
diet and physical activity intervention ranged between 3.4 CVD-free life years in 
patients aged 45-50 years to 1.0 years in CVD patients aged 75 or older. For a 
Mediterranean diet or physical activity intervention separately, a similar pattern was 
observed with smaller net benefits. Predicted 10-year ARR increased with age (Figure 
S5), while lifetime ARR was similar across age groups (Figure S6)

FIGURE 1  CVD-free life years gained from adopting a Mediterranean diet, an active lifestyle or 
both across age groups.
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Lifetime benefit from combined intervention
   Median 3.0 [IQR 1.8-4.9] CVD-free life years 

Predicted life years gained with initiation of a Mediterranean diet, physical activity or both for 
different ages at initiation of lifestyle change. Combined analysis in the UCC-SMART and AOC studies 
(N = 13,331). CVD: cardiovascular disease.

In line with the findings across age groups, expected lifetime benefit from lifestyle 
interventions decreased in higher deciles of 10-year risk (Figure S7). Patients in the 
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highest lifetime risk decile had the largest lifetime benefit from lifestyle interventions 
(e.g. 5.5 years, 95%CI 5.3-5.6 from a combined Mediterranean diet and physical activity 
intervention).

Lifestyle interventions in combination with other STEP 1 goals
Figure 2 show the expected lifetime benefit from lifestyle interventions in patients 
who also achieve the other STEP1 prevention treatment goals as specified in the ESC 
Prevention of CVD guidelines (i.e. non-smoking, LDL-cholesterol and systolic blood 
pressure below target levels, and use of antithrombotic medications). The total lifetime 
benefit from achieving all STEP1 risk factor goals, including healthy diet and physical 
activity, was 7.4 [IQR 5.3-9.7] CVD-free life years. The absolute added benefit from 
Mediterranean diet and physical activity was slightly smaller when all other STEP1 goals 
were already achieved. Similar to the main analysis, the largest benefits from healthy 
diet and physical activity were observed for the youngest age groups, for a combined 
Mediterranean diet and physical activity intervention (6.1 CVD free life-years).

Sensitivity analyses
Figure 3 shows the distributions of mean lifetime benefit from 
lifestyle interventions after 10,000 Monte Carlo simulations. 
This analysis shows the distribution in the mean lifetime benefit 
for Mediterranean diet (median 1.9 CVD-free life years, 95%CI 
0.1-3.8), physical activity (3.7, 95%CI 2.2-5.4) and combined 
intervention (5.8, 95%CI 3.4-7.8). The median lifetime benefit from a Mediterranean 
diet intervention exceeded one, two, and five years in 82%, 45% and 1% of simulations. 
These percentages were higher for physical activity (99% above 1 year, 98% above 2 
years, and 6% above 5 years) and the combined intervention (100%, 100% and 77%, 
respectively).

The distributions of predicted 10-year and lifetime CVD risk and ARRs from lifestyle 
interventions in a subgroup of 10,749 patients with CAD were similar to the main 
analysis (Table S3). Figure S8 shows the impact of including an effect of lifestyle 
interventions on the competing endpoint (death of non-cardiovascular causes) into the 
model. The impact is shown for potential HRs between 0.5 and 1.5. Increasing numbers 
of CVD-free life years are predicted for a decreasing HR for non-CVD mortality. For 
example, when an HR 0.80 on non-CVD death is assumed for both the Mediterranean 
diet and physical activity, the median lifetime benefit from a Mediterranean diet would 
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be 2.3 CVD-free life years, 3.3 from physical activity and 6.3 from both. An online 
tool is available to estimate the mean 10-year ARR, lifetime ARR and lifetime benefit 
with different input parameters for the treatment effects of Mediterranean diet and 
physical activity on cardiovascular event risk and on non-cardiovascular mortality risk.

FIGURE 2  Lifetime benefit from combined achievement of all ESC Prevention Guidelines STEP1 goals
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STEP1

Expected life years gained with initiation of a Mediterranean diet, physical activity or both for different 
ages at initiation of lifestyle change in the hypothetical scenario of all patients reaching all other STEP1 
treatment targets as described in the 2021 ESC Prevention of Cardiovascular Disease Guidelines 
(stop smoking, LDL-cholesterol < 1.8 mmol/l and >50% reduction, systolic blood pressure 130-140 
mmHg and use of antithrombotic therapy).
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FIGURE 3  Distribution of median lifetime benefit in 10,000 Monte Carlo simulations
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Physical activity (B) or both (C). In each Monte Carlo simulation, a hazard ratio for the effect 
of a Mediterranean diet and physical activity is drawn from a log-normal for these treatment 
effects and lifetime benefit from Mediterranean diet, physical activity or both was calculated. 
CVD = cardiovascular disease, 95%CI = 95% confidence interval
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DISCUSSION

This study is the first to quantify the potential lifetime benefits from interventions 
targeted at a Mediterranean diet and physical activity in secondary CVD prevention. 
Treatment effect estimates were combined with the validated and competing-risk 
adjusted SMART-REACH model, and then applied to two large cohorts of patients 
with different manifestations of established CVD, comprising over 13,000 patients. 
Our findings reveal the substantial potential of diet and physical activity interventions 
in lowering both 10-year and lifetime risk of CVD events. On average, almost six years 
CVD-free life years could be gained from initiating these interventions on top of 
current treatment, even in patients already reaching all other STEP1 treatment targets 
as described in the 2021 ESC Prevention of CVD guidelines.

The most significant benefits from a Mediterranean diet and physical activity intervention 
were predicted for younger patients and patients within the highest lifetime CVD risk. 
Younger patients have a longer life expectancy and therefore stand to gain more from 
lifestyle intervention. However, even in patients aged 75 years or older, the mean 
predicted combined diet and physical activity benefit was still 1.8 CVD-free life years, 
under the assumption that treatment benefits manifest quickly after the intervention 
is initiated. Patients with established CVD generally have a very high lifetime risk of 
recurrent CVD events, which explains why the largest benefits were observed in these 
patients.

The uncertainty around the effect estimates for physical activity and especially the 
Mediterranean diet was broad which led to a wide distribution of lifetime benefit 
from lifestyle interventions. However, beneficial effects were consistently observed in 
the Monte Carlo simulations, with a mean benefit from a combined diet and physical 
activity of almost six CVD-free life years (5.8, 95%CI 3.4-7.8). Furthermore, these 
models assume lifelong adherence to the interventions, which is likely difficult to 
achieve. Future research, especially long-term cardiovascular outcome trials, are 
needed to provide a more precise estimate of lifetime treatment benefits. A 2019 
Cochrane systematic review previously advocated for additional research on dietary 
interventions in secondary CVD prevention26 and for physical activity where there is 
no long-term RCT in secondary prevention available.

10
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In the main analyses, it is assumed that Mediterranean diet and physical activity had 
no effect on the competing non-cardiovascular death endpoint, because no valid HR 
was available for this endpoint in populations with established CVD. Nevertheless, 
both nutrition and physical activity are generally associated with multiple health 
benefits and reduced risk of various outcomes.27–29 Therefore, our main results may 
underestimate the actual potential benefit from these lifestyle interventions on overall 
lifetime benefit. In a sensitivity analysis where a range of potential effect estimates 
for non-CVD mortality were included, we observed that lifetime benefit in CVD-free 
life years increased even further when a protective effect on non-CVD death was 
assumed.

One previous model assessed the lifetime benefit from sustained adherence to healthy 
dietary habits in the general population.13 In this study, up to 13 additional life years 
were predicted when an optimal diet was initiated at an age of 20 years. Similar to 
our study, the authors of this model concluded that lifetime benefit is larger when a 
healthy diet is initiated at a younger age. For patients aged 60 years, the expected gain 
in life expectancy was approximately 8 years, which still exceeds the predictions in 
the present study (approximately 2 years with either a Mediterranean diet or physical 
activity and 4 years with both). These differences may be explained by differences 
in study endpoints (overall life expectancy vs. CVD-free life expectancy) or by the 
fact that the effect estimate in the general-population study was calculated by 
combining 14 HRs for different dietary components, without adjustment for possible 
interrelatedness.

The magnitude of lifetime benefit that can be considered relevant, depends on 
several factors such as patient believes and preferences, risk of side effects, 
physician preference, costs of the intervention and costs and benefit of alternative 
interventions. For example, the predicted benefits from the Mediterranean diet and 
physical activity intervention in the current study are comparable with lifetime benefits 
from pharmacological interventions, such as proprotein convertase subtilisin/kexin 
type 9 (PCSK9) inhibition.30 Combining lifestyle interventions with guideline-directed 
pharmacological interventions, such as the STEP1 recommendations from the ESC 
Prevention Guidelines, can yield substantial and clinically relevant benefits.
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Strengths and limitations
The SMART-REACH model previously showed good performance in external 
validation.24 This model uses predictors that are available in routine clinical practice 
which facilitates implementation in routine patient care. Contrary to many CVD 
prediction models, SMART-REACH is adjusted for competing risks which improves 
accuracy of absolute risk predictions by limiting overestimation.31 Finally, the estimates 
for treatment benefit in this study are presented as ARR and CVD-free life years. 
Presenting benefit in terms of additional disease-free survival may aid the discussion 
on lifestyle choices with CVD patients.

Study limitations need to be considered. The presented benefits from diet and physical 
activity interventions in this study heavily rely on the validity of the HRs that were 
obtained from existing literature. The CORDIOPREV trial is one of the few long-term 
cardiovascular outcome trials in CVD patients and the only one performed in the 
last decade. However, the CORDIOPREV trial compared a Mediterranean diet to a 
low-fat diet instead of usual diet. As a result, the HR used in this analysis could be an 
underestimation or an overestimation of the effect in a stable CVD population that 
does not currently receive active dietary guidance. For physical activity, no long-term 
cardiovascular outcome trial is available and instead, the effect estimate for physical 
activity was based on a meta-analysis of nine prospective cohort studies comprising 
over 33,000 patients that observationally assessed the relationship of increased 
physical activity with cardiovascular outcomes.8 Observational studies are subject 
to biases such as residual confounding and misclassification of lifestyle behaviours 
which may have led to an overestimation of the treatment effect for physical activity. 
Assumptions were made regarding the stability of treatment effects over 30 years, 
as the effects were based on long-term studies. Furthermore, it is unclear if patients 
would be able to comply with the intervention for the rest of their life, although 
the CORDIOPREV reported that only 1 in 8 patients was no longer compliant with 
the intervention at the end of the 7-year trial.4 Success of the Mediterranean diet 
intervention would also depend on the acceptability of such a diet as previous studies 
have reported that adherence to a Mediterranean diet is lower in non-Mediterranean 
countries.32 It was assumed that effects of a Mediterranean diet and physical activity 
were independent, which may lead to an overestimation of the total treatment effect. 
However, in the CORDIOPREV trial, the benefits of a Mediterranean diet remained 
robust after adjustment for physical activity.4 Furthermore, treatment effects used in 
this study were extrapolated to CeVD and PAD patients, although they were based 

10
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on studies in CAD patients only, because no studies in CeVD or PAD patients have 
been performed.

CONCLUSION

Treatment with a Mediterranean diet, physical activity or the combination has the 
potential to substantially increase CVD-free survival among patients with established 
CVD receiving optimal pharmacological treatment. This study presents a tool to 
estimate personalized 10-year and lifetime benefits from these interventions given a 
patient’s cardiovascular risk factors. This individualized prediction tool can be used to 
improve lifestyle counselling in clinical care for patients with established CVD.
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SUPPLEMENTAL MATERIAL

TABLE S1  Definitions of established CVD in the UCC-SMART and Alpha Omega cohorts

CVD manifestation Definition in
UCC-SMART

Definition in
Alpha-Omega cohort

Established CVD

Coronary artery disease, 
cerebrovascular disease and/or 

peripheral artery disease as defined 
below upon inclusion in the cohort.

Coronary artery disease, 
cerebrovascular disease and/or 

peripheral artery disease as defined 
below upon inclusion in the cohort.

Coronary artery 
disease

History of myocardial infarction 
(STEMI, nSTEMI), coronary 

syndrome requiring PCI or CABG.

Verified clinical diagnosis of 
myocardial infarction within 10 years 

before inclusion in the study.

Cerebrovascular 
disease

History of transient ischemic attack, 
cerebral infarction, subarachnoid 

haemorrhage, carotid artery stenosis 
or ischemic retinal syndrome.

Self-reported stroke or CVA

Peripheral artery 
disease

Renal artery stenosis, peripheral 
arterial disease Fontaine 
classification II or higher.

Self-reported claudicatio 
intermittens or treatment for 

peripheral arterial disease, including 
angioplasty or bypass surgery, 

amputation or medication.

Chronic heart failure Not available Self-reported heart failure

CVD = cardiovascular disease, UCC-SMART = Utrecht Cardiovascular Cohort-Second Manifestations 
of Arterial Disease, AOC: Alpha Omega cohort
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TABLE S2  Treatment effects used for calculating lifetime benefit from STEP1 cardiovascular prevention 
interventions

ESC prevention guidelines STEP 1 treatment target Treatment effect*
Hazard ratio

Reference

Smoking
Stop smoking

CVD events: 0.60
Non-CVD mortality†: 0.73

1

2

Healthy diet
Mediterranean diet

0.72 3

Physical activity
At least 150-300 min/wk of moderate intensity or 
75-150 min/wk of vigorous activity

0.63 4

LDL-cholesterol
≥ 50% reduction and < 1.8 mmol/l

0.78
per 1.0 mmol/l decrease

5

Systolic blood pressure
< 140 mmHg, to 130 mmHg if tolerated

0.80
per 10 mmHg decrease

6

Antithrombotic therapy
Use of antithrombotic therapy

Assumption: SoC is provided 
(aspirin or equivalent), no 

additional treatment effect

STEP 1 treatment targets for patients with established cardiovascular disease as recommended in 
the ESC guidelines for prevention of cardiovascular disease.7 * Treatment effects are applied when a 
patient is not currently on the therapy/treatment target. † Smoking cessation has been shown to not 
only reduce risk of cardiovascular events, but also of the competing endpoint in the SMART-REACH 
model, death of non-cardiovascular events. CVD = cardiovascular disease, SoC = standard of care, 
ESC = European Society of Cardiology

10

Nadia_Binnenwerk_V3.indd   393Nadia_Binnenwerk_V3.indd   393 22-02-2024   08:3422-02-2024   08:34



394

CHAPTER 10

TABLE S3  Sensitivity analysis in patients with CAD

Lifestyle intervention

Current MED diet Exercise MED diet + Exercise

10-year risk

Estimated 10-year risk, % 40 ±11 31 ±10 33 ±11 23 ±10

Absolute risk reduction, % Reference 8.4 [7.1-9.5] 0 [0-12.0] 10.0 [8.2-18.4]

Lifetime risk

Estimated lifetime risk, % 68 ±9.5 58 ±10 61 ±10 51 ±11

Absolute risk reduction, % Reference 9.5 [8.7-10.0] 0 [0-13.9] 10.5 [9.5-23.2]

Lifetime benefit

CVD-free life expectancy, y 76 [73-80] 78 [75-81] 77 [74-81] 80 [76-82]

Lifetime treatment benefit, y Reference 1.8 [1.4-2.4] 0 [0-2.7] 2.7 [1.7-4.5]

Expected 10-year and lifetime risk of cardiovascular events and expected CVD-free survival calculated 
using the original SMART-REACH model and on the SMART-REACH model with additional treatment 
effects for initiation of a Mediterranean diet and exercise. MED diet: Mediterranean diet, ARR: 
Absolute risk reduction, CVD: cardiovascular disease, NA: not applicable.
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FIGURE S1  Distribution of Mediterranean Diet Adherence Screener (MEDAS) scores in the UCC-
SMART and AOC studies
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Distribution of the MEDAS scores in the UCC-SMART and Alpha Omega cohorts and comparison 
to the achieved MEDAS scores at the end of the CORDIOPREV intervention study. The blue bar 
represents the mean MEDAS score after 7 years in the low-fat arm of the trial and the green bar 
represents the mean MEDAS score achieved by participants in CORDIOPREV’s Mediterranean 
diet arm. MEDAS scores for the CORDIOPREV trial were obtained from Delgado-Lista et al.3 UCC-
SMART = Utrecht-Cardiovascular Cohort – Secondary Manifestations of Cardiovascular disease, 
AOC = Alpha-Omega cohort, MedDiet = Mediterranean diet.
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FIGURE S2  Distribution of 10-year cardiovascular risk with and without lifestyle interventions

Distribution of 10-year risk with current treatment and with a Mediterranean diet intervention, physical 
activity intervention or both. UCC-SMART = Utrecht-Cardiovascular Cohort – Secondary Manifestations 
of Cardiovascular disease, AOC = Alpha-Omega cohort, MedDiet = Mediterranean diet.
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FIGURE S3  Distribution of lifetime cardiovascular risk with and without lifestyle interventions

Distribution of lifetime risk with current treatment and with a Mediterranean diet intervention, physical 
activity intervention or both. UCC-SMART = Utrecht-Cardiovascular Cohort – Secondary Manifestations 
of Cardiovascular disease, AOC = Alpha-Omega cohort, MedDiet = Mediterranean diet.
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FIGURE S4  Distribution of current life expectancy and predicted lifetime benefit from lifestyle 
interventions

Distribution of life expectancy with current treatment and predicted lifetime benefit in cardiovascular 
disease-free life years with a Mediterranean diet intervention, physical activity intervention or both. 
UCC-SMART = Utrecht-Cardiovascular Cohort – Secondary Manifestations of Cardiovascular disease, 
AOC = Alpha-Omega cohort, MedDiet = Mediterranean diet, CVD = cardiovascular disease
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FIGURE S5  10-year absolute cardiovascular risk reduction from Mediterranean diet, physical activity 
or both across age groups
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Absolute risk reduction in 10-year risk of cardiovascular event achieved through initiation of a 
Mediterranean diet, physical activity or both for different ages at initiation of lifestyle. Combined analysis 
in the UCC-SMART and AOC studies (N = 13,331). CVD: cardiovascular disease. ARR = Absolute risk 
reduction 10
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FIGURE S6  Lifetime absolute cardiovascular risk reduction from Mediterranean diet, physical activity 
or both.
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Absolute risk reduction in lifetime risk of cardiovascular event achieved through initiation of a 
Mediterranean diet, physical activity or both for different ages at initiation of lifestyle. Combined analysis 
in the UCC-SMART and AOC studies (N = 13,331). CVD: cardiovascular disease. ARR = Absolute risk 
reduction
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FIGURE S7  Lifetime benefit from Mediterranean diet and physical activity across deciles of predicted 
10-year and lifetime risk
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Distribution of lifetime benefit achieved with Mediterranean diet, physical activity or both across 
deciles of predicted 10-year CVD risk (A-C) and across deciles of predicted lifetime risk (D-F). Error 
bars represent the 95% confidence interval for the mean benefit in each group. combined analysis 
in the UCC-SMART and AOC studies. UCC-SMART = Utrecht-Cardiovascular Cohort – Secondary 
Manifestations of Cardiovascular disease, AOC = Alpha Omega cohort.
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FIGURE S8  Accounting for effect of lifestyle interventions on competing endpoint (non-CVD death)
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ABSTRACT

Aims
The efficacy of a healthy lifestyle in secondary prevention of cardiovascular disease 
(CVD) is well established and a first-line recommendation in CVD prevention guidelines. 
The aim of this study was to assess if they are also cost-effective in patients with 
established CVD.

