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ABSTRACT 
Cardiovascular diseases are the leading cause of premature death and disability in the world. 

A diet containing high amounts of plant-based foods has been associated with a reduced risk 

of cardiovascular diseases and the beneficial effect has been attributed to the antioxidants 

found in the foods. However, findings from randomized controlled trials on the role of 

antioxidant supplementation have been disappointing, reporting null results or even harmful 

effects. It has been suggested that antioxidants interact with each other to promote 

cardiovascular health. Therefore, the Non Enzymatic Antioxidant Capacity (NEAC) assay 

has been proposed, which measures the antioxidant potential of different dietary sources 

considering interactions between them. 

This thesis aimed to further clarify the effect of dietary antioxidants on the risk of 

cardiovascular diseases, with particular interest in measuring NEAC from diet. The specific 

aims were to prospectively study whether dietary NEAC is associated with a lower risk of 

myocardial infarction, stroke and heart failure in subjects free from CVD or cancer. Four 

studies were conducted using data from two large Swedish cohorts. Multivariable Cox 

proportional hazard regression models were fitted to estimate hazard ratios (HRs) with 95% 

confidence intervals (CIs).  

In the Swedish Women’s Lifestyle and Health Cohort (n = 45,882), a higher baseline dietary 

NEAC was inversely associated with the risk of myocardial infarction (quintile 5 vs. quintile 

1: HR: 0.60, 95% CI: 0.45-0.81, p for trend < 0.05) and heart failure (tertile 3 vs. tertile 1: 

HR: 0.63; 95% CI: 0.43-0.93; p for trend < 0.05) in young to middle aged women, whereas 

no association was found between dietary NEAC and stroke. In the Swedish National March 

Cohort (n = 34,543), dietary NEAC was inversely associated with the risk of overall (quartile 

4 vs. quartile 1: HR: 0.77, 95% CI: 0.61-0.96; p for trend < 0.05) and non-fatal myocardial 

infarction (quartile 4 vs. quartile 1: HR: 0.72; 95% CI: 0.56-0.92; p for trend < 0.05), but not 

with fatal myocardial infarction. The association seemed to further be stronger in women 

compared to men. 

To conclude, these findings support the hypothesis that a diet with high NEAC might protect 

from the development of myocardial infarction and heart failure and that the beneficial effect 

might be exerted through interactions between antioxidants. Whether this is true for stroke 

needs to be further investigated. Nevertheless, it is suggested to implement high amounts of 

antioxidant rich foods and beverages, such as fruits, vegetables, whole grains and tea, in the 

daily diet to lower the burden of cardiovascular diseases.  
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1 INTRODUCTION 
Although the global burden of cardiovascular disease (CVD) has decreased in the past 

decade, CVD remains the leading cause of death and disability in the world [1]. In Europe 

one of every four deaths and in the United States one of every three deaths occurs due to 

CVD [2, 3]. As diet explains about one third of global mortality, diet is a key modifiable risk 

factor and target in the development and prevention of CVD [4]. In fact, diet has been widely 

investigated and different approaches, such as studying single nutrients, foods and dietary 

patterns, have been used to identify a healthy diet. Nevertheless many questions remain 

unanswered. 

There is great evidence that a diet containing high amounts of plant-based foods, such as 

fruits, vegetables and whole grains, reduces the risk of CVD. This protective effect has been 

attributed to dietary antioxidants found in foods, which are able to scavenge free radicals and 

to reduce oxidative stress [5]. However, findings from observational studies investigating 

single antioxidants and the risk of CVD have cast doubt on the association between 

antioxidants and CVD [6]. What has not been considered in these studies is, that antioxidants 

interact with each other to promote cardiovascular health. Therefore, a single antioxidant 

approach might not be suitable to study the effect of dietary antioxidants on the risk of CVD.  