Methods
A cost-utility analysis (CUA) was performed comparing a combined Mediterranean 
diet and physical activity intervention to usual care in CVD patients. The CUA had a 
healthcare perspective and lifetime horizon. Costs and utilities were estimated using a 
microsimulation on a cohort of 100,000 CVD patients sampled from the UCC-SMART 
study. Cost-effectiveness was expressed as incremental cost-effectiveness ratio (ICER), 
incremental net health benefit (INHB) and incremental net monetary benefit (INMB).

Results
Mediterranean diet and physical activity yielded 2.0 incremental quality-adjusted life 
years (QALYs) and cost reductions of €1,236 per person compared to usual care, 
resulting in an ICER of €-626/QALY (95%CI -1,929 to 2,673). At a willingness-to-pay 
of €20,000/QALY, INHB was 2.04 (95%CI 0.99-3.58) QALY and INMB was €40,757 
(95%CI 19,819-71,605). The interventions remained cost-effective in a wide range of 
sensitivity analyses, including worst-case scenarios and scenarios with reimbursement 
for food and sports costs.

Conclusion
In patients with established CVD, a combined Mediterranean diet and physical activity 
intervention was cost-saving and highly cost-effective compared to usual care. These 
findings strongly advocate for the incorporation of lifestyle interventions as integral 
components of care for all CVD patients.
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LAY SUMMARY

Lifestyle optimization, including physical activity and healthy diet, is a central 
recommendation for preventing recurrent cardiovascular events. In this study, we 
assessed if improving physical activity habits and adherence to a heart-healthy 
Mediterranean diet would also be a cost-effective option. The results were 
remarkable - following the Mediterranean diet and engaging in physical activity 
was expected an increase of 2.0 quality-adjusted life years (QALYs, equal to a life 
year in perfect health) and cost savings. This means that lifestyle optimization in 
secondary CVD prevention improves population health, while reducing overall 
health care costs. These findings underscore the importance of implementing 
lifestyle changes in the care for all individuals with CVD. A health lifestyle is not 
only effective in improving health but also a prudent financial decision.

Key messages
•	 A combined Mediterranean diet and physical activity intervention is expected 

to result in two additional QALYs and three addiotional life years free of 
recurrent cardiovascular events per patient with with established CVD

•	 Targeting a healthy lifestyle is expected to lead to costs savings compared 
to usual care, due to the low costs of the intervention and the high efficacy 
in preventing recurrent cardiovascular events.

Lifestyle optimization in secondary CVD prevention was shown to result in a 
dominant  incremental cost-effectiveness ratio (ICER) of €-626/QALY, which 
strongly advocates for healthy policy targeted at implementing lifestyle 
interventions in regular care for CVD patients.

11
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INTRODUCTION

Patients with established cardiovascular disease (CVD) are at a high recurrent CVD risk.1 
Adopting a healthy diet and sufficient physical activity are first-line recommendations 
for clinical management of these patients, alongside lipid- and blood pressure-
lowering and antithrombotic therapy.1,2 The recent CORDIOPREV trial showed that 
a Mediterranean diet (rich in olive oil, fish, nuts, fruits, and vegetables) was superior 
to a low-fat diet in secondary CVD prevention and resulted in 28% CVD event risk 
reduction,3 adding to a body of evidence of Mediterranean-style diets’ effectiveness in 
observational cohort studies,4 and randomized controlled trials (RCTs), in both primary5 
and secondary CVD prevention.6,7

In contrast with diet, there are no long-term RCTs on the effect of physical activity 
interventions on (recurrent) CVD events. However, in observational studies, higher 
physical activity levels have consistently been linked to a lower risk of cardiovascular 
events.8,9 A meta-analysis of nine prospective cohorts assessing change in physical 
activity over time showed that initiating an active lifestyle was associated with a 
45% relative risk reduction compared with a persistently inactive lifestyle.9 Combining 
lifestyle interventions in secondary CVD prevention has been shown to attenuate 
cardiovascular risk factors and recurrent CVD events risk by up to 48%.10

In light of increasing healthcare costs,11 policymakers are faced with the challenge to 
find cost-effective, or even cost-saving, treatment options to enhance health outcomes 
and optimize allocation of limited financial resources. Lifestyle interventions offer 
promising opportunities, due to the low costs of the interventions and the (often costly) 
medical events prevented.12–14 However, previous cost-utility analyses (CUA) often 
did not employ a lifetime perspective or are based on older RCTs which complicates 
application to current practice and policymaking.

The aim of this study was to assess cost-effectiveness of a combined Mediterranean 
diet and physical activity intervention compared with usual care in patients with 
established CVD from a healthcare perspective.
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METHODS

Study population
The Utrecht Cardiovascular Cohort – Secondary Manifestations of ARTerial disease 
(UCC-SMART) study is an ongoing, prospective cohort study. For the current study, data 
was used from 8,947 patients aged 45 or older with established CAD, cerebrovascular 
disease (CeVD), and/or peripheral artery disease (PAD) included between December 
1996 and February 2023. All participants provided written informed consent. Details 
on the cohort design have been published previously.15 To ensure stability of the CUA, 
an analysis cohort of 100,000 patients with established CVD was created by sampling 
these 8,947 patients with replacement.

Diet and physical activity interventions
The Mediterranean diet intervention was based on the CORDIOPREV trial,3 which 
compared Mediterranean to low-fat diet in patients with CAD. After seven years 
follow-up, recurrent CVD risk was 28% lower (hazard ratio (HR) 0.72 (95%CI 0.54-
0.96)) in the Mediterranean diet group.3 For this CUA, an a Mediterranean-style 
diet intervention was modelled according to the CORDIOPREV, which included two 
face-to-face and four group sessions with a dietitian, and six telephone calls with 
a healthcare provider yearly. The costs for provision of olive oil were included. It 
was assumed that none of the UCC-SMART participants already complied with a 
Mediterranean-style diet.

No long-term RCTs on physical activity interventions are available in patients with 
established CVD. Therefore, the physical activity treatment effect used in this CUA 
was based on a 2022 meta-analysis assessing change in physical activity levels that 
reported a pooled HR of 0.55 (95%CI 0.44-0.70) for CVD events with increased 
physical activity.9 The actual physical activity intervention was modelled on an 
intervention that effectively improved physical activity levels in a Dutch healthcare 
setting,16 and consisted of 12 consultations with a general practitioner and five group 
sessions with a physical therapist. It was assumed patients would meet guideline-
recommended physical activity levels after this intervention. International CVD 
prevention guidelines recommend at least 150 moderate-intensity or 75 minutes of 
vigorous-intensity physical activity per week, i.e. at least 7.5 Metabolic equivalent of 
task (MET) hours per week. The HR for increased physical activity was only applied 
to patients that were previously inactive (i.e. self-reported physical activity level <7.5 

11
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METh/wk). Usual care was defined as the treatments that patients received upon 
inclusion.

Cost-utility analysis
A CUA from a healthcare perspective with a lifetime horizon was performed in 
accordance with Dutch guidelines (Table 1, Figure 1).17,18 Details on the CUA design 
and model inputs are described in the Supplemental Methods and Tables S1-S5.

TABLE 1  Cost-utility analysis characteristics

Model parameters

Type Cost-utility analysis

Perspective Healthcare perspective

Population Patients with established CVD

Time horizon Lifetime

Intervention Mediterranean diet and physical activity intervention

Comparator Care as usual, no intervention on diet or physical activity

Discount rate (/yr) Costs: 4.0% , Utilities: 1.5%

Outcome
ICER: incremental cost-effectivenes ratio

INHB: Incremental net health benefit
INMB: incremental net monetary benefit

CVD: cardiovascular disease

In short, costs for the lifestyle intervention, for chronic care for CVD patients, for 
management of (cardiovascular) events and for care related to dying were included. 
Indirect patients costs and productivity loss were not included. Costs were converted 
to Euros and indexed to January 2022. A utility value (i.e. indicator for quality of life) 
was assigned to each chronic health state. Disutilities (i.e. utility penalties for factors 
that lower quality of life) were included for increasing age, female sex and for CVD 
events (Table S5). Utility values were used to calculate patients’ QALYs by multiplying 
time in a health state with the utility value of that health state. Costs were discounted 
at an annual rate of 4% and utility was discounted at an annual rate of 1.5%. The main 
outcome was the incremental cost-effectiveness ratio (ICER). Incremental net health 
benefit (INHB) and incremental net monetary benefit (INMB) were calculated for WTPs 
of €20,000/QALY and €50,000/QALY.19,20 A microsimulation model with 1-year cycles 
was used to estimate life expectancy, QALYs and costs, both under usual care and 
with addition of the lifestyle intervention.
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The probability of cost-effectiveness at different WTPs was estimated in a probabilistic 
sensitivity analysis. The microsimulation was repeated 1,000 times in a Monte-Carlo 
simulation with all input parameters randomly drawn from a suitable distribution for 
each iteration. Event rates, utilities and disutilities were drawn from a beta distribution, 
costs from a gamma distribution and HRs from a log-normal distribution.

FIGURE 1  Health states

Events

Health states

Revascularization

Myocardial infarction

Stroke

Major adverse limb event

Hospitalization for heart failure

Death

Coronary artery disease

Cerebrovascular disease

Peripheral artery disease

Chronic heart failure

Coronary artery disease

Cerebrovascular disease

Peripheral artery disease

Chronic heart failure

Back to original health state

Schematic representation of the microsimulation model. The model was run with a lifetime perspective 
and 1-year time intervals. Patients’ initial health state was based on their medical history. In each 
interval patients were at risk for death or a cardiovascular event. In the next interval they would 
transfer to the associated health state or remain in the previous health state if that was associated 
with lower utility.

Sensitivity and scenario analyses
Scenario analyses were performed to assess the impact of model assumptions on 
the outcomes of the CUA. These included a worst-and best-case scenario, univariate 
sensitivity analyses, and discounting as recommended by the British National Institute 
for Health and Clinical Excellence (NICE, annual rate 3.5% for both costs and health 
effects).21

The CUA was repeated in subgroups based on age (<50, 50-75, and ≥75 years), and on 
CVD type (CAD, CeVD or PAD). Scenarios with different degrees of reimbursement 
for food and sports costs were assessed, including no reimbursement for any of 
these costs, reimbursement of incremental costs for a Mediterranean compared with 

11
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a Western-style diet (€3.82/day), reimbursement of all food costs (€10.89/day) and 
reimbursement of sports club membership (€47/month, Supplemental Methods, Table 
S4). To evaluate the impact of non-compliance, sensitivity analyses were conducted 
with the probability of being compliant with the lifestyle intervention ranging from 0 
to 100%. It was assumed that intervention costs would still be incurred.

Previous studies have shown that benefit-based initiation of preventive treatment is 
cost-effective.22 In a sensitivity analysis, the expected lifetime benefit from lifestyle 
interventions was calculated by combining the externally validated, competing-risk 
adjusted SMART-REACH model23 with the treatment effects for Mediterranean 
diet and physical activity. The cost-utility outcomes were calculated for scenarios 
where a lifetime benefit threshold of 1, 2, 3, 4 and 5 CVD-free life years gained from 
the combined lifestyle intervention was used before it was assigned to a patient. 
Finally, cost-effectiveness was estimated for scenarios where treatment effects of 
Mediterranean diet and physical activity decreased over time. Relative decreases by 
1%, 5% and 10% compared to the previous year were assessed.

RESULTS

Baseline characteristics
The mean age of 8,947 CVD patients was 62 ±8.7 years and 74% (N = 6,621) was 
male (Table 2). Most patients had a history of CAD (N = 5,912, 66%). Seventy-three 
percent of the population was treated with lipid-lowering therapy and 78% with blood 
pressure-lowering medications. Dietary intake data was available for 2,227 participants 
and the median Mediterranean diet score in this group was 3.0 [IQR 2.0-4.0] (Figure 
S1). Only 2,694 (30%) had physical activity levels that were guideline-compliant. Patient 
characteristics were similar for the 100,000-patient cohort used in the microsimulation 
(Table S6).
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TABLE 2  Patient characteristics

UCC-SMART cohort
N = 8947

Age, year 62 ±8.7

Male sex 6,621 (74)

Coronary artery disease 5,912 (66)

Cerebrovascular disease 2,607 (29)

Peripheral arterial disease 1,550 (17)

Diabetes 1,630 (18)

Smoking

Never 2,091 (23)

Former 4,422 (49)

Current 2,434 (27)

Exercise

No exercise 5,454 (61)

≥ 7.5 METh/wk 2,694 (30)

Among exercisers, METh/wk 14 [8-24]

Dietary intake*

Daily energy intake, kcal/day 1,906 [1,449-2,386]

MEDAS score (out of max. 14)
3 [2-4]

Range: 0 to 10

MEDAS score > 5 222 (11)

Body mass index, kg/m2 27 ±4.6

Systolic blood pressure, mmHg 139 ±21

Diastolic blood pressure, mmHg 81 ±11

Total cholesterol, mmol/l 4.5 [3.8-5.4]

HDL-cholesterol, mmol/l 1.2 [1.0-1.4]

LDL-cholesterol, mmol/l 2.5 [2.0-3.3]

Triglycerides, mmol/l 1.4 [1.0-2.0]

eGFR†, ml/min/1.73m2 78 [66-90]

Lipid-lowering medication 6,564 (73)

Blood pressure-lowering medication 7,018 (78)

Antiplatelets 7,229 (81)

Baseline characteristics of participants of the UCC-SMART cohort. Data are presented as number 
(percentage), mean ± standard deviation or median [interquartile range] unless otherwise indicated. 
UCC-SMART = Utrecht Cardiovascular Cohort-Secondary Manifestations of ARTerial disease, 
MEDAS: Mediterranean diet adherence screener, HDL = high-density lipoprotein, LDL = low-density 
lipoprotein, eGFR = estimated glomerular filtration rate. * Data on dietary intake was available for 
2,227 participants. † Estimated using CKD-EPI creatinine formula

11
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Effectiveness and cost-effectiveness of lifestyle interventions
Over a 10-year period, the mean number of CVD events per patient was 0.4 (95%CI 
0.3-0.4) under usual care and 0.2 (95%CI 0.1-0.3) with initiation of the Mediterranean 
diet and physical activity (Table 3, Figure 2). Predicted life expectancy free of a recurrent 
CVD event was 7.8 (95%CI 7.1-8.5) years with usual care and 11.1 (95%CI 9.4-14) years 
with the lifestyle interventions (3.3 CVD-free life years increment, 95%CI 1.7-6.1). 
On average 2.0 (95%CI 1.1-3.4) QALYs were gained with the lifestyle intervention. 
Costs for usual care were €82,107 (95%CI 68,866-87,761) per person with usual care, 
and €80,870 (95%CI 69,523-86,023) per person with the lifestyle intervention. On 
average, the combined Mediterranean and physical activity intervention resulted in 
€1,236 cost savings.

TABLE 3  Costs, effects and cost-effectiveness of usual care and the combined lifestyle intervention

Usual care Lifestyle intervention
Per patient Per patient

Effectiveness
Cardiovascular events

10-year, N 0.4 (0.3, 0.4) 0.2 (0.1, 0.3)

Lifetime, N 2.1 (1.7, 2.1) 1.9 (1.4, 1.9)

Survival time

CVD-free life years 7.8 (7.1, 8.5) 11.1 (9.4, 14)

Incremental Reference + 3.3 (1.7, 6.1)

QALY 10.1 (9.9, 11.4) 12.1 (11.6, 14.3)

Incremental Reference + 2.0 (1.1, 3.4)

Costs
Total costs € 82,107 (68,866, 87,761) € 80,870 (69,523, 86,023)

Incremental Reference € -1,236 (-5,205, 3,651)

Cost-effectiveness
ICER, €/QALY Reference € -626 (-1,929, 2,673)

WTP €20,000/QALY

INHB, QALY Reference 2.04 (0.99, 3.58)

INMB, € Reference € 40,757 (19,819, 71,605)

WTP €50,000/QALY

INHB, QALY Reference 2.00 (1.07, 3.47)

INMB, € Reference € 100,037 (53,426, 173,712)

95% confidence intervals were estimated from the probabilistic sensitivity analysis, using the 
percentile method. CVD: cardiovascular disease, QALY: quality-adjusted life year, ICER: incremental 
cost-effectiveness ratio, INHB: incremental net health benefits, INMB: incremental net monetary 
benefit, WTP: willingness to pay.
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FIGURE 2  Probabilistic sensitivity analysis
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Results from 1,000 iterations of the probabilistic sensitivity analysis. Panel A depicts the cost-
effectiveness plane where incremental costs in each iteration are plotted against incremental 
utility. Panel B presents the cost-effectiveness acceptability curve and shows the probability of the 
Mediterranean diet and physical activity intervention being cost-effective depending on willingness 
to pay for an additional QALY. QALY: Quality-adjusted life year, WTP: willingness to pay.