This thesis aimed to further clarify the effect of dietary antioxidants on the risk of selected 

cardiovascular outcomes, i.e. myocardial infarction, stroke and heart failure, with particular 

interest to investigate the effect of dietary non-enzymatic antioxidant capacity (NEAC), 

which measures the antioxidant potential of different dietary sources considering interactions 

between them. To accomplish the aim four observational studies were conducted using data 

from two large Swedish cohorts.   
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2 BACKGROUND 

2.1 Cardiovascular diseases 

Cardiovascular diseases (CVDs) are a group of diseases affecting the heart and blood vessels, 

with main manifestations being ischemic heart disease (ISH), cerebrovascular disease and 

peripheral vascular disease [7]. CVDs are the number one cause of death worldwide, with IHD 

and stroke remaining the leading causes of premature death and disability, both globally and in 

each world region. According to the Global Burden of Disease Study 2015 (GBD) there were 

an estimated 422.7 million prevalent CVD cases and 17.9 million CVD deaths, which 

accounted for one third of all deaths in the world [1].  

Age-standardized prevalence of CVDs vary greatly among countries, with lowest rates in 

Singapore, Japan, New Zealand, followed by Western Europe and the United States, and 

highest rates in West and East Africa, Iran and Oman. Although prevalence of CVDs is 

declining in many high and some middle-income countries, mortality rates seem to have 

plateaued, especially in Western Europe and the United States [1]. Based on the report 

conducted by Townsend and colleagues in 2016 [2], still 3.9 million deaths are caused by 

CVDs every year in Europe, with more than 1.4 million people dying before the age of 75 years 

. In the United States an estimated number of 840,000 annual CVD deaths occurred in 2016 [8].  

Because of the ageing of the population, the epidemiological transition of low- and middle-

income countries from infectious to chronic diseases, as well as the increase in modifiable risk 

factors, the burden of CVD is expected to increase. This trend is worrisome and demonstrates 

the importance of investment in prevention and treatment of CVD worldwide [1]. 

2.1.1 Myocardial infarction 

Ischemic heart disease (IHD) is the primary cause of mortality and morbidity in the world [1], 

with myocardial infarction (MI) being the first manifestation of IHD. The pathological 

characteristic of MI is cell death due to prolonged ischemia, which causes an imbalance 

between oxygen supply and demand in the myocardium [9]. Main cause for MI is the rupture of 

an atherosclerotic lesion in a coronary artery, which leads to the formation of a thrombus that 

plugs the artery leading to ischemia by stopping blood flow to the heart [7]. 

In 2015 there were around 110 million prevalent cases and 8.9 million fatal cases of IHD 

worldwide [1]. After the age of 40 years death rates increase steeply, from an estimated 33 

deaths per 100,000 for those aged 40-44 years, up to 2,671 per 100,000 for those above the age 
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of 80 years. When looking at MI separately, around 7.3 million acute cases were recorded 

globally in 2015 [1]. Between 1990 and 2010 MI incidence rates have decreased in all age 

groups, as well as in men (from 222.7 to 195.3 per 100,000) and women (136.3 to115.0 per 

100,000) [10]. However, within a year of first MI more women than men will die (26% of 

women, 19% of men), and within a five year period an estimated 47% of women and 36% of 

men will die, have heart failure or stroke, regardless of age [11].  

2.1.2 Stroke 

Stroke is the second leading cause of death in the world and responsible for long-term disability 

and dependency on patient care [12, 13]. Stroke is characterized by an acute focal injury of the 

central nervous system caused by inadequate blood flow [14]. Depending on the site of the 

injury, stroke can be categorized into different subtypes. Cerebral infarction, also known as 

ischemic stroke, occurs in 85% of stroke cases and is caused by local injury leading to the 

formation of thrombi and subsequent occlusion of the cerebral vessels or due to occlusion of 

the cerebral vessels by a circulating blood clot [12, 15]. A local breaking of the cerebral blood 

vessels causing hematoma will lead to hemorrhagic stroke, the most devastating type of stroke 

with high mortality rates and leaving 75% of the patients disabled and diseased [16]. 

Subarachnoid hemorrhage is caused by a bleeding into the subarachnoid space surrounding the 

brain and spinal cord [17].  

Although age-standardized mortality rates and prevalence of stroke have decreased, the overall 

burden of stroke remains high [13]. In 2016 the Global Burden of Disease Report estimated 

80.1 million prevalent cases of stroke in the world, of which 41.1 million occurred in women 

and 39.0 million in men. In addition, 5.5 million deaths due to stroke were reported, of which 

2.8 million were due to hemorrhagic and 2.7 million due to ischemic stroke. Age-specific 

stroke incidence rates were comparable between men and women under the age of 55, but 

significantly higher for men compared to women between the ages of 55-75 years [18]. 

2.1.3 Heart failure 

Heart failure (HF) is a major public health issue affecting around 26 million people worldwide 

[19]. It is a complex and progressive disorder caused by the incapability of the heart to generate 

sufficient cardiac output to meet the bodies demand. In 70% of the cases HF is caused by 

impaired ventricular contraction [7], which generally is a consequence of IHD and MI. After 

MI the myocardium tries to adapt to the increased wall stress, which involves changes in the 
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structure and function of cardiac myocites, a process also known as cardiac remodeling leading 

to HF [20].  

Recent evidence is indicating that the incidence of HF seems to have stabilized, or even 

decreased in women [21]. Nevertheless, prevalence of HF is rising due to an ageing population 

and improved treatments of CVDs. In the US and Europe more than 80% of death and 

prevalent cases of HF can be attributed to individuals older than 65 years. Moreover, HF has a 

great impact on quality of life and is often worse than for other chronic diseases [19]. 

Especially women show poorer social and physical functioning compared to men after HF 

diagnosis [22]. 

2.1.4 Risk factors 

MI, stroke and HF share common risk factors, which can be divided into non-modifiable and 

modifiable ones. Next to some non-modifiable risk factors, which are age, sex and family 

history of CVD [23], other well established modifiable risk factors are preclinical conditions 

and lifestyle behaviors, such as diabetes, smoking, obesity, physical activity, diet and alcohol 

consumption [24].  

Several studies have tried to identify the population attributable risk (PAR), also known as the 

population attributable fraction [25], for CVDs with focus on modifiable risk factors. The PAR 

is defined as the proportion of the incidence of a disease in the population that is due to 

exposure. In other words, it is the incidence of a disease in the population that would be 

eliminated if the exposure were removed [26]. The PAR is calculated with the following 

formula [27]: 

 

!"# =  !! !! − 1
1+ !! !! − 1

 

 

where, 

Pe = Probability of the exposure to the risk factor 

RR = Relative risk of the disease in exposed versus unexposed individuals 

The PAR is usually expressed as a percentage, which can be calculated by dividing the PAR by 

the incidence in the total population and by multiplying the product by 100 [26]. 

(2.1) 
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Findings on myocardial infarction  

The INTERHEART study, a large case-control study including subjects from 52 countries, 

estimated PAR% for several risk factors and found lipid disturbance (49.2%) and smoking 

(35.7%) to be the strongest predictors for MI, followed by psychosocial factors (32.5%), 

abdominal obesity (20.1%), hypertension (17.9%) and diabetes (9.9%). Daily consumption of 

fruits and vegetables (13.7%), moderate to strenuous physical activity (12.2%), as well as 

moderate alcohol consumption (6.7%), were shown to protect from MI. These findings were 

consistent among men and women and across different age groups, ethnicities and geographic 

regions [27]. 

 

Findings on stroke 

The INTERSTROKE study, a large case-control study including subjects from 32 countries, 

reported hypertension to be the leading risk factor for stroke with a PAR% of 47.9%, followed 

by lipid disturbance (26.8%), waist-to-hip ratio (18.6%), psychosocial factors (17.4%), 

smoking (12.4%), cardiac cause (9.1%), high alcohol consumption (5.8%) and diabetes (3.9%). 