The lifestyle intervention was cost-effective compared with usual care with an ICER 
of €-626 (95%CI -1,929; 2,673)/QALY. For a WTP of €20,000/QALY, the INHB was 
2.04 (95%CI 0.99-3.58) QALY and the INMB was €40,757 (95%CI 19,819-71,605). For 
a WTP of €50,000/QALY, INHB was 2.00 (95%CI 1.07-3.47) QALY and INMB was 
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€100,037 (95%CI 53,426-173,712). Estimated ICERs in the probabilistic sensitivity 
analysis ranged between €-3,823 and €8,863/QALY. There was an 83% probability 
of a dominant ICER (i.e. gains in QALYs at reduced costs, Figure 3).

Scenario and sensitivity analyses
Univariate sensitivity analyses indicated that the analysis was most sensitive for 
uncertainty in the treatment effects for Mediterranean diet and physical activity (Figure 
3A). The ICER was estimated at €5,280/QALY and the INMB at €9,489 when the HR 
for Mediterranean diet and physical activity were set at the upper, least effective limit 
of their 95%CI (0.96 and 0.78 respectively). Putting both HRs at the lower limit of 
their confidence interval (0.54 for Mediterranean diet and 0.51 for physical activity) 
resulted in an ICER of €-1,544/QALY and an INMB of €70,911. A higher CVD event 
rate or a lower case-fatality rate resulted in a more favourable ICER. The CUA was 
relatively insensitive to uncertainty in the input values for costs and utility (Figure 3C, 
Figure S2, Table S7).

Assuming an adherence rate of 25%, the ICER was €8,500/QALY. The ICER exceeded 
€20,000/QALY from an adherence rate below 13% and €50,000/QALY when the 
adherence rate dropped below 7% (Figure 3B). With reimbursement of incremental 
Mediterranean diet costs, the ICER was estimated at €9,627/QALY and at €30,466/
QALY for full reimbursement of all Mediterranean diet costs (Figure 3C). When gym 
costs were reimbursed, the ICER increased to €5,200/QALY. If both diet and sports 
costs were fully reimbursed, the ICER would amount to €36,023/QALY.

The lifestyle intervention was most cost-effective in patients aged <50 years (INHB 
at €20,000 threshold 2.17 QALY) and least cost-effective in patients aged >75 years 
(INHB 1.97). Compared with CAD and PAD patients, treatment with Mediterranean 
diet and physical activity was most cost-effective in CeVD patients (INHB 2.07 QALY 
vs 1.98 and 2.05 QALY respectively, Figure S3/Table S7). The ICER, INHB and INMB 
were similar across a range of lifetime benefit thresholds for treatment initiation (Figure 
S4, Table S7).

In a scenario where lifestyle treatment effects reduced by 10% per year since 
treatment, the combined lifestyle intervention remained cost-effective. The ICER for 
this scenario was €5,122/QALY and the expected INHB at a €20,000/QALY WTP 
threshold was 0.44 QALY (Figure S5, Table S7).
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FIGURE 3  Scenario and sensitivity analyses
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 Scenario and sensitivity analyses. Panel A presents the results of a univariate sensitivity 
analysis. Panel B presents the expected ICER for different adherence rates. Panel C shows the 
impact of reimbursing food costs and exercise costs on the ICER. In the base case analysis, the 
Mediterranean diet intervention includes provision of extra-virgin olive oil. This plot presents the 
ICER for scenarios where the costs for a Mediterranean diet and physical activity are reimbursed 
to different degrees: no costs reimbursed, additional costs for Mediterranean diet compared with 
Western-style diet (€ 3.82/day) reimbursed, full costs for the Mediterranean diet (€ 10.89 /day) 
reimbursed and membership costs for a sports club (€ 47/month) reimbursed. The final two scenarios 
show combinations of reimbursement for Mediterranean diet and physical activity costs. ICER: 
Incremental cost-effectiveness ratio, QALY: Quality-adjusted life year, MD: Mediterranean diet, PA: 
physical activity.

DISCUSSION

This CUA assessed a combined Mediterranean diet and physical activity intervention 
in secondary CVD prevention, and showed that it is highly cost-effective. Initiation of 
this lifestyle intervention increased CVD-free life expectancy by more than three years 
and yielded two additional QALYs per person while reducing overall healthcare costs. 
As such, the ICER was dominant at €-626/QALY (95%CI -1,929; 2,673), and even in a 
wide range of sensitivity analyses, including low adherence rates and higher costs, it 
remained well below international WTP thresholds.

The combined lifestyle intervention for patients with established CVD remained 
highly cost-effective in extensive scenario and sensitivity analyses and was robust 
to assumptions made in the CUA. Potential explanations for the highly cost-effective 
results include the low costs for the lifestyle intervention on the one hand and the 
strong protective effect of the Mediterranean diet (28% relative risk reduction) and 
active lifestyle (36% relative risk reduction) on the other hand. Cost reductions were 
driven by a reduction in the CVD event rates as a result of the lifestyle intervention. 
Univariate sensitivity analyses indicated that the CUA results were sensitive to the 
HRs for the Mediterranean diet and physical activity treatment effect and the available 
estimates for treatment effects from these interventions have a wide confidence 
interval. However, even when both hazard ratios were set at the upper limit of their 
95%CI (i.e. the least effective), the interventions were still cost-effective relative to 
usual care with a modest ICER of €5,280/QALY.

Our findings are in line with previous cost-effectiveness analyses of lifestyle-related 
interventions in clinical CVD management.12–14 An analysis of a Mediterranean 
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diet intervention based on the Lyon diet heart study reported an ICER of €579 
per incremental QALY over a 4-year time horizon.5 Exercise-based cardiovascular 
rehabilitation programmes have previously been shown to be cost-effective with 
outcomes ranging from dominant ICERs to approximately €40,000/QALY.13,14,24 
However, these analyses often had a relatively short time horizon (3-5 year) which 
may be insufficient to capture the interventions’ full impact on health and costs.

In clinical practice, long-term adherence to lifestyle interventions often proofs difficult. 
Sensitivity analyses indicated that a low adherence rate to the lifestyle intervention 
negatively affected cost-effectiveness. When the protective effect of Mediterranean 
diet and physical activity reduces by 10% per year, possibly through reduced 
adherence, the intervention maintains its cost-effectiveness but to a significantly lesser 
degree. Several barriers, such as comorbidities, cultural factors and lack of adequate 
information material, may hinder patients in adopting or maintaining a Mediterranean 
diet and/or physical activity. High costs of such healthy lifestyle habits also prove 
an important barrier for adherence.25–27 On average, a healthy diet is 20-30% more 
expensive compared to a typical Western-style diet,25 and membership costs are 
incurred to maintain regular physical activity. Providing (partial) reimbursement for 
these costs could improve adherence to lifestyle interventions. Previous analyses 
on provision of healthy meals and reimbursement of gym membership costs have 
shown that these interventions are effective in improving healthy behaviour, reducing 
healthcare utilization and reducing healthcare costs.28–30 Scenario analyses on different 
extents of reimbursement for diet and exercise costs in the current study indicate 
that such reimbursement would still result in a cost-effective intervention, with ICERs 
ranging between dominant to €36,023 per incremental QALY. These findings provide 
an important signal to policy makers and healthcare insurers to consider including 
healthy diet and physical activity costs in insurance coverage.

These findings of this CUA have important implications for healthcare policy. The 
Dutch Health Institute employs an explicit WTP threshold between 20,000-80,000 
€/QALY for new healthcare interventions,17,18 the British National Institute for Health 
and Care Excellence WTP threshold is approximately 20,000-30,000 £/QALY31 and 
the WTP threshold in the United States is 50,000 $/QALY.32 By demonstrating an ICER 
of €-653 /QALY compared to usual care and positive INHB and INMB at thresholds 
of €20,000 and €50,000 per QALY, this study highlights the high likelihood of cost-
effectiveness of treatment targeted at a healthy lifestyle at these WTP thresholds 

11

Nadia_Binnenwerk_V3.indd   419Nadia_Binnenwerk_V3.indd   419 22-02-2024   08:3422-02-2024   08:34



420

CHAPTER 11

used by health authorities. This suggests that implementing a lifestyle intervention 
in secondary CVD prevention could be a viable and attractive treatment strategy for 
health authorities and policymakers to consider.

Compared to other common treatments, the lifestyle intervention is highly cost-
effective. For proprotein convertase subtilisin/kexin type 9 (PCSK9)-inhibition therapy 
ICERs range between €46,000 to 87,000/QALY33, for intensive blood pressure 
lowering an ICER of €27,532/QALY has been estimated34 and for antithrombotic 
therapy in accordance with a COMPASS regime (low-dose rivaroxaban + aspirin) 
expected ICERs range between €26,381 and 32,109/QALY.35 As the burden of CVD 
and its associated costs continue to rise, the focus on preventive measures becomes 
increasingly vital. By encouraging lifestyle modifications, healthcare systems can 
proactively address the root causes of CVD and work towards building a healthier 
population while simultaneously reducing healthcare costs.

Strengths and limitations
The UCC-SMART study is representative of patients with established CVD in the 
Netherlands and basing the cohort for the cost-effectiveness analysis on this study 
ensures a realistic distribution of cardiovascular risk factors and treatment benefits. 
Extensive sensitivity analyses were performed and showed robustness of this study’s 
results to assumptions made in the CUA modelling process.

This study has several limitations. Extrapolation of continuing treatment effects of 
Mediterranean diet beyond the observed 7-year RCT timespan is a key limitation. 
Nonetheless, the cumulative incidence curves in the CORDIOPREV trial diverged after 
longer follow-up, suggesting treatment effects might even increase over time3. Physical 
activity treatment effects were derived from pooled observational studies, in absence 
of RCT data. Finally, the current analysis modelled effects of lifestyle intervention on 
CVD risk alone. In practice, lifestyle modifications will likely also reduce risk of other 
non-communicable diseases, such as type 2 diabetes and several types of cancer. 
Incorporating these additional benefits would likely result in increased QALY gains 
and a more cost-effective result.

In conclusion, in patients with established CVD, a combined intervention with a 
Mediterranean diet and physical activity was highly cost-effective compared to usual 
care. The combined lifestyle intervention resulted in QALY gains at a reduced cost. 
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These findings indicate that lifestyle interventions are not only effective in reducing 
residual CVD risk , but are also highly cost-effective and should be considered for 
all CVD patients. This study makes a strong case for renewed focus on a healthy 
lifestyle in the clinical management of CVD patients, as this is not only likely to benefit 
individual patients but also to significantly impact healthcare systems and society.

11
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SUPPLEMENTAL MATERIAL

SUPPLEMENTAL METHODS
Microsimulation
The costs and benefits of an intervention with Mediterranean diet and physical activity 
compared to usual care were estimated using a microsimulation in a cohort of 100,000 
patients with stable CVD was sampled with replacement from the UCC-SMART 
study. The simulation was run for 1-year time intervals and repeated until the entire 
population had died (lifetime perspective). This methodology for the microsimulation 
has been previously described.1

For each participant, the expected treatment effect from Mediterranean diet and 
physical activity was estimated. It was assumed that none of the participants in the 
UCC-SMART study was naturally compliant with a Mediterranean diet and that the 
hazard ratio of 0.72 for Mediterranean diet was therefore applicable to all patients. 
The physical activity treatment effect (HR 0.63) was only applied to patients that were 
not already meeting guideline-recommended physical activity levels (>7.5 METh/wk). If 
patients were expected to benefit from both interventions, the treatment effects were 
multiplied, resulting in an overall HR of 0.45 for the combined lifestyle intervention.

Example: probabilities 70-year-old man

Event Usual care LifestyleTx

Revasc. 7.9 % 3.6%

MALE 4.9 % 2.2%

MI 1.9 % 0.8%

Stroke 1.5 % 0.7%

CHF hosp. 2.6 % 1.2%

Fatal MI 0.2 % 0.1%

Fatal stroke 0.3 % 0.1%

Fatal CHF 0.8 % 0.4 %

nCVD death 0 % 0 %

Stable 80.0% 90.9 %

Event and mortality probabilities under usual care were estimated in each time interval 
based on the population event rates (Table S1), population case fatality rates (Table S2) 
and age-sex specific adjustment factors (Table S3). The event and mortality probabilities 
under treatment with Mediterranean diet and physical activity were calculated by 
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multiplying these probabilities under usual care with a patient’s expected treatment 
effect from the lifestyle interventions. In the first time interval of the microsimulation, 
all patients started in the stable health state that corresponded to their medical history. 
In subsequent time intervals, a draw from the set of potential events was made based 
on the estimated probabilities. The health state at the start of the next time interval 
corresponded to the event (e.g. CeVD after a non-fatal stroke), unless patients previously 
were in a health state that was associated with higher costs and disutility. For example, 
a patient in the heart failure health state, would remain in this health state in the next 
interval if they experienced a non-fatal myocardial infarction. Death was an absorbing 
state: after a patient dies, it remains in the death health state. The simulation was 
repeated until all patients in the cohort died (65 cycles).

After the health state and events in each time interval were determined, the 
corresponding costs and utility were calculated for each patient and each time interval 
(Tables S… and …). These were discounted at an annual rate of 1.5% for utilities and 
3% for costs. For each patient, the 10-year and lifetime CVD event rate, CVD-free 
life expectancy, total costs and total utility were calculated.

Assessing cost-effectiveness
The main outcomes measures to assess cost-effectiveness in this study were the 
incremental cost-effectiveness ratio (ICER), incremental net health benefit (INHB) and 
incremental net monetary benefit (INHB). INHB and INMB are measures that represent 
cost-effectiveness in a single metric. For INHB, monetary gains (cost savings) are 
converted to health gains using the willingness-to-pay value and for INMB, health gains 
(incremental QALYs) are converted into a monetary value, again using the willingness-
to-pay. For both INHB and INMB, a positive value indicates that the intervention is 
cost-effective at the given willingness-to-pay threshold.

ICER, INHB and INMB were calculated as follows:
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The Dutch payer employs different WTP thresholds for health care interventions based 
on the severity of the underlying disease. These WTP values are € 20,000 /QALY for 
severities between 0.10 and 0.40, € 50,000 /QALY for severities ranging between 
0.41 and 0.70, and € 80,000 /QALY for severities ranging between 0.71 and 0.90. 
Disease severity is calculated using the proportional shortfall method.

Proportional shortfall for chronic CVD in this study population was estimated using 
an online shortfall calculator designed for the British population.2 Given the study 
populations mean age of 62 years and 26% females, the expected average remaining 
QALYs without CVD would be 17.29. The microsimulation in the current study yielded 
a mean remaining 10.1 QALY per person with CVD. These findings indicate a burden of 
disease for chronic CVD of 0.42 based on the proportional shortfall method. Because 
this value is very close to the 0.40 threshold used by the Dutch Health Institute, INHB 
and INMB were presented for both the € 20,000 /QALY and € 50,000 /QALY WTP 
values.

Compliance with Mediterranean diet in the UCC-SMART cohort
Compliance with the Mediterranean diet in the UCC-SMART cohort was assessed by 
applying the Mediterranean Diet Adherence Screener (MEDAS) score to responses on 
a 160-item food frequency questionnaire.3 The MEDAS score is a 14-item screener 
to continuously assess compliance with a Mediterranean-style diet that was also used 
in the CORDIOPREV trial. Among 2,046 UCC-SMART participants for whom dietary 
intake data was available, the median MEDAS score was 3 [IQR 2-4] compared with a 
mean score of 11.2 in the intervention arm of the CORDIOPREV trial (Figure S1).4 As 
such, it was assumed that none of the included patients was already compliant with 
a Mediterranean diet and that the intervention could be applied to all participants.

11
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TABLE S1  CUA inputs: Cardiovascular and mortality event rates

Event N events Follow-up (py) Event rate†

Myocardial infarction 645 77,478 0.00699092

Revascularization 1,309 67,440 0.02810538

Stroke 514 78,766 0.00618449

Major limb event 647 76,927 0.01721619

Hospitalization for heart failure* NA NA 0.01151301

Death 2,329 81,389 0.00700815

Observed event rates in patients with established CVD in the UCC-SMART cohort.
* Data on hospitalization for CHF was not available in the UCC-SMART cohort. The CHF event rate 
was obtained from: Vidal-Petiot et al. Lancet 2016.5 † Event-rate for a 60-year-old woman. Risk of 
event in the next year. Event and mortality rates are adjusted for age and sex and updated in each 
cycle of the cost-effectiveness analysis (Table S3). py = person year, NA = not available

TABLE S2  CUA inputs: Cardiovascular event fatality event rates

Age group (year)

0-44 45-55 55-64 65-74 75-84 85-94 ≥95

Myocardial infarction

Men 1.8% 2.3% 4.2% 8.7% 17.8% 37.2% 61.4%

Women 2.6% 2.7% 4.9% 8.9% 17.8% 34.5% 56.1%

Stroke

Men 6.5% 7.2% 9.3% 13.9% 23.5% 40.9% 57.9%

Women 6.2% 8.3% 11.5% 14.6% 23.7% 40.8% 61.8%

Heart failure

Men 12.0% 12.8% 15.8% 23.0% 36.1% 52.7% 67.7%

Women 9.9% 11.4% 17.5% 21.7% 30.7% 46.1% 62.2%

Case fatality rates based on publicly available data for 2021 from Statistics Netherlands and Dutch 
Hospital Data. Obtained from https://www.hartenvaatcijfers.nl/ on June 16th, 2023.
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TABLE S3  CUA inputs: Age- and sex-adjustment factors for cardiovascular event and all-cause 
mortality risk

Age
(year)

Event risk Mortality risk

Women Men Women Men

41 0.2 0.2 0.3 0.4

42 0.2 0.3 0.3 0.4

43 0.2 0.3 0.3 0.5

44 0.3 0.3 0.4 0.5

45 0.3 0.3 0.4 0.5

46 0.3 0.4 0.4 0.5

47 0.3 0.4 0.4 0.6

48 0.4 0.4 0.5 0.6

49 0.4 0.5 0.5 0.7

50 0.4 0.5 0.5 0.7

51 0.5 0.6 0.6 0.8

52 0.5 0.6 0.6 0.8

53 0.5 0.7 0.6 0.9

54 0.6 0.7 0.7 0.9

55 0.7 0.8 0.7 1.0

56 0.7 0.9 0.8 1.0

57 0.8 1.0 0.8 1.1

58 0.8 1.0 0.9 1.2

59 0.9 1.1 0.9 1.2

60 1.0 1.2 1.0 1.3

61 1.1 1.3 1.1 1.4

62 1.2 1.5 1.1 1.5

63 1.3 1.6 1.2 1.6

64 1.4 1.7 1.3 1.7

65 1.5 1.9 1.4 1.8

66 1.7 2.1 1.5 1.9

67 1.8 2.3 1.6 2.1

68 2.0 2.5 1.7 2.2

69 2.2 2.7 1.8 2.4

70 2.4 2.9 1.9 2.5

71 2.6 3.2 2.0 2.7

72 2.8 3.5 2.1 2.9

73 3.0 3.8 2.3 3.0

11
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TABLE S3  (Continued)

Age
(year)

Event risk Mortality risk

Women Men Women Men

74 3.3 4.1 2.4 3.2

75 3.6 4.5 2.6 3.4

76 3.9 4.9 2.8 3.7

77 4.3 5.3 2.9 3.9

78 4.7 5.8 3.1 4.2

79 5.1 6.3 3.3 4.4

80 5.5 6.9 3.6 4.7

81 6.0 7.5 3.8 5.0

82 6.6 8.1 4.0 5.4

83 7.2 8.9 4.3 5.7

84 7.8 9.7 4.6 6.1

85 8.5 10.5 4.9 6.5

86 9.3 11.5 5.2 6.9

87 10.1 12.5 5.5 7.4

88 11.0 13.6 5.9 7.9

89 12.0 14.8 6.3 8.4

90 13.1 16.1 6.7 8.9

91 14.2 17.6 7.1 9.5

92 15.5 19.2 7.6 10.1

93 16.9 20.9 8.1 10.8

94 18.4 22.7 8.6 11.5

95 20.0 24.8 9.2 12.3

96 21.8 27.0 9.8 13.1

97 23.8 29.4 10.5 13.9

98 25.9 32.0 11.1 14.8

99 28.2 34.9 11.9 15.8

100 30.8 38.0 12.6 16.8

Age and sex-specific adjustment factors for annual risk of recurrent cardiovascular events and all-
cause mortality
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COST-EFFECTIVENESS OF LIFESTYLE INTERVENTIONS IN ESTABLISHED CVD

TABLE S4  CUA inputs: Costs

Item Cost* Range Source Ref.

Chronic care costs

Coronary artery disease € 2,092 € 1,569 - € 2,615 Registry 6

Cerebrovascular disease € 2,985 € 2,239 - € 3,731 Registry 6

Peripheral artery disease € 3,752 € 2,814 - € 4,690 Registry 6

Chronic heart failure € 2,500 € 1,875 - € 3,125 Registry 6

Lifestyle intervention costs

Mediterranean diet intervention

Face-to-face counselling (2) € 83 € 62 - € 104 CEA manual 7

Group session (4) € 11 € 8 - € 13 CEA manual 7

Telephone call (6) € 125 € 93 - € 156 CEA manual 7

Food provision € 140 € 105 - € 175 RCT 4

Scenario: Incremental MD costs € 1,394 NA† Observational 8

Scenario: Full MD costs € 3,977 NA† Observational 8

Physical activity intervention

Year 1

Intake with GP (1) € 121 € 106 - € 177 CEA manual 7

Consultation with GP (11) € 887 € 748 - € 1,246 CEA manual 7

Group session (5) € 40 € 30 - € 50 CEA manual 7

Scenario: Sports club membership € 637 NA† Registry 9

Year ≥ 2

No further intervention € 0 € 0 - € 0 CEA manual 7

Scenario: Sports club membership € 637 NA† Registry 9

Event costs

Revascularization € 21,258 € 15,943 - € 26,572 RCT 10

Myocardial infarction € 6,348 € 4,761 - € 7,935 CEA manual 7

Stroke € 17,342 € 13,006 - € 21,677 RCT 11

Major adverse limb event € 9,170 € 6,878 - € 11,463 RCT 12

Hospitalization for heart failure € 5,614 € 4,210 - € 7,017 RCT 13

Death (last year of life) € 1,557 € 1,168 - € 1,946 Observational 14

All costs were adjusted to reflect the January 2022 price level using the Dutch price indices as a 
reference. Numbers between brackets indicate the number of visits, for example Group session (4) 
indicates 4 group sessions per year. CEA = cost-effectiveness analysis, GP = general practitioner, 
RCT = randomized controlled trial. * Costs for chronic care and the lifestyle interventions are 
presented as costs/year. Costs for events are incurred as a lump sum in the cycle that the event 
occurs. † No range provided for costs of the scenario analysis as these were not included in the 
univariate or probabilistic sensitivity analyses.

11
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CHAPTER 11

TABLE S5  CUA inputs: Utilities

Item Utility 95%CI QoL tool Ref.

Baseline utility, per health state

Coronary artery disease 0.629 0.603 ; 0.654 EQ-5D 15

Cerebrovascular disease 0.523 0.485 ; 0.561 EQ-5D 15

Peripheral artery disease 0.642 0.586 ; 0.698 EQ-5D 15

Chronic heart failure 0.493 0.455 ; 0.531 EQ-5D 15

Disutility

Patient characteristics

Age (per year) -0.0003 -0.001 ; 0.00005 EQ-5D 15

Male sex 0.001 -0.0002 ; 0.002 EQ-5D 15

Events

Revascularization -0.08 -0.100 ; -0.070 EQ-5D 16

Myocardial infarction -0.147 -0.184 ; 0.110 EQ-5D 17

Stroke -0.178 -0.223 ; -0.134 EQ-5D 17

Major adverse limb event -0.12 -0.150 ; -0.090 TTO, SG 18

Hospitalization for heart failure -0.105 -0.116 ; -0.094 EQ-5D 19

Utilities for health states and disutility of age, sex and (cardiovascular) events. QoL = Quality of Life, 
EQ-5D = EuroQOL- 5 dimension, TTO = time trade-off, SG = standard gamble
* 95%CI not available, assumed range -25% and +25% of the reported value.
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FIGURE S1  Distribution of adherence to the Mediterranean diet in the UCC-SMART study

0

500

1000

1500

0 5 10

N
 p

ar
ti

ci
pa

nt
s

Mediterranean Diet Adherence Screener (MEDAS) score

CORDIOPREV trial   
 Low-fat group

CORDIOPREV trial 
 Mediterranean diet 

Distribution of adherence to the Mediterranean diet in the UCC-SMART cohort. Dietary intake data 
with plausible reported energy intake was available for 2,046 participants. It was assumed that these 
were representative for the entire study population and that these results indicated that none of 
the patients in the UCC-SMART cohort was already compliant with a Mediterranean-style diet as 
achieved in the CORDIOPREV randomized controlled trial.

FIGURE S2  Sensitivity analyses – Net benefit
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Reimbursement for Mediterranean diet and physical activity costs
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FIGURE S3  Subgroup analyses
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Cost-effectiveness results in subgroup. The ICER and INHB across age subgroups are shown in 
panels A and B. The ICER and INHB across subgroups with different CVD manifestations at baseline 
are shown in panels C and D. INHB was calculated for a willingness to pay of €20,000/QALY. ICER: 
Incremental cost-effectiveness ratio, INHB: Incremental Net Health Benefit, QALY: Quality-adjusted 
life year, MED: Mediterranean diet, PA: physical activity, CVD: cardiovascular disease
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FIGURE S4  Lifetime benefit-based initiation of Mediterranean diet and physical activity interventions
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In the base case analysis, all patients received both the Mediterranean diet and physical activity 
intervention. In this sensitivity analysis, these treatments were only given to patients when their 
expected lifetime benefit from that intervention exceeded a threshold value. Lifetime benefit was 
calculated by adding the treatment effects for Mediterranean diet and physical activity to the 
SMART-REACH model. Panel A presents ICERs, and panel B presents INMB. ICER: Incremental 
cost-effectiveness ratio, QALY: Quality-adjusted life year, MED: Mediterranean diet, PA: physical 
activity, CVD: cardiovascular disease
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FIGURE S5  Cost-effectiveness of the combined lifestyle intervention for reducing treatment effect 
with time since treatment initiation
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In the base case analysis, treatment effects for Mediterranean diet and physical activity were stable 
over time. In this sensitivity analysis, the treatment effects decreased as time passed since treatment 
initiation, with 1%, 5% or 10% compared to the year before. Panels A and B show the trajectory 
of the treatment effects for Mediterranean diet and physical activity in the years after treatment 
initiation. Panels C and D show the ICER and INHB for these scenarios. ICER: Incremental cost-
effectiveness ratio, QALY: Quality-adjusted life year, MED: Mediterranean diet, PA: physical activity, 
CVD: cardiovascular disease
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CHAPTER 12

In this thesis, the overarching aims were to evaluate dietary habits and physical activity 
levels as risk factors for the recurrence of cardiovascular events in patients with 
established cardiovascular disease (CVD) or type 2 diabetes (T2D) and as potential 
targets for interventions to mitigate residual cardiovascular risk. To broaden the scope 
of this thesis’s key findings and explore their relevance for clinical management of these 
high-risk populations, several topics merit further discussion.

LIFESTYLE OPTIMIZATION IN CVD PREVENTION

The Mediterranean diet: just another healthy diet or solution for all?
The Mediterranean diet is one of the most widely advocated dietary patterns to 
prevent (recurrent) cardiovascular events.1–3 The Mediterranean diet has repeatedly 
been shown to reduce cardiovascular event risk both in primary and secondary CVD 
prevention.4–7 Its benefits are attributed to an increased intake of polyphenols, mono- 
and polyunsaturated fatty acids, and fibre. The components are believed to yield 
several positive outcomes, including weight loss, enhanced insulin sensitivity, a less 
atherogenic lipid profile, defence against oxidative stress, and a reduction of low-
grade systemic inflammation.8,9 In Chapter 5 of this thesis, the relative contribution of 
these potential mediators was assessed and we found that only a small proportion of 
Mediterranean diet’s benefits could be explained by changes in these risk factors but 
that systemic inflammation levels were indeed an important mediator. Although many 
other dietary patterns exist and are recommended for CVD prevention, this thesis 
mainly focused on the Mediterranean diet due to its extensive evaluation in long-term 
cardiovascular outcome trials such as the Lyon Diet Heart study, the PREDIMED study 
and the CORDIOPREV trial which consistently demonstrated a protective effect of 
the Mediterranean diet compared to a reference diet and due to the central place the 
Mediterranean diet holds in CVD prevention guidelines.1–6,10

While the evidence for the Mediterranean diet is compelling, it may be overly simplistic 
to universally recommend this diet to all CVD patients. The available randomized 
controlled trials (RCTs) used low-fat, high carbohydrate diets as reference diet. 
Historically, these low-fat diets were recommended as the optimal dietary approach for 
preventing cardiovascular disease, based on the diet-heart hypothesis, which posited 
that dietary saturated fat raises cholesterol levels and contributes to CVD.11 However, 
since the beginning of the 21st century the diet-heart hypothesis has been re-evaluated 
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and largely discarded.12,13 Instead, recent evidence suggests that substituting saturated 
fatty acids for unsaturated fatty acids is beneficial and that low-fat, high-carbohydrate 
diets are associated with increased risk of CVD, especially when carbohydrate content 
exceeds 60% of total energy intake.14 Therefore, the choice of control diet in the 
available Mediterranean diet RCTs could have led to an overestimation of the beneficial 
effect. In reality, the relative risk reduction achieved through a Mediterranean diet 
intervention might be closer to the 10-20% reductions that are frequently reported in 
observational studies (Chapter 5),15,16 instead of the up to 70% reductions as reported 
in the Lyon Diet Heart study.4

Furthermore, it should be considered that the aforementioned Mediterranean diet 
trials were all conducted in Mediterranean countries4–6 and it is unclear whether 
similar protective effects could be realized in populations with culturally different 
dietary habits. The beneficial effects of a Mediterranean diet appear to be larger in 
Mediterranean countries15 and compliance with a Mediterranean-style diet in non-
Mediterranean countries is generally poor,17 as was also described in Chapters 5 and 
10. A sufficiently high degree of adherence needs to be achieved to result in health 
benefits (Chapter 5,15). Possible barriers that prevent adherence to a Mediterranean 
diet include societal norms, costs, availability of dietary products and individual 
preferences and tastes. Considering that other dietary patterns exert similar effects on 
cardiovascular risk factors when compared to the Mediterranean diet (Chapters 3 and 
4), and supported by existing observational evidence 18, it is reasonable to suggest that 
alternative dietary patterns might also substantially reduce the risk of recurrent CVD 
events. These alternative diets could be easier to implement in non-Mediterranean 
countries and therefore have a larger societal health impact.

Ultimately, there is clear evidence that a Mediterranean diet is a healthy diet with 
the potential to reduce CVD event risk compared to a typical Western-style diet, 
however it is unclear how the Mediterranean diet compares to diets that are currently 
recommended in non-Mediterranean countries. It may therefore be overly simplistic 
to single out this specific dietary pattern as the optimal diet for CVD prevention. 
Mediterranean-style diets generally have a significant degree of overlap with other 
heart-healthy dietary patterns (e.g. emphasis on fruits and vegetables, discouragement 
of red meats). Existing literature and new insights into potential long-term benefit 
(Chapter 10) underscore the importance of integrating dietary considerations into 
(secondary) CVD prevention and that a Mediterranean diet is a promising option, but 
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other healthy dietary patterns may also be a viable alternative, especially if these align 
better with patient preferences or locally available food items.

What constitutes a heart-healthy diet?
What if a patient is unwilling or unable to adopt a Mediterranean-style diet, or if 
the necessary food items are not available? In such cases, what alternative dietary 
recommendations can be offered to enhance cardiovascular health? Chapters 3 and 4 
of this thesis were dedicated to network meta-analyses comparing the effects of seven 
dietary patterns to a minimal dietary intervention in people with CVD or T2D. Although 
the results indicated that all active dietary interventions had only modest effects on 
cardiovascular risk factors, all of them outperformed conventional diets although none 
emerged as a definitive standout. The modest effects of dietary interventions on 
cardiovascular risk factors could be explained by the high prevalence of use of lipid- 
and blood pressure medications, which is supported by larger effect sizes observed in 
apparently healthy populations.10 The small effect on cardiovascular risk factors does 
not preclude a protective effect on cardiovascular event rates, possibly because the 
effects are mediated through alternative pathways (Chapter 5). In a network meta-
analysis that assessed long-term efficacy of dietary patterns long-term benefits were 
observed for both primary ánd secondary CVD prevention populations.10,19 It appears 
that, although adopting a healthy dietary diet in general is more beneficial then making 
no dietary changes at all, there may not be a one-size-fits-all optimal diet for lowering 
cardiovascular risk factors in CVD patients. The only exception might be a dietary 
patterns with reduced simple carbohydrate content that may exhibit greater efficacy 
in improving glycemic control for people with T2D (Chapter 4,20).

In previous trials, the DASH diet has been shown to effectively reduce systolic blood 
pressure and body weight 21,22 and DASH is recommended as a strategy to achieve 
blood pressure control in hypertensive patients. In Chapter 6, target trial emulation 
was used to investigate the relationship between compliance with the DASH diet 
and (cardiovascular) mortality in CVD patients. Surprisingly, this analysis did not 
find a significant association between DASH compliance and the risk of all-cause or 
cardiovascular mortality in this population, potentially due to limited contrast in the 
study groups or underestimation of sodium content. Remarkably, in CVD patients 
the relationship between DASH compliance and (cardiovascular) mortality was not 
mediated by blood pressure (Chapter 5). Use of concomitant blood pressure and 
lipid-lowering medications could have attenuated the benefits of dietary patterns that 
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have previously been shown to be highly effective in populations that do not use such 
medications.

While the dietary patterns explored in this thesis place specific emphasis on various 
dietary components, there appear to be some common principles that underlie a 
heart-healthy diet. All these diets recommend consuming high amounts of vegetables, 
fruits, and legumes, increasing fiber intake, limiting red (processed) meat consumption, 
avoiding sugar-sweetened beverages, and limiting salt and alcohol. Some elements, 
such as olive oil in the Mediterranean diet, low-fat dairy in the DASH diet, or avoiding 
all animal-based protein in a plant-based diet, are unique to their respective dietary 
patterns. However, when considering the shared components among these patterns, 
a clear set of guidelines for a heart-healthy diet becomes evident. Natural compliance 
with these components has been associated with reduced recurrent CVD risk23 and 
in a model where such common recommendations are applied to apparently healthy 
individuals it is predicted that lifelong adherence to a healthy diet can yield a significant 
increase in life expectancy.24 In Chapter 10, a similar approach was used to model 
individualized lifetime benefit of adopting a Mediterranean diet. In the future, this 
model could be expanded upon to include lifetime treatment effects for alternative 
heart-healthy dietary patterns or even diet components to aid further personalization 
of lifestyle optimization in CVD prevention.

Although not directly assessed in this thesis, the role of food processing deserves 
special mention in the context of CVD prevention. In recent years, there has been 
increasing attention for ultra-processed foods, which undergo multiple biological, 
chemical or physical processes before consumption. Most of these food items tend 
to offer low nutritional value, with minimal protein, vitamins or fibre content, but they 
are often high in refined sugar, sodium and saturated fatty acids content. Over the 
past decades, the consumption of ultra-processed foods has seen a significant increase 
and now constitutes almost 60% of daily energy intake in the United States.25 Higher 
consumption of ultra-processed foods has been shown to increase body weight,26 T2D 
incidence27 and CVD event risk.28,29 The healthful dietary patterns assessed throughout 
this thesis all tend to emphasize whole foods and avoiding ready-to-eat, store bought 
items. International guidelines on CVD prevention currently recommend lowering 
intake of processed foods, specifically processed meats, as a tool to lower sodium 
and trans-fatty acid intake.1,3,30 Given the available evidence, it may be prudent to 
include stronger recommendations on avoiding ultra-processed food items in future 
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guidelines and to encourage patients to prepare their meals from whole foods as much 
as possible. Such guidance could provide patients with specific and easy-to-understand 
instructions for improving their dietary habits.

In summary, it appears that there may not be a single, universally optimal diet for 
promoting cardiovascular health. Nevertheless, there are several dietary components 
that can contribute to lowering cardiovascular event risk. While the Mediterranean 
diet stands as a widely recommended dietary approach for CVD prevention and has 
demonstrated promising results in multiple RCTs, patients unwilling to fully adopt a 
Mediterranean-style diet can consider a dietary regimen that includes ample fruits, 
vegetables, legumes, fish, and whole grains, while minimizing red meat consumption 
and avoiding ultra-processed foods. This approach serves as a promising starting point 
for optimizing dietary choices in secondary CVD prevention.

Is more physical activity always better?
International guidelines provide consistent recommendations for physical activity to 
enhance overall and cardiovascular health, advising individuals to engage in at least 
150–300 minutes of moderate-intensity aerobic physical activity or 75–150 minutes 
of vigorous-intensity aerobic physical activity per week.1–3,30–32 This serves as a minimal 
recommendation and patients are encouraged to recognize that additional benefits 
can be achieved with higher physical activity levels. In Chapters 7 and 8, a J-shaped 
association of metabolic equivalent task hours per week (METh/wk) and all-cause 
mortality and recurrent CVD events is observed which seemed to level off at around 
50 METh/wk. Interestingly, this association was primarily driven by reductions in risk 
of non-fatal stroke and cardiovascular mortality and not by a reduction in non-fatal 
myocardial infarction risk. In fact, non-fatal myocardial infarction risk increased with 
higher physical activity risk. Potential explanations for this finding include that vigorous 
physical activity induces rupture of atherosclerotic plaques or arrhythmia in scarred 
myocardial tissue.33,34

These findings should not be taken as a reason for health care providers to be overly 
cautious when recommending vigorous physical activity for CVD patients. The 
associations observed in this thesis indicated that increased physical activity levels 
was associated with health benefits until relatively high physical activity levels that 
exceed the average physical activity levels in CVD patients.35,36 Moreover, in Chapter 
9, it was shown that only a small proportion of CVD patients increase their physical 
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activity level over time, while increasing physical activity over time appears to have a 
similar or even stronger impact on all-cause mortality and CVD mortality as smoking 
cessation. A meta-analysis involving nine prospective cohorts and over 33,000 CVD 
patients, indicated that becoming physically active was linked to a 50% lower mortality 
risk compared to those that stayed physically inactive. In Chapter 10, this significant 
risk reduction was translated to absolute risk reductions and lifetime benefits. For 
some patients, including those with heart failure, obesity or those with a high burden 
of cardiovascular risk factors, pre-participation screening may be considered to identify 
risk factors associated with high intensity physical activity and to create a personalized 
sports prescription.37

Does the type of physical activity matter?
Physical exercise is traditionally classified as either endurance or resistance training and 
both modalities are recommended for specific purposes.37,38 Endurance training can be 
used to increase cardiorespiratory fitness or reduce subcutaneous fat mass,39,40 while 
resistance training is effective to improve musculoskeletal functioning and glycemic 
control.41,42 In Chapter 8, the relationship between resistance exercise and combined 
endurance-resistance training with risk of all-cause mortality and recurrent CVD event 
were compared in patients with established CVD and it was observed that both were 
associated with similar reductions in risk of these outcomes compared to not exercising. 
Consistent with previous literature, insulin resistance emerged as a stronger potential 
mediator for resistance training than for combined endurance-resistance training, 
possibly because resistance training is a strong stimulus for increased expression of 
GLUT-4 transporters in skeletal muscle, resulting in increased glucose uptake in skeletal 
muscles during exercise and improved glycogen storage in rest.43

Sports cardiology guidelines identify exercise intensity, measured as MET or energy 
expenditure per minute, as the most important determinant of exercise’s cardiovascular 
benefits.37,44 However, in Chapter 8, it was shown that the associations of light-
moderate (MET 3-6) and vigorous exercise (MET >6) with cardiovascular outcomes 
was similar in strength, as long as a similar exercise volume (intensity * time spent 
on exercise) was achieved. The clinical implication of this finding is that it may not 
be necessary to council patients specifically on high-intensity exercise, but that low-
intensity exercise may also suffice as long as patients spend sufficient time on that.

12
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In Chapter 8 we observed that mediating factors differed to some extent between 
different exercise types and intensities. For instance, resistance training’s effects were 
mediated relatively more by insulin resistance, while LDL-cholesterol and systolic blood 
pressure emerged as important mediators of resistance-endurance training. This means 
that some types of physical exercise may be more suited for specific CVD patients 
given their specific cardiovascular risk profile. Future research could expand on the 
findings included in this thesis to achieve personalized exercise prescriptions that 
optimally tackle an individual patient’s risk profile, e.g. a prescription of individualized 
combination of resistance and aerobic training.

Finally, the context in which physical activity is performed should be considered when 
evaluating a CVD patient’s physical activity status. In apparently healthy populations, 
paradoxical findings on the health effects of leisure-time physical activity and 
occupational physical activity have been described over the last two decades.45–47 
Leisure-time physical activity is consistently associated with lower risk of a range of 
health outcomes, but neutral or harmful associations have been found for increasing 
occupational physical activity levels. In Chapter 7 of this thesis, we assessed these 
paradoxical associations in patients with established CVD and similarly found that 
high occupational physical activity levels were not associated with lower risk of all-
cause mortality, recurrent cardiovascular event or incident T2D. It appears that the so 
called physical activity paradox also holds in patients with established CVD. Potential 
explanations for these contrasting effects of occupational and leisure-time physical 
activity include that occupational physical activity comprises repetitive movements 
with little recovery time, as well as increased resting heart rate and static posture 
associated with physically demanding occupations.48 However, methodological 
limitations of physical activity research should also be considered when assessing 
these associations. Residual confounding, e.g. from social-economic position, smoking 
behaviour, or shift work, could at least partially explain why higher occupational 
physical is associated with increased risk of some health outcomes. For clinical practice, 
it is important that health care providers distinguish leisure-time and occupational 
physical activity. Based on the available evidence it appears that high occupational 
activity should not be considered a substitute for leisure-time physical activity and 
health care providers should encourage their patients to meet leisure-time physical 
activity targets regardless of the intensity of physical activity required by their job.
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IMPLEMENTING HEALTHY LIFESTYLE IN CVD 
MANAGEMENT

Should we wait for more trial evidence?
Within the hierarchy of clinical evidence and evidence-based medicine, randomized 
controlled trials (RCTs) hold a prominent position. In cardiovascular medicine, long-term 
cardiovascular outcome trials that directly assess the impact of a new treatment on the 
occurrence of cardiovascular events, are generally seen as a requirement for including 
such a treatment in clinical guidelines for CVD management and reimbursement. 
However, performing a long-term cardiovascular outcome trial on dietary or physical 
activity interventions can be a challenging proposition. Such trials are resource-
intensive, require several years to yield conclusive results, and may be difficult to 
design in such a way that they are representative of routine clinical practice, for 
example because of the inability to blind participants to their treatment assignment. 
Consequently, there are few RCTs available that assess the long-term effect of dietary 
interventions in CVD management. For physical activity interventions such a trial 
has never even been conducted. This raises the question: should we await more 
cardiovascular outcome trials before firmly establishing the central role of lifestyle 
interventions in CVD management?

Observational studies on the relationship between lifestyle behaviours and 
cardiovascular outcomes are abundant and consistently indicate that both healthy diets 
and physical activity are associated with decreased CVD risk in a secondary prevention 
population (e.g. Chapters 2, 7 and 8)31,49. However, it is important to realize that 
observational evidence cannot be directly translated to an expected effect of an active 
intervention to change lifestyle behaviour. Observational data inherently suffers from 
potential sources of bias, such as residual confounding and reverse causation, which 
could lead to an overestimation of the association and prevents causal interpretation 
of study findings. Evidence from shorter-term RCTs that have assessed the effect 
on cardiovascular risk factors indicates that risk factors can be ameliorated through 
lifestyle changes (Chapters 3 and 4, 50). However, it is challenging to directly translate 
change in risk factor levels to cardiovascular event risk, as a large part of the effects 
of healthy diet and physical activity are not mediated through traditional risk factors 
(Chapters 5 and 8). In summary, the available evidence points toward a beneficial effect 
of lifestyle optimization, but the evidence is currently insufficient to provide an exact 
estimate of the impact of these interventions.
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While long-term RCTs are the gold standard, a balance needs to be struck between 
waiting for the highest level of evidence and acting upon the substantial and compelling 
data that already supports a healthy lifestyle. The current short-term experimental 
evidence and extensive body of observational evidence should not be ignored and 
together make a strong case for implementing physical activity interventions, which is 
supported by the few long-term cardiovascular outcome trials that are out there.4–6,51 

Based on the current evidence, the balance is strongly leaning towards a beneficial 
effect of lifestyle change in secondary CVD prevention with limited adverse effects 
and this should therefore be recommended to these patients. However, this does not 
mean that long-term trials are no longer necessary. Questions remain on the actual size 
of risk reductions achievable through lifestyle change and previous studies have shown 
that reliance on observational evidence alone is not sufficient to draw conclusions on 
effectiveness of interventions, e.g. therapy targeted at increasing HDL-cholesterol or 
oestrogen-replacement therapy. 52,53 In future, trials should be performed to assess the 
long-term effects of physical activity intervention and to compare a Mediterranean 
diet to a more valid reference diet, such as current guideline diets. Pragmatically, a 
combination of evidence-based interventions and ongoing research may provide the 
most beneficial approach to improve the health of CVD patients.

Do lifestyle interventions measure up to pharmacological advances?
Ultimately, the goal of secondary CVD prevention is to lower the risk of recurrent 
cardiovascular events as much as possible, regardless of approach used to achieve 
this reduction.1 Lifestyle optimization should therefore not be a goal in itself, but 
regarded as one of several tools available to address recurrent CVD event risk. 
Changing dietary and physical activity habits is notoriously difficult and it might seem 
easier to prescribe cardiovascular medications that effectively reduce cardiovascular 
risk, such as blood pressure- or lipid-lowering drugs. However, most patients with 
established CVD are at a (very) high risk of recurrent risk, resulting in a significant 
residual risk even after pharmacological interventions have been employed. Lifestyle 
interventions are one of the potential approaches to tackle this residual risk. Chapter 
10 demonstrates that lifestyle optimization results in clinically meaningful reductions in 
10-year cardiovascular event risk and survival free of recurrent CVD, even when added 
on top of pharmacological treatment in accordance with the 2021 ESC guideline on 
CVD prevention’s STEP 1 goals (smoking cessation, systolic blood pressure between 
130-140 mmHg, LDL-cholesterol <1.8 mmol/l and use of antithrombotic therapy). 
Furthermore, it is important to consider that the benefits of a healthy lifestyle extend 
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beyond CVD and that healthy dietary and physical activity habits are also associated 
with risk of other diseases, including several types of cancer, T2D, kidney failure and 
neurodegenerative diseases (Chapter 7).7,38,54–56 Given the overlap in risk factors for 
developing CVD and cancer,57 patients with established CVD are often also at high 
cancer risk. Therefore, it may be prudent to recommend lifestyle interventions to all 
CVD patients, regardless of their residual CVD risk.

Health care costs are also an important aspect to consider when choosing between 
different therapeutic strategies. As was shown in Chapter 11, a combined dietary 
and physical activity intervention is a highly cost-effective strategy in secondary 
CVD prevention. Compared to usual care, a combined Mediterranean diet and 
physical activity intervention was expected to increase life expectancy and quality 
of life, while health care costs were reduced. Previous cost-effectiveness analyses of 
dietary interventions and cardiac rehabilitation yielded similar highly cost-effective 
results compared to usual care.58–60 The main driver of the cost-effective results 
are the relatively low costs of lifestyle interventions compared to pharmacological 
interventions. For instance, the incremental cost-effectiveness ratio (ICER) for SGLT2 
inhibitors and GLP1-RA compared to standard CVD care have been estimated at 
approximately €130,000 per QALY gained61,62 versus the dominant ICER of -€600/
QALY gained reported in Chapter 11. Other pharmacological options to treat residual 
cardiovascular risk, such as proprotein convertase subtilisin/kexin type 9 (PCSK9)-
inhibition, intensive blood pressure-lowering or combined low-dose rivaroxaban and 
aspirin, are also much less cost-effective compared to a lifestyle intervention.63–65 
Because CVD is highly prevalent, the budget impact of implementing a lifestyle 
intervention to lower residual risk for all patients with established CVD is expected 
to be very large.

The big question: How to improve adherence to lifestyle interventions?
Lifestyle optimization has been a central recommendation for CVD management for 
decades, but in practice very few patients comply with lifestyle recommendations. 
In Chapter 2 and 8, we observed that Dutch CVD patients comply very poorly with 
recommendations on healthy diet and physical exercise. This is in line with international 
reports on healthy lifestyle behaviour in the European Union and the United States of 
America.35,66 Furthermore, in Chapter 9, it was shown that the majority of CVD with 
an unhealthy lifestyle was unable to achieve lifestyle optimization as recommended 
in CVD prevention guidelines after a follow-up of 10 years. Potential causes include 
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patient motivation, health care providers’ lack of time for and knowledge of lifestyle 
counselling, a obesogenic environment and cultural differences.67 Increased costs 
associated with compliance to lifestyle recommendations, such as higher expenses 
for food items and sport club memberships, can pose an additional barrier for some 
patients.68,69 In Chapter 11, we explored the cost-effectiveness of lifestyle intervention 
when these additional costs were partially or fully reimbursed and found that even with 
full compensation for food and exercise costs, the lifestyle intervention remained cost-
effective compared to usual care. This is an important signal to health policy makers 
and provides a direct target that could help patients in adopting a healthier lifestyle.

Several strategies are being employed to improve dietary and physical activity habits 
in the general population, such as changing food environments, providing financial 
stimuli or engaging the employer to create a healthier work environment. Online 
tools have emerged as valuable assets to improve personalized cardiovascular risk 
prediction and to select treatment strategies that are most beneficial and best suited to 
individual patients’ risk factors and preferences. These tools can be useful to translate 
relative treatment effects as reported in clinical trials, into more tangible, absolute 
measures of treatment benefits such as absolute 10-year risk reduction or increase in 
life expectancy free from recurrent cardiovascular events.70 In Chapter 10, treatment 
effects for interventions targeted at a Mediterranean-style diet and increased physical 
activity were included in the guideline-recommended SMART-REACH model.1,71 This 
model demonstrated that lifestyle interventions are expected to result in significant 
CVD risk reductions for all patients with established CVD, but that these are most 
pronounced in younger patients and patients at high predicted lifetime CVD risk. When 
these personalized lifestyle benefit calculations become available in online tools, they 
can be used to aid the shared decision making process and motivate patients and 
health care provider alike to incorporate lifestyle changes in the treatment strategy to 
prevent recurrent cardiovascular events. For the future, it would be very interesting 
to expand upon the treatment effects incorporated in Chapter 10 and to incorporate 
a range of heart-healthy diets and physical activity regimes in the models and assess 
effectiveness of such interventions for improving lifestyle behaviours in clinical trials. 
This could be used to further improve adherence to lifestyle interventions, as patients 
would be able to gain more insight in the trade-off between choosing a lifestyle that 
aligns with their current preferences and an optimally beneficial lifestyle that requires 
more drastic behavioural changes.
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CHALLENGES IN LIFESTYLE RESEARCH

Observational research: pitfalls and promises
The majority of lifestyle-related research follows an observational study design, which 
inherently introduces potential sources of bias that could affect study findings.72 In 
lifestyle-related research, some of these biases deserve special consideration.

One of the prominent sources of bias is selection bias, which occurs when the study 
population is not representative of the target population.72 In the context of lifestyle-
related research, participants with a pronounced interest in physical activity or dietary 
habits might be more inclined to enrol, while those with unhealthy lifestyle behaviours 
may be less willing to participate. For instance, in Chapter 2, the response rate to a 
food frequency questionnaire was lower among CVD patients with lifestyle-related 
comorbidities such as obesity or T2D. Selection bias may influence study results, but 
is especially of concern when translating study findings to clinical practice, as the 
observed relationships may not hold in people that were underrepresented in study 
populations.

Lifestyle is a highly complex determinant that not only encompasses dietary and physical 
activity habits, but also other factors such as smoking behaviour, alcohol consumption, 
sleep pattern, psychological stress and social context. This multifaceted aspect of 
lifestyle makes adequate measurement of lifestyle behaviour difficult, which potentially 
introduces misclassification bias. In this thesis, self-reported questionnaires were used 
to assess dietary intake, physical activity, smoking behaviour, and alcohol consumption. 
Such memory-based based questionnaires are susceptible to unintentional and 
intentional misclassification.73,74 Unintentional misclassification, typically stemming 
from memory lapses, is unlikely to significantly affect study results when it does not 
correlate with patient characteristics or clinical outcomes. In contrast, intentional 
misclassification, such as social desirability bias, may arise because participants change 
their replies to align with what they expect will be viewed favourably by others. For 
example, patients with obesity may be more prone to underreport caloric intake, which 
could potentially explain the relatively low daily energy intake in patients with a body 
mass index exceeding 30 kg/m2 observed in Chapter 2 of this thesis.

Residual confounding is a source of bias that should be considered in all observational 
studies, but is especially pertinent in lifestyle-related research. Lifestyle behaviours 
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are strongly related to each other and to other factors that affect cardiovascular 
event risk, such as social economic position, age and comorbidities. For instance, the 
paradoxical finding of beneficial associations of leisure-time physical activity versus the 
harmful associations for occupational physical activity, which have been described in 
apparently healthy people45 as well as in CVD patients (Chapter 7), could be subject 
to residual confounding from factors such as income, smoking habits or negative 
effects of shift work. While we attempted to address these potential sources of 
confounding as thoroughly as possible in this thesis, it is essential to exercise caution 
when extrapolating the results to clinical practice. A further challenge arises because 
theoretical confounding factors in the relationship between lifestyle behaviours and 
cardiovascular outcomes are often also potential mediators in these relationships, e.g. 
body mass index.75 Statistical adjustment for these factors is therefore likely to result 
in diluted association between exposure and outcome, while not adjusting presents a 
biased result. Throughout this thesis, we have dealt with this issue by making stepwise 
adjustments, first including only true confounders and then adding those covariates 
that theoretically could be both confounder and mediator (e.g. Chapters 2, 6, and 7).

Reverse causation is of special concern in observational studies assessing the 
relationships of physical activity with health outcomes.72,76 In these studies, the group 
of non-active participants will likely not only contain people that choose not to be 
active, but also people who are unable to be physically active due to underlying 
disease.75 In Chapter 9, we assessed the relationship of adopting a healthy lifestyle 
after initially having an unhealthy lifestyle and found that better compliance with 
lifestyle recommendations was associated with approximately 50% lower risk of 
(cardiovascular) mortality and incident diabetes. The strength of these associations 
exceeds those observed in previous analyses31,77 and potential explanations include 
the presence of reverse causation.

However, despite these pitfalls, observational evidence also holds many promises 
for future investigation of the (causal) relationship between lifestyle factors and 
cardiovascular health outcomes. Observational studies are less expensive compared 
to randomized controlled trials (RCTs) and can therefore be used to cost-efficiently 
include large sample sizes or to accrue long follow-up times. This can result in precise 
results and allows for explorative analyses across subgroups. Furthermore, a well-
designed prospective cohort is less sensitive to selection and can be used to answer 
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a multitude of research questions, while a clinical trial is typically adept to answer 
only one or two.

Target trial emulation, as, used in Chapter 6, is an increasingly popular methodology 
that can be used to approximate causal effects in observational data. By first explicitly 
designing an optimal clinical trial before modelling this in observational data, target 
trial emulation brings potential sources of bias to light and allows the researcher to 
deal with them.78,79 While bias cannot actually be eradicated in target trial emulation, 
it provides a clear framework in which the results of an observational study should 
be interpreted. Compared to traditional RCTs, target trial emulation is much less 
expensive, does not suffer from ethical questions concerning clinical equipoise and 
allow researchers to assess potential effects over a long follow-up time, although the 
limitations of observational data cannot be removed in this methodology.

Experimental research: Are clinical trials the solution?
Traditionally, RCTs hold a high place in the hierarchy of scientific evidence. 
Randomisation, if performed correctly, ensures that no association between patient 
characteristics and treatment assignment exists, which eliminates confounding as a 
source of bias. Using a placebo-control ensures that differences in outcomes can be 
attributed to the intervention under study. However, RCTs on dietary and physical 
activity interventions are not always as straightforward as a placebo-controlled 
intervention on pharmacological interventions.

Firstly, participants in these trials are aware of what they eat and how they move, 
meaning that in lifestyle-related research, participants cannot be blinded to their 
treatment assignment. Knowledge of treatment allocation may cause a study 
participant to change their behaviour in a way that is not in line with the study 
protocol. For example, participants that are assigned to a control group without active 
intervention, may be more likely to look for alternative treatments outside of the trial, 
which could dilute trial results.80 Patients may also be more likely to drop out of the 
trial if they are assigned to the control group and expect that they will gain no benefit 
from participation.81 In Chapters 3 and 4, risk of bias was assessed in over 90 dietary 
intervention trials and for almost all there was at least some concern regarding bias, 
mainly arising from lack of blinding.
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Secondly, results from lifestyle trials are often not directly applicable to clinical practice. 
It is often challenging to include a large number of people in dietary or physical activity 
trials and several trials report a very large number of patients that were contacted 
concerning trial participation compared to the number of patients ultimately included 
in the trial. This could result in a study population that is not reflective of the target 
population, as patients with a keen interest in improving their lifestyle may be more 
likely to participate. Participants that volunteer for participation may already have 
a healthier lifestyle and therefore less potential to improve and benefit from the 
intervention. This self-selection bias would theoretically yield an underestimation of 
the true effect in the target population.82

Finally, long-term RCTs that directly assess the effect of interventions on cardiovascular 
event rates hold a central place for cardiovascular treatment guidelines. However, few 
such trials have been performed regarding dietary interventions and none exist for 
physical activity interventions. 10 As described in Chapter 3 and 4, RCTs with a shorter 
follow-up time are performed more frequently, but these generally only assess the 
effects of lifestyle interventions on intermediate risk factors. It is difficult to translate 
these effects to cardiovascular risk reductions, given that only a proportion of lifestyle 
effects are mediated by traditional CVD risk factors (Chapters 5, 8) and that CVD 
patients receive concomitant medications to treat the risk factors that are also being 
targeted by lifestyle changes.

FUTURE PERSPECTIVES

Even though unhealthy dietary habits and physical inactivity have been identified 
as causes of disease by Hippocrates in ancient times, a strategy to prevent people 
from adopting such habits has not yet been found. Contrarily, over 2000 years 
later an unhealthy lifestyle has become increasingly common and the incidence of 
non-communicable, lifestyle-related diseases is still on the rise and there is growing 
recognition of a wide range of contributing factors.83,84 This persisting challenge 
underscores the urgency of evolving lifestyle research in the context of CVD. As we 
look to the future, new fields of research and new methodologies emerge that could 
play an important role in combating these health issues.
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Personalized lifestyle recommendation is an emerging field that uses data on medical 
history, laboratory findings and patients preferences to create an individualized 
recommendation for lifestyle changes.85–87 There appears to be considerable 
heterogeneity in the treatment effect of lifestyle interventions and it is worth trying 
to unravel mechanisms that explain that heterogeneity.88 Together with increasingly 
available evidence on interaction between lifestyle habits and genome and machine-
learning techniques, the possibility arises of personalized recommendations on body 
composition, diet, physical activity level and type. Models such as the one described in 
Chapter 10, lend themselves very well to estimate the impact of such targeted lifestyle 
interventions and communicating the effects of a personalized lifestyle approach to 
patients.

In the near future, the results of ongoing lifestyle RCTs will be published. The 
ongoing AUStralian MEDiterranean Diet Heart trial (AUSMED),89 will shed light on 
the efficacy of a Mediterranean diet relative to standard-care for reducing recurrent 
CVD event risk in a non-Mediterranean country. Preliminary reports show that good 
compliance with the Mediterranean diet can be achieved, but it remains to been seen 
if CVD risk reductions similar to the Lyon Diet Heart and CORDIOPREV trials can be 
achieved.90 The CENTURY trial (NCT00756379) is currently assessing the impact of 
comprehensive intervention including lifestyle modification on recurrent CVD event 
risk in patients with established CVD. In this RCT, radiographic testing is used to 
reinforce the intervention and intensify treatment when necessary.91 This trial could 
shed new insights on methods to increase adherence to lifestyle interventions over 
time. The initial five years follow-up of this trial were completed in 2022 and the first 
results are expected soon.

CONCLUDING REMARKS

Lifestyle optimization, including a healthy diet and being physically active, is a first-
line recommendation for the clinical management of patients with established CVD. 
However, it is often difficult to integrate lifestyle guidance into clinical practice and 
compliance with recommended lifestyle remains poor. The findings in this thesis 
contribute to further awareness of the importance of a healthy lifestyle even when 
CVD is already clinically manifest and offer new insights into the association between 
lifestyle behaviors and recurrence of cardiovascular events in these patients. The 

12

Nadia_Binnenwerk_V3.indd   461Nadia_Binnenwerk_V3.indd   461 22-02-2024   08:3422-02-2024   08:34



462

CHAPTER 12

evidence in this thesis demonstrates that significant health benefits could likely be 
realized, in a cost-effective manner, in CVD patients that receive state-of-the-art 
cardiovascular risk managing medications. Furthermore, individualized treatment 
effect prediction can be used to communicate personalized benefits from lifestyle 
change in clinical practice with the aim to improve compliance with long-standing 
guideline recommendations. As we look toward the future, refinement of lifestyle 
management could potentially be achieved through the development of personalized 
lifestyle prescriptions and the initiation of pragmatic clinical trials focused on bolstering 
adherence to lifestyle recommendations. Lifestyle optimization requires a large effort 
from patients, health care providers and healthy policy makers, but has the potential 
to significantly improve the health and well-being of patients with established CVD.

KEY FINDINGS OF THIS THESIS

In this thesis, we demonstrated that:

•	 Compliance with dietary recommendations is suboptimal in patients with 
established CVD (Chapter 2)

•	 Theoretical modelling of relative adherence to a healthy dietary pattern, such as 
a DASH or Mediterranean diet, showed modest but clinically relevant protective 
relationships with cardiovascular and mortality outcomes in patients with established 
CVD (Chapter 5, Chapter 6).

•	 Interventions aimed at adopting one of various popular dietary patterns yield 
marginal effects on intermediate cardiovascular risk factors such as body weight, 
systolic blood pressure and LDL-cholesterol in pharmacologically treated people 
with established CVD or T2D (Chapter 3, Chapter 4).

•	 Attenuation of traditional cardiovascular risk factors, such as blood pressure and 
LDL-cholesterol, is not the main mechanism of action for effectuating benefits of 
a healthy lifestyle. Rather, systemic inflammation and insulin resistance emerge 
as pivotal mediators for reducing cardiovascular risk through lifestyle changes 
(Chapter 5, Chapter 8).

•	 High leisure-time physical activity levels are associated with reduced risk of 
recurrent cardiovascular events and incident T2D. However, paradoxically, high 
levels of occupational physical activity tend to elevate risk of these outcomes. 
(Chapter 7).
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•	 Achieving high exercise volumes is key for lowering risk of recurrent cardiovascular 
events in CVD patients, irrespective of the specific intensity or type of exercise 
employed to reach these volumes (Chapter 8).

•	 It is never too late to adopt a healthy lifestyle, as changing lifestyle behaviours over 
time, encompassing smoking cessation, losing weight, increasing physical activity 
and moderating alcohol consumption, over time is associated with lower risk of 
cardiovascular events in CVD patients (Chapter 9).

•	 Adopting a Mediterranean diet and increasing physical activity has the potential 
to substantially increase life expectancy free of recurrent CVD event, especially in 
younger patients and in patients with a high lifetime risk of cardiovascular events 
(Chapter 10).

•	 An intervention aimed at improving adherence to a Mediterranean diet and physical 
activity recommendations are highly cost-effective in CVD (Chapter 11).

12
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SUMMARY

Cardiovascular disease (CVD), encompassing coronary artery, cerebrovascular and 
peripheral arterial disease, is the worldwide leading cause of morbidity and mortality 
contributing to an estimated 18 million deaths each year. Unhealthy lifestyle habits, 
including smoking, unhealthy diet, physical inactivity and being overweight or obese, 
are key risk factors for developing atherosclerosis and CVD. Public health measures 
are focussed on preventing CVD from developing through the promotion of a healthy 
lifestyle. However, after CVD becomes clinically manifest, e.g. when a patients 
experiences a myocardial infarction, pharmacological interventions instead of healthy 
lifestyle become the mainstay of clinical CVD management and prevention of recurrent 
cardiovascular events. Adhering to a healthy lifestyle may be more difficult for CVD 
patients, due to consequences of the disease or side effects of the pharmacological 
interventions. Furthermore, the extent to which a healthy lifestyle contributes to 
reduction of the risk of recurrent cardiovascular events remains largely unclear.

In this thesis, the role of healthy dietary and physical activity habits in the clinical 
management with stable CVD was explored. Part I examined the relationship between 
different dietary patterns and cardiovascular risk factors and event rates. In Part II, 
the focus lies on different types of physical activity in secondary CVD prevention. 
Finally, in Part III, multiple lifestyle components are investigated together and a 
personalized assessment of the long-term benefits of a healthy lifestyle for CVD 
patients is estimated.

In Chapter 1 of this thesis, an overview of the existing evidence on healthy diet and 
physical activity for primary and secondary prevention of cardiovascular events is 
provided. Furthermore, the central objectives and outline of this thesis were outlined. 
Part I of this thesis assessed the role of multiple dietary patterns in the prevention of 
recurrent cardiovascular events from both an etiological and a therapeutic perspective. 
To put the potential benefit of changing dietary habits in the right context, it is 
important to gain an overview of current dietary habits of patients with established 
CVD. In Chapter 2 the results of the retrospective collection of dietary intake data 
through a food frequency questionnaire among 2,656 patients with established CVD 
from the UCC-SMART cohort are described. CVD patients’ compliance with current 
Dutch dietary guidelines was poor, but compared to the general population they scored 
better on intake of recommended heart-healthy food items such as legumes and fish. 
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Furthermore, in this study, a better compliance with the Dutch dietary guidelines was 
associated with lower stroke risk.

In Chapters 3 and 4, the existing evidence on the effect of dietary patterns 
interventions on cardiovascular risk factor levels in patients with established CVD 
or type 2 diabetes was systematically collected and pooled using network meta-
analysis techniques. Chapter 3 included 17 randomized controlled trials among CVD 
populations comparing five distinct dietary patterns and found no significant short- or 
long-term effects on body weight, systolic blood pressure and LDL-cholesterol levels. 
There was a considerable risk of bias in the available studies and the heterogeneity 
between the included studies was significant. In Chapter 4 a similar analysis was 
performed in studies comprising individuals with type 2 diabetes. A total of 73 
trials were included in this network meta-analysis and an estimate of the relative 
effects of eight potentially healthy dietary patterns on cardiovascular risk factors and 
glycemic control was found. In this analysis, all included dietary patterns significantly 
reduced body weight compared to no dietary intervention. The low carbohydrate and 
Mediterranean diet were identified as most effective for improving glycemic control. 
Similar to Chapter 3, no statistically significant reductions in blood pressure and lipid 
levels were observed. Together these two chapters raised the question whether the 
reductions in cardiovascular event risk that are observed in observational studies and 
the few available long-term randomized controlled trials could be mediated by other 
factors than attenuation of traditional cardiovascular risk factors.

Chapter 5 aimed to further elucidate the relative contribution of cardiovascular 
risk factors to the association between two popular heart healthy diets, the 
Dietary Approaches to Stop Hypertension (DASH) and the Mediterranean diet, and 
(cardiovascular) mortality. In this analysis 4,365 patients with a history of myocardial 
infarction from the Alpha Omega Cohort were included and low compliance with both 
the DASH and Mediterranean diet was found. A higher dietary compliance score was not 
associated with risk of cardiovascular or all-cause mortality after a median of 12 years 
follow-up time. However, explorative analyses in this chapter demonstrated that blood 
pressure and lipid levels were no mediators between higher dietary compliance scores 
and the mortality outcomes. Instead, systemic inflammation, measured as high-sensitivity 
C reactive protein levels, emerged as a central mediator of these dietary patterns. These 
findings are hypothesis-generating and suggest that the anti-inflammatory potential of 
dietary patterns should be explored further in future research.

A
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In Chapter 6, a target trial emulation was performed to assess the relationship between 
compliance with the DASH diet and cardiovascular and all-cause mortality risk in 
patients with established CVD. The study, using data from 4365 post-myocardial 
infarction patients from the Alpha Omega Cohort, found no significant association 
between DASH compliance and mortality risk, suggesting that the effects of the 
DASH diet may have been modified by concomitant use of blood pressure-lowering 
medications that was highly prevalent in this population.

In Part II the focus shifted towards the relationship of different types of physical activity 
with cardiovascular event risk among CVD patients. Chapter 7 assessed the differences 
between physical activity performed in leisure time and at work in relationship to risk 
of recurrent cardiovascular events, all-cause mortality and incident diabetes. Among 
7,058 patients with established CVD from the UCC-SMART cohort, higher leisure-
time physical activity levels were strongly associated with reduced risk of these three 
outcomes. Paradoxically, more physical demanding occupations were not associated 
with reductions in cardiovascular event, mortality and incident type 2 diabetes risk. 
Instead, manual or heavy manual occupation showed a trend towards higher recurrent 
cardiovascular event risk. These findings indicate that physical activity at work should 
not be regarded as a sufficient alternative for physical activity in leisure-time.

Chapter 8 compared different exercise volumes, types and intensity in relation to all-
cause mortality and recurrent cardiovascular event risk. In this analysis, not performing 
any exercise was associated with significantly worse outcomes but no differences 
between exercise types, volume and intensity was observed. These findings stress 
the importance of motivating CVD patients to exercise but suggest that patients 
should be let free to choose a type of exercise that suits their personal preferences. 
Furthermore, in Chapter 8, a mediation analysis was performed to investigate to which 
extent exercise effects were mediated by differences in cardiovascular risk factors. 
In this analysis, body mass index, systolic blood pressure and LDL-cholesterol levels 
turned out to mediate only a small proportion of the association, similar to the findings 
in Chapter 5. Instead, insulin resistance and systemic inflammation accounted for 
approximately 5% and 15% of the total associations.

In Part III, different lifestyle components and their relationship with clinical endpoints 
in CVD patients were assessed concurrently. In Chapter 9, repeated assessments of 
smoking, alcohol consumption, physical activity and waist circumference level in the 
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UCC-SMART cohort were combined to assess patients’ individual lifestyle trajectory. 
In this chapter, improving lifestyle behaviour over time was associated with an almost 
50% lower risk of all-cause mortality, cardiovascular mortality and incident type 
2 diabetes relative to a maintaining an unhealthy lifestyle. For all-cause mortality 
and cardiovascular mortality, smoking and physical activity were the main drivers of 
the lower risk, while for incident diabetes, a persistently healthy or improved waist 
circumference was most strongly associated with risk reductions. The findings of this 
study suggest that it is not too late to adopt healthy lifestyle behaviours even after 
CVD has become clinically manifest.

In Chapter 10, treatment effects from the best available evidence on Mediterranean 
diet and physical activity were added to existing and previously externally validated 
SMART-REACH model. This model allows for personalized predictions of 10-year and 
lifetime benefit from adopting a Mediterranean diet, increasing physical activity levels 
or both. The model was applied to 13,331 CVD patients from the UCC-SMART and 
Alpha Omega Cohort to estimate the potential of implementing lifestyle interventions 
in routine clinical care for CVD patients. It was estimated that median gain of 3.7 
additional life years free of recurrent CVD events could be realized. Lifetime benefit 
from lifestyle interventions were largest among younger patients and those at high 
recurrent CVD risk.

Finally, in Chapter 11, cost-effectiveness of implementing a lifestyle intervention based 
on Mediterranean diet and increased physical activity levels, was assessed. This study 
yielded a dominant incremental cost-effectiveness ratio of - € 626 per quality-adjusted 
life year gained. This highly cost-effective finding remained robust in a wide range 
of scenario analyses, such as reimbursement for food costs and reducing adherence 
rates. This findings presented in this chapter strongly advocate for incorporating active 
lifestyle guidance into routine clinical care for patients with established CVD.

A
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Hart- en vaatziekten (HVZ), waaronder coronaire hartziekte, cerebrovasculaire en 
perifere arteriële ziekte, zijn wereldwijd de belangrijkste oorzaak van morbiditeit en 
mortaliteit en dragen bij aan naar schatting 18 miljoen sterfgevallen per jaar. Ongezonde 
levensgewoonten, waaronder roken, een ongezond dieet, lichamelijke inactiviteit en 
overgewicht of obesitas, zijn belangrijke risicofactoren voor de ontwikkeling van 
atherosclerose en HVZ. Volksgezondheidsmaatregelen zijn primair gericht op het 
voorkomen van de ontwikkeling van HVZ en atherosclerose door de bevordering van 
een gezonde levensstijl. Echter, nadat HVZ klinisch manifest is geworden, bijvoorbeeld 
wanneer een patiënt een hartinfarct krijgt, worden medicamenteuze interventies de 
kern van de behandeling van om nieuwe cardiovasculaire events te voorkomen. Het 
naleven van een gezonde levensstijl krijgt dan vaak minder aandacht en kan moeilijker 
zijn voor HVZ-patiënten, vanwege de gevolgen van de ziekte of bijwerkingen van 
farmacologische interventies. Bovendien zijn er nog veel vragen over in hoeverre 
een gezonde levensstijl bijdraagt aan het verminderen van het risico op terugkerende 
cardiovasculaire events.

In dit proefschrift werd de rol van gezonde dieet- en bewegingsgewoonten in de 
klinisch zorg voor patiënten met stabiele HVZ onderzocht. Deel I onderzocht de relatie 
tussen verschillende dieetpatronen en cardiovasculaire risicofactoren en de kans op 
het krijgen van nieuwe hart- en vaatevents. In Deel II lag de focus op verschillende 
soorten lichamelijke activiteit in secundaire HVZ-preventie. Ten slotte worden in Deel III 
meerdere levensstijlcomponenten samen onderzocht en wordt een gepersonaliseerde 
inschatting van de lange termijn voordelen van een gezonde levensstijl voor HVZ-
patiënten gemaakt.

In Hoofdstuk 1 van dit proefschrift wordt een overzicht gegeven van het bestaande 
bewijs over een gezond dieet en lichamelijke activiteit voor de primaire en secundaire 
preventie van cardiovasculaire gebeurtenissen. Bovendien werden de centrale 
doelstellingen en de opzet van dit proefschrift geschetst. Deel I van dit proefschrift 
beoordeelde de rol van meerdere dieetpatronen in de preventie van terugkerende 
cardiovasculaire gebeurtenissen, zowel vanuit een etiologisch als een therapeutisch 
perspectief. Om het potentiële voordeel van het veranderen van dieetgewoonten in de 
juiste context te plaatsen, is het belangrijk om een overzicht te krijgen van de huidige 
dieetgewoonten van patiënten met vastgestelde HVZ. In Hoofdstuk 2 worden de 
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resultaten beschreven van de retrospectieve verzameling van voedselinnamegegevens 
via een voedselfrequentievragenlijst onder 2.656 patiënten met vastgestelde HVZ 
uit de UCC-SMART-cohort. De naleving van de huidige Nederlandse dieetrichtlijnen 
door HVZ-patiënten was suboptimaal, maar in vergelijking met de algemene bevolking 
scoorden ze beter op de inname van aanbevolen hartgezonde voedingsmiddelen zoals 
peulvruchten en vis. Bovendien bleek uit dit onderzoek dat een betere naleving van 
de Nederlandse dieetrichtlijnen gepaard ging met een lager risico op een beroerte bij 
HVZ-patiënten.

In Hoofdstukken 3 en 4 werd het bestaande bewijs over het effect van dieetpa-
trooninterventies op cardiovasculaire risicofactoren bij patiënten met HVZ of type 
2 diabetes systematisch verzameld en geanalyseerd met behulp van netwerk-meta-
analysetechnieken. Hoofdstuk 3 omvatte 17 gerandomiseerde gecontroleerde 
onderzoeken onder HVZ-populaties en er werden in totaal vijf verschillende dieetpatronen 
vergeleken. In deze analyse werden geen significante korte- of langetermijneffecten 
gevonden op lichaamsgewicht, systolische bloeddruk en LDL-cholesterolniveaus. De 
beschikbare studies hadden echter een aanzienlijk risico op bias en de heterogeniteit 
tussen de opgenomen studies was significant. In Hoofdstuk 4 werd een vergelijkbare 
analyse uitgevoerd bij studies met mensen met type 2 diabetes. In totaal werden 73 
studies opgenomen in deze netwerk-meta-analyse, en een schatting van de relatieve 
effecten van acht potentieel gezonde dieetpatronen op cardiovasculaire risicofactoren 
en glycemische controle werd gemaakt. In deze analyse verminderden alle dieetpatronen 
significant het lichaamsgewicht in vergelijking met geen dieetinterventie. Het koolhydraat-
beperkte dieet en het mediterrane dieet bleken het meest effectief voor het verbeteren 
van de glycemische controle. Net als in Hoofdstuk 3 werden geen statistisch significante 
verlagingen waargenomen in bloeddruk- en lipidenniveaus. Samengevoegd riepen deze 
twee hoofdstukken de vraag op of de verminderingen in het risico op cardiovasculaire 
gebeurtenissen die worden waargenomen in observationele studies en de paar 
lange termijn-gerandomiseerde gecontroleerde onderzoeken die gedaan zijn, zouden 
kunnen worden bemiddeld door andere factoren dan het verminderen van traditionele 
cardiovasculaire risicofactoren.

Hoofdstuk 5 had als doel om die relatieve bijdrage van cardiovasculaire risicofactoren 
aan de associatie tussen twee populaire hart-gezonde diëten, het Dietary Approaches 
to Stop Hypertension (DASH)-dieet en het mediterrane dieet, en (cardiovasculaire) 
sterfte verder te verduidelijken. In deze analyse werden 4.365 patiënten die een 
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hartinfarct hadden doorgemaakt uit het Alpha Omega Cohort opgenomen, en er werd 
een beperkte naleving van zowel het DASH- als het mediterrane dieet gevonden. 
Een hogere dieetscore was niet geassocieerd met het risico op cardiovasculaire of 
algemene sterfte na een mediane follow-up van 12 jaar. Echter, verkennende analyses 
in dit hoofdstuk toonden aan dat bloeddruk- en lipidenniveaus geen bemiddelaars 
waren tussen hogere nalevingsscores van het dieet en de sterfte-uitkomsten. In plaats 
daarvan kwam laaggradige systemische inflammatie, gemeten als C-reactieve proteïne, 
naar voren als een centrale mediator van deze dieetpatronen. Deze bevindingen 
genereren hypothesen en suggereren dat het ontstekingsremmende potentieel van 
dieetpatronen verder moet worden onderzocht in toekomstig onderzoek.

In Hoofdstuk 6 werd een target trial emulation uitgevoerd om de relatie tussen 
naleving van het DASH-dieet en het risico op (cardiovasculaire) sterfte te beoordelen 
bij patiënten met vastgestelde HVZ. De studie, gebaseerd op gegevens van 4.365 
post-hartinfarctpatiënten uit de Alpha Omega Cohort, vond geen significante 
associatie tussen DASH-naleving en het risico op sterfte, wat suggereert dat de 
effecten van het DASH-dieet mogelijk werden beïnvloed door gelijktijdig gebruik van 
bloeddrukverlagende medicijnen, wat veel voorkwam in deze populatie.

In Deel II verschoof de focus naar de relatie tussen verschillende soorten lichamelijke 
activiteit en het risico op cardiovasculaire gebeurtenissen bij HVZ-patiënten. In 
Hoofdstuk 7 werden de verschillen beoordeeld tussen lichamelijke activiteit in de 
vrije tijd en lichamelijk beweging op het werk in relatie tot het risico op terugkerende 
cardiovasculaire events, algemene sterfte en het ontstaan van type 2 diabetes. 
Onder 7.058 HVZ patiënten uit het UCC-SMART-cohort waren hogere niveaus van 
lichamelijke activiteit in de vrije tijd sterk geassocieerd met een lager risico op deze 
drie uitkomsten. Paradoxaal genoeg waren meer fysiek veeleisende beroepen niet 
geassocieerd met verlagingen in het risico op cardiovasculaire events, sterfte en het 
ontstaan van type 2 diabetes. In plaats daarvan vertoonden fysiek zware beroepen 
een trend naar een hoger risico op het krijgen van een nieuw cardiovasculaire event. 
Deze bevindingen geven aan dat lichamelijke activiteit op het werk niet moet worden 
beschouwd als een afdoende alternatief voor lichamelijke activiteit in de vrije tijd.

Hoofdstuk 8 vergeleek verschillende hoeveelheden, soorten en intensiteit van 
sportactiviteit in relatie tot algemene sterfte en het risico op cardiovasculaire events 
bij HVZ-patiënten. In deze analyse bleek het niet uitvoeren van enige gerichte 
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sportactiviteit geassocieerd te zijn met aanzienlijk slechtere resultaten, maar er werden 
geen verschillen waargenomen tussen soorten, hoeveelheden en intensiteiten van 
de lichaamsbeweging. Deze bevindingen benadrukken het belang van het motiveren 
van HVZ-patiënten om te sporten, maar suggereren dat patiënten de vrijheid moeten 
hebben om een   type lichaamsbeweging te kiezen dat past bij hun persoonlijke 
voorkeuren. Bovendien werd in Hoofdstuk 8 een mediatieanalyse uitgevoerd om te 
onderzoeken in hoeverre de effecten van sport werden bemiddeld door verschillen in 
cardiovasculaire risicofactoren. In deze analyse bleken body mass index, systolische 
bloeddruk en LDL-cholesterolniveaus slechts een klein deel van de associatie te 
bemiddelen, vergelijkbaar met de bevindingen uit Hoofdstuk 5. In plaats daarvan 
droegen insulineresistentie en systemische ontsteking ongeveer 5% en 15% bij aan 
de totale associaties.

In Deel III werden verschillende levensstijlcomponenten en hun relatie met klinische 
eindpunten bij HVZ-patiënten gelijktijdig beoordeeld. In Hoofdstuk 9 werden herhaalde 
metingen van roken, alcoholgebruik, lichamelijke activiteit en tailleomtrek in het UCC-
SMART-cohort gecombineerd om individuele levensstijltrajecten van patiënten te 
beoordelen. In dit hoofdstuk werd gezien dat een verbetering van de levensstijl in 
de loop van de tijd geassocieerd was met bijna 50% lager risico op algemene sterfte, 
cardiovasculaire sterfte en het ontwikkelen van type 2 diabetes in vergelijking met een 
blijvend ongezonde levensstijl. Voor algemene sterfte en cardiovasculaire sterfte waren 
roken en lichamelijke activiteit de belangrijkste bijdragende factoren voor het lagere 
risico, terwijl voor het ontwikkelen van diabetes een blijvend gezonde of verbeterde 
tailleomtrek het sterkst geassocieerd was met risicovermindering. De bevindingen van 
dit onderzoek suggereren dat het niet te laat is om gezonde levensstijlgewoonten op 
te pakken, zelfs nadat HVZ klinisch manifest is geworden.

In Hoofdstuk 10 werden behandeleffecten uit het beste beschikbare bewijs over 
het mediterrane dieet en lichamelijke activiteit toegevoegd aan het bestaande en 
eerder extern gevalideerde SMART-REACH-model. Dit model maakt het mogelijk om 
gepersonaliseerde schattingen te doen over het 10-jarige en levenslange voordeel 
van het aannemen van een Mediterraan dieet, het verhogen van lichamelijke 
activiteit niveau of beide. Het model werd toegepast op 13.331 HVZ-patiënten uit 
de UCC-SMART- en Alpha Omega cohorten om het potentieel van implementatie 
van levensstijlinterventies in de klinische zorg voor HVZ-patiënten te schatten. 
De resultaten lieten zien dat een mediane winst van 3,7 extra levensjaren zonder 
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terugkerende HVZ-events kon worden gerealiseerd in deze patiënten groep. Het 
levenslange voordeel van levensstijlinterventies was het grootst bij jongere HVZ-
patiënten en bij degenen met het hoogste risico op een nieuw HVZ-event.

Ten slotte werd in Hoofdstuk 11 de kosteneffectiviteit van een levensstijlinterventie 
op basis van het mediterrane dieet en lichamelijke activiteit beoordeeld. Deze studie 
resulteerde in een dominante incrementele kosteneffectiviteitsratio van - € 626 per 
gewonnen quality-adjusted life year. Deze zeer kosteneffectieve bevinding bleef 
robuust in een breed scala van scenarioanalyses, zoals vergoeding voor voedselkosten 
en het verminderen van de nalevingspercentages. De bevindingen in dit hoofdstuk 
pleiten sterk voor het opnemen van actieve levensstijlbegeleiding in de standaardzorg 
voor patiënten met HVZ.
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DANKWOORD

Dit is dan echt het einde van mijn promotietijd(perk). Ik vond het geweldig en heb veel 
geleerd. Onderzoek doe je nooit in je eentje en ik heb heel veel geluk met de mensen 
die ik de afgelopen jaren om me heen heb gehad. Zonder jullie was deze tijd nooit 
zo leuk, afwisselend, verbredend en verdiepend geweest. Dank aan iedereen die de 
afgelopen jaren van dichtbij of op afstand betrokken is geweest bij dit proefschrift. Ik 
wil graag een aantal van jullie hier in het bijzonder bedanken:

Allereerst mijn promotieteam: mijn promotoren prof. dr. F.L.J Visseren, prof. dr. J.M. 
Geleijnse en mijn copromotor dr. C. Koopal.

Prof. Dr. F.L.J. Visseren, beste Frank, ik wil je graag bedanken voor de fijne begeleiding 
de afgelopen jaren. Vol energie stortten we ons samen op een project dat toen ik 
begon eigenlijk niet veel meer was dan een A4’tje met ideeën. Je gaf me de ruimte 
om hier zelf invulling aan te geven, maar stuurde me gelukkig altijd op tijd weer bij. Ik 
heb veel respect voor hoe jij snel tot de kern kan komen en echt de hoofdboodschap 
van een verhaal kan omkaderen. Ik vond het heel fijn dat je deur open stond voor een 
laagdrempelige vraag. Ik bewonder en waardeer hoe je met zo’n drukke agenda toch 
altijd tijd maakt om ons als promovendi persoonlijke begeleiding te geven. Door jou 
is de Vascu-groep een hechte en fijne plek om te promoveren die ik aan iedereen zou 
aanraden. Je maakt deze sfeer mogelijk met vascu-lunches, barbecues en Thanksgiving 
diners die altijd heel gezellig en lekker waren. 

Prof. dr. J.M. Geleijnse, beste Marianne, wat een geluk om begeleiding vanuit twee 
disciplines te krijgen. Jouw expertise op voedingsgebied heeft ontzettend geholpen bij het 
uitvoeren en afronden van dit proefschrift. Toen ik begon was de voedingswetenschap 
een nieuw veld voor mij, maar je hebt me hier op een hele prettige manier doorheen 
geleid. Dankjewel voor de kans om met de voedingsdata uit het Alpha Omega cohort aan 
de slag te gaan. Bij het bespreken van projecten had je scherpe maar opbouwende kritiek 
die het niveau van projecten omhoog tilde. Dankjewel voor je positieve begeleiding en 
je enthousiasme. 

Dr. C. Koopal, beste Lotte, direct na die wandeling door Park Oog in Al tijdens de 
eerste coronagolf hadden we een goede klik. Gedurende mijn hele promotie wist je 
precies waar mijn sterke punten en mijn valkuilen liggen en daagde je me uit om uit mijn 
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comfortzone te stappen. Ik vind het heel inspirerend hoe jij je eigen plan trekt en daar 
vol voor gaat. Ik bewonder hoe je klinische werk combineert met onderzoek en een 
gezin met twee kleine kinderen. Ik heb de laatste jaren heel fijn met je samengewerkt, 
zowel toen we 12 uur tijdsverschil hadden als over een kop koffie in de Brink. Dankjewel 
dat je me zoveel ruimte hebt gegeven om mijn ideeën de vrije loop te laten, maar dat 
je toch altijd het overzicht hield om me op koers te houden. Heel veel dank voor de 
fijne en persoonlijke begeleiding de afgelopen jaren!

Prof. dr. O.H. Franco Duran, Prof. dr. ir. E. Kampman, Prof. dr. L.J. Kappelle, Prof. dr. M. 
Meine, prof. dr. W.M.M. Verschuren, hooggeleerde leden van mijn beoordelingscommissie: 
ik wil u graag bedanken voor uw bereidheid om dit proefschrift te beoordelen. Ik kijk 
ernaar uit om in het Academiegebouw over de inhoud van gedachten te wisselen.

Ik wil graag alle coauteurs bedanken voor hun scherpe suggesties en aanvullingen bij 
de projecten die samen zijn gekomen in dit proefschrift. Een aantal coauteurs kan ik 
daarbij zeker niet ongenoemd laten:

Prof. dr. Y.T. van der Schouw, beste Yvonne, hartelijk dank voor je begeleiding bij het 
onderzoeksproject in mijn epidemiologie master. Maandelijks met jou overleggen over 
de FFQ voor UCC-SMART heeft het mogelijk gemaakt dat we die data nu beschikbaar 
hebben en dat de eerste projecten daarmee al in dit proefschrift terecht zijn gekomen.

Prof. dr. A.M. May, beste Anne, dank voor je input bij de verschillende projecten over 
bewegen die we gedaan hebben. Ik vond het heel leuk om Regiodeal-werkpakket 
overstijgend samen te werken.

Dr. R.M. Winkels, beste Renate, dank voor jouw input bij het uitzetten van de lijn van 
dit proefschrift. Ik bewonder jouw scherpe suggesties bij projecten, zelfs als je er maar 
een korte introductie over hebt gehad. Dank ook voor de spiegel in gesprekken over 
het grotere plaatje en lange termijn plannen. 

(Oud-)stafleden van de afdeling Vasculaire Geneeskunde: dr. Jan Westerink, dr. Jannick 
Dorresteijn, dr. Jan-Steven Burgerhart, dr. Melanie Tan en dr. Thomas van Sloten, 
dankjulliewel voor jullie behulpzame en inspirerende suggesties tijdens onze wekelijkse 
researchbesprekingen en voor de gezelligheid tijdens vascu-lunches en op congressen. 
Er bestaat vast een (statistisch?) significant grote kans dat een van jullie nog eens 
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tegenkom in de Bilt. Jan, dankjewel dat je mijn eerste stapjes binnen de vasculaire als 
student wilde begeleiden.

Inge, Corina en Sara, dankjulliewel voor de gezelligheid op het researchbureau. Het was 
altijd fijn om bij jullie een relativerend oor te vinden.

Margie, wat zou de afdelingen zonder jou worden? Chaos… Dankjewel voor al je 
logistieke hulp en dat je altijd zo meedenkt in oplossingen.

Veel dank aan alle medewerkers van UCC-SMART: Baukje, Hetty, Lies, Ank, Pauline, 
Mandy, Rosanne, Rutger en Angela voor de fijne samenwerking als SMART-arts en voor 
jullie hulp bij het verzamelen van de FFQ data die de basis vormt voor een heel aantal 
projecten in dit proefschrift (en wellicht meer in de toekomst!). Rosanne en Angela, 
dank voor jullie onuitputtelijke energie en enthousiasme bij het uitrollen van dit plan.

Dank aan alle deelnemers van het UCC-SMART cohort en het Alpha-Omega cohort. 
Zonder uw bijdrage was het onderzoek in dit proefschrift niet mogelijk geweest.

Collega’s van Regiodeal werkpakket 3, Menrike Menkveld, Tom van Loenhout, Remy 
Bemelmans, Gerda Pot en Anne van der Wiel, dankjulliewel voor de fijne meetings. 
Ik heb veel van jullie geleerd over communicatie over wetenschap naar een breder 
publiek en over het opzetten van brede samenwerkingen.

Mede-onderzoekers uit Wageningen aan de andere kant van de voedselvallei, het was 
super om vanuit een verschillende achtergrond over een gezamenlijk onderwerp na 
te denken. Esther, dankjewel voor de mooie link die we hebben kunnen leggen tussen 
AOC en SMART en voor de projecten die we samen hebben gedaan. Fijn dat je zo vaak 
toch nog één laatste regel R code voor me wou runnen. Het was heel gezellig samen in 
Barcelona!  Iris, wat fijn dat we in ieder geval één project samen hebben kunnen doen. 
Ik heb veel respect voor hoe secuur jij te werk gaat! Het was altijd leuk om tijdens een 
dagje in Wageningen weer bij te praten. Ilse, Tessa, Bo en Eva, we hebben minder nauw 
samengewerkt maar ik vond het altijd leuk om te horen wat voor projecten jullie aan 
het doen waren en om samen in Utrecht en Wageningen uit eten te gaan.

Misschien wel het allerbelangrijkste tijdens promoveren: collega’s om lief en leed, lach 
en traan, rejection en acceptance letter mee te kunnen delen. Geweldige Vasculega’s, 
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zonder jullie waren de afgelopen jaren niet half zo leuk geweest! Jullie maken de 
vasculaire. Dankjulliewel dat jullie er altijd waren voor ochtendkoffies, middagkoffies, 
taartmomenten (volgens het SOPje), klaagzangen en natuurlijk diverse borrels: 
vrijdagmiddag, afscheid, inter-vasculair. Geen reden was te gek. 

Britt, gezellig om zo lang samen werkbespreking te hebben. Maar… zou je nog één 
keertje uit kunnen leggen hoe dysbeta nou werkt? Als fantastische hippe HAIO ben 
je vast druk Deventer en ommestreken te gentrificeren. Soms waren die laatste 
Amsterdamse trends onnavolgbaar voor ons simpele Utregters. Eline, powervrouw, 
wijnconnaisseur, hypertensie-guru. Op deze manier wilde ik je onovertroffen spline-
script tóch nog acknowledgen! Dankjewel voor alle gezelligheid en leuke borrels. 
Helena, tussen de weeën door nog aan een rebuttal werken, poeh, dan leg je de lat wel 
erg onnavolgbaar hoog qua werkethos. We moeten altijd nog een Deens-Nederlands 
spreekwoordenboek maken! Steven, ik kan me het Van Geuns niet zonder jou als 
vascu-godfather voorstellen. Als er geborreld moest worden zorgde jij ervoor dat de 
troepen in het gareel kwamen. Desertie werd afgestraft. Maar op werk kon ik je altijd 
bereid vinden om te helpen, wanneer iemand ergens vastliep. Ik heb ontzettend veel 
respect voor wat je allemaal in onderzoeks-land voor elkaar bokst en met de recente 
beurs zit er vast nog veel moois aan te komen. Maria: ik ben je nog altijd dankbaar dat 
je aan mij dacht toen jullie uit de Bloemstraat gingen verhuizen. Ik ken weinig mensen 
die zo hartelijk, zorgzaam en onbaatzuchtig zijn als jij. Je huisdier naar een multiple-
imputation package noemen is toch hopelijk geen teken dat je je werk te veel mee naar 
huis neemt? Pascal, soms denk ik dat je een soort ingebouwde meeluister-Siri hebt. Je 
kan zelf zo in diepe focus werken, maar er middenin het (niet-altijd)werkgerelateerde 
rumoer, opeens vliegensvlug een gevatte grap uitgooien. Marga, ik kijk heel erg uit 
naar je promotie! Voor mij was je soms klaagmuur, dan weer lachspiegel. Ik ga de 
hapjes en drankjes om de hoek bij Buurten en de Cervezeria missen, maar ook jouw 
feilloze snack- en menukaartkennis daarbij! Katrien, ik vind het mega knap hoe je 
alle ballen (kind, huis, opleiding, promotie…) in de lucht houdt en toch tijd houdt 
voor sport en gezelligheid Lukas: foodvalley-brother-in-arms! Wat was ik blij toen je 
aangenomen werd en ik een naaste gezonde-leefstijl-collega kreeg. Ik waardeer je 
onuitputtelijke enthousiasme en optimisme. Met niemand liever zou ik bij Frank in de 
tuin werkbesprekingen houden. Beloof je niet meer kwijt te raken als er toevallig een 
hond langs loopt? Milena, jij hebt een onwaarschijnlijk doorzettingsvermogen. Iedere 
uitdaging op trialgebied weet jij weer helemaal om te buigen. Ik vind het heel leuk om 
te horen hoe je nu ook aan het klussen bent in jullie eigen huis. Heel veel succes; elk 
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stapje maakt het weer mooier! Joris: (meer dan?) energieke R-brainiac. Waar sommigen 
“keep it simple” als motto hanteren, wil ik voor jou “hoe kunnen we deze R-analyse nog 
complexer maken?” als lijfspreuk voorstellen. Dankjewel voor je energie, spaR-sessies, 
humor en mede-nerdschap. En… voor een niet-drinker borrel je aardig mee! Paulien, 
jouw enthousiasme is aanstekelijk. Het was al na twee weken duidelijk dat jij de nieuwe 
aanjager van Vascu-borrels wordt. Keep me posted! Iris, Stella en Melanie, we hebben 
maar kort samengewerkt maar ik wens jullie heel veel succes en vooral veel plezier 
in jullie PhD. Ik weet zeker dat jullie een hele leuke tijd gaan hebben bij de Vascu de 
komende jaren! Oud- en buurcollega’s: Tamar, Cilie, Bianca, Jesper en Patrick dank 
voor alle gezelligheid de afgelopen jaren!

Aan al mijn nieuwe collega’s in het Meander, dank voor het warme welkom en de fijne 
sfeer! Het assistentenweekend was meteen een mooie vuurdoop.

Ik wil mijn paranimfen Iris en Sophie bedanken voor al jullie hulp in de voorbereiding 
naar de verdediging toe en ben super blij en trots om straks tussen jullie in te staan!

Lieve Iris, je bent de grootste doorzetter die ik ken en als jij ergens je zinnen op zet, 
krijg je het altijd voor elkaar. Jouw organisatietalent is onovertroffen en kwam heel 
goed van pas in Barcelona. Zeg nou zelf, wat is er beter dan een sunset cruise met 
saxofoon op een catamaran. Dankjewel voor je eindeloze adviezen over mijn kleuren 
en zonder jou zou ik nooit mijn Kibbe body type geweten hebben. We moeten nog 
even doorzetten voordat we ook mijn Tycho overtuigen dat katten een grote aanwinst 
zijn. Ik ben heel blij dat je straks naast me staat in het Academiegebouw! 

Lieve Sophie, geweldige Fietje, vanaf groep blauw nu samen in het Academiegebouw. 
We kennen elkaar nu bijna 25 jaar en hebben al zoveel meegemaakt. Samen op school, 
samen gereisd en samen gewoond. Ik kan me niet voorstellen hoe het zou zijn als ik 
je niet elke week sprak. Bij jou voel ik me helemaal op mijn gemak op om op de bank 
in slaap te vallen (zelfs als het een hele goede film is...) of op Shakira over de grond te 
dansen. Ik ben super trots dat jij op 4 april naast me staat en ik kijk nu al uit naar de 
komende 25 jaar!

Gelukkig neemt promoveren niet je hele leven over en is er genoeg tijd voor ontspanning 
met mensen die ver weg staan van R scriptjes, screen failures, rebuttals en data sharing 
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agreements. Lieve vrienden en familie, dankjulliewel voor al jullie steun en gezelligheid 
tijdens borrels, etentjes, feestjes en weekendjes weg! 

Joey, wat fijn dat ik jou via Tycho ook zo goed heb leren kennen. Soms kan ik je niet 
helemaal verstaan, maar we begrijpen elkaar! Alleen de cocktails laten we volgende 
keer staan… Ayla, jouw warmte en zorgzaamheid zijn hartverwarmend; ik vind het heel 
fijn om met jou over carrièreplanning te praten. Dankjewel voor jullie vriendschap en 
laten we snel weer een weekendje weg plannen!

Babinski: Mark, Martijn, Suus, Jet wanneer gaan we weer een pubquiz winnen? (fristi 
telt ook als winst!) Suus en Jet komende verjaardag weer stappen? Tot nu toe levert 
dat alleen maar succesverhalen op!

Lieve awesome people/zigazig app gang, wat fijn dat we elkaar nog steeds zo vaak 
zien en dat het altijd weer zo gezellig is, zelfs als het uitgebreid over katten of Taylor 
Swift gaat… Ik hoop dat we ons etentjes en jaarlijkse sleepover vol houden tot we 
grijs en bejaard zijn. Odile, zo enthousiast over spelletjes dat je me ondanks mijn 
initiële weerstand vaak toch weet te overtuigen om mee te doen. Hopelijk kunnen we 
elkaar straks in de dienst een keertje bellen. Carien, lief oud huisgenootje en ultieme 
creatieveling. Lego, truien of je eigen siropen, je draait je hand er niet voor om. Je 
maakt een mean cocktail, waar ik op Nieuwjaarsdag meermaals spijt van heb gehad… 
Jiawen, ware globetrotter maar nu toch weer aardig dicht in de buurt geland. Zullen we 
een keertje Belgische biertjes drinken? Arike, jouw kennis over films is ongeëvenaard 
en ik kijk nu al uit naar jouw eigen whodunnit over onze vriendengroep! Vita, ons 
profielwerkstuk had zo een hoofdstuk in dit proefschrift kunnen zijn. Ik ben blijkbaar 
nooit over John Snow heen gekomen, maar jij gelukkig wel. We kunnen nog steeds 
hart met elkaar lachen. Ik heb heel veel zin in jullie bruiloft straks! Eva, huisje-boompje-
beestje in Bunnik, bij jou valt het allemaal op zijn plek. Dankjewel voor de bijscholing 
over échte hitjes. Als ik binnenkort onze woonkamer opnieuw wil verven, bel ik jou 
voor kleuradvies! Naomi, wat fijn dat we ieder jaar jouw woonkamer weer mogen 
verbouwen voor onze sleepover! Ook Quirijn, Rolf, Rick en Jeroen, de ‘aanhang’ die 
er over de jaren bij is gekomen, dankjulliewel dat jullie ons telkens weer toestaan om 
jullie huizen een avondje over te nemen, om hard en vals Wannabe mee te zingen, om 
net iets te veel wijn te drinken of om een poging te doen om de zombie apocalypse 
af te wenden.

A

Nadia_Binnenwerk_V3.indd   495Nadia_Binnenwerk_V3.indd   495 22-02-2024   08:3422-02-2024   08:34



496

APPENDICES

Lieve familie Tromp, Carlo, Inge, Jordy, Irene, Lisette, Mary, Zenzi, Okke, Duux, Yara, 
Gerald, Harumi en Erina, dankjulliewel voor jullie altijd super hartelijke welkom de 
afgelopen tien jaren. Ik heb geluk dat ik in zo’n fijne schoonfamilie terecht ben gekomen. 
Ik kijk er naar uit om nog heel vaak fanatiek 30 seconds met jullie te spelen!

Lieve Anneke, dankjewel voor je steun en al je interesse in ons huis en toekomstplannen. 
Ik vind het altijd fijn om over een kop thee met jou bij te praten. Thian, ik weet nog 
dat je aan het oefenen was met je eerste les Latijn en nu heb je bijna je uni diploma te 
pakken. Je bent een mega gezellige schoonbroer en blijkt ook nog een een onverwacht 
talent te hebben voor het indraaien van lampen!

Theo, dankjewel voor alle hulp met het verbouwen in ons huis het afgelopen jaar. 
Zonder jou had ik nog steeds niet geweten hoe ik een moordenaarstang moest 
gebruiken. Lieve Marga, dankjewel voor je steun en je interesse in alle dingen die ik 
doe. Ik bewonder jouw energie en hoe je nieuwe uitdaging na uitdaging aangaat. Ik 
hoop dat je me nog veel reisfoto’s uit verre oorden blijft sturen!

Hans, Simkje, Sjoukje, Jan en Tjebbe, ik zie jullie lang niet vaak genoeg. De plek van 
mijn promotie zal jullie zeker bekend voorkomen. Paul, Harriet, Tina, Bradley en Brian, 
dank voor alle drukte en gezelligheid! Wat leuk dat jullie ons nieuwe huis nu ook gezien 
hebben. Syrrita, lief nichtje, jij bokst alles voor elkaar en trekt helemaal je eigen plan. 
Hou dat vast! Ellis, wat ben jij eindeloos sportief en enthousiast. Kijk uit, want ik kom 
eraan om je voorbij te gaan in de voetbalpoule!

Lieve oma Riet, ik vind het heel bijzonder dat je aanwezig kunt zijn bij de verdediging 
van dit proefschrift. Als kind en student vond ik het altijd heerlijk om bij jou en opa te 
kunnen logeren. Van appeltaart met ananas tot met blote billen van de glijbaan in het 
zwembad, het was altijd een feestje! Beste Cor, wat fijn dat ik u de afgelopen jaren 
heb mogen leren kennen. Ik hoop dat ik op uw leeftijd ook nog met zoveel energie kan 
genieten van uit eten gaan en lekkere weekendjes er tussenuit.

Jorge, grote kleine broer, dankjewel voor alle gezelligheid, al het gekibbel en alle 
afkortingen waarmee je me aan het lachen maakt. Ik vind het zo leuk om te zien hoe 
je je ontplooit in Rotterdam en helemaal je eigen leven hebt. Laten we snel weer een 
keer samen gaan eten!
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Lieve papa en mama, dankjulliewel dat jullie altijd 100% achter me staan. Pap, ik snap 
niet hoe jij binnen een week beter in een onderwerp kan zitten waar ik me al maanden 
full time mee bezig hou en hoe je me dan precies het boek op kan sturen dat ik nodig 
heb. Ik vind het heerlijk om een uur met je aan de telefoon te hangen tot we besluiten 
dat het te veel brommelen wordt. Dankjewel voor al je hulp met het verbouwen in ons 
huis. Zonder jou hadden we nog steeds in de bruine jaren ’70 vibe gewoond. Mam, jij 
weet al na twee woorden over de telefoon precies hoe het met me gaat. Je steunt me 
met onuitputtelijke aanmoediging en hoge doses vitamines als ik langskom op Burg42. 
Dankjewel voor alle zakdoekjes, pepermuntjes, warme kruiken en gesneden fruitbakjes 
die je me dan weer toestopt. Jouw huis- en tuin-tips zijn altijd welkom, misschien 
kunnen wij ook binnenkort voor tuinrondleidingen een aanwijsstok invoeren. Ik weet 
nu al dat je iedereen trots gaat vertellen over de verdediging van dit proefschrift, maar 
weet dat ik ook heel trots ben op jou en dat je een groot voorbeeld voor me bent.

Tot slot, allerliefste Tycho, ik weet niet waar ik moet beginnen om jou te bedanken. 
Dit proefschrift staat er mede dankzij jou: van die eerste mail vanuit Sardinië tot het 
meelezen van manuscripten in de late uurtjes. Je steunt me en gelooft in me ook 
wanneer ik het zelf even niet meer overzie. Bij jou kan ik mijn ei helemaal kwijt. Ik ben 
zo blij met ons nieuwe (t)huis en alle nieuwe ideeën die we daar nog op willen loslaten. 
Ik kijk nu al heel erg uit naar al onze plannen voor de komende jaren. Ik hou van jou! 
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