Being physically active (35.8%) and following a healthy diet (measured by adherence to the 

Alternative Healthy Eating Index) (23.2%) were protective [28].  

 

Findings on heart failure 

In the NHANES-I study, a large-prospective US cohort study, risk factors and their attributable 

risk estimated in PAR% for heart failure were reported. They found that 61.6% of HF is 

attributable to IHD, followed by smoking (17.1%), hypertension (10.1%), physical inactivity 

(9.2%), education (8.9%), obesity (8.0%), diabetes (3.1%) and valvular heart disease (2.2%). 

Diet was not considered in this study [29]. 

Together all modifiable risk factors are estimated to account for more than 90% of the total risk 

of developing MI and stroke and around 40% of the total risk of HF. Therefore it is crucial to 

identify sustainable lifestyle interventions to reduce the burden of CVD worldwide [24]. 
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2.2 Oxidative stress  

2.2.1 Oxidative stress and the antioxidant defense system 

Oxidative stress is a condition characterized by an imbalance between free radicals and the 

bodies own antioxidant defense system, which leads to cell and tissue damage [30]. Free 

radicals, such as reactive oxygen species (ROS), are highly reactive atoms or molecules, which 

try to capture electrons from other molecules to neutralize themselves [30, 31]. This mechanism 

causes a chain reaction that leads to the formation of further free radicals, until the subsequent 

free radicals are deactivated [31]. The formation of free radicals occurs in all aerobic cells and 

plays an important role in ageing and age related diseases [30]. To protect the cells from 

damage through free radicals, a complex antioxidant defense system has evolved that consists 

of endogenous and exogenous components, which interact with each other to neutralize free 

radicals [31].  

Endogenous antioxidants, which are the bodies own antioxidants, include antioxidant enzymes, 

metal binding proteins and copper ions, and are critical for maintaining cellular health [31]. 

However, if the human body is exposed to external stressors, such as infections, toxins, 

radiation and smoking, the endogenous antioxidant defense system is not enough and needs 

support from exogenous antioxidants found in the diet [30, 31]. 

2.2.2 Oxidative stress and cardiovascular disease 

Oxidative stress has been associated with development of atherosclerosis, which is the main 

precursor for CVDs [32]. It has been suggested that free radicals are involved in the oxidation 

of lipids, membranes, proteins and DNA [5]. In association with atherosclerosis, the 

combination of free radicals and elevated and modified circulating low density lipoproteins 

induces oxidation of circulating lipoproteins and their uptake into the artery wall, which 

contributes to endothelial dysfunction [33]. In the endothelium oxidised lipoproteins are 

converted to highly oxidised LDL. These are taken up by magrophages to form foam cells, 

which in turn leads to the formation of fatty streaks (Figure 2.2.1). A subsequent lesion of the 

vascular endothelial cell activates the release and formation of thrombi, yealding to occlusion 

of the vessel at the site of the lesion or elswhere in the coronary or cerebral artery, causing 

myocardial infarction or stroke, respectively [7, 34]. In heart failure oxidative stress is 

responsible for cardiac remodeling by inducing hypertrophic signaling, apoptosis and necrosis 

of the cardiac cells [35]. 
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Figure 2.2.1. Development of atherosclerosis. ROS produced by endothelial cells, smooth muscle cells; 

macrophages oxidize LDL in the subendothelial space; at the sites of endothelial damage, initiating events that 

terminate in the formation of a fibrous plaque; rupture of fibrous plaque leads to thrombus formation and occlusion 

of the vessel. Reproduced with permission from Madamanchi et al. (2005). 

 

2.3 Diet  

Diet plays a key role in the prevention of CVDs and its relevance has been detected already in 

the early 1900, when high cholesterol intake was shown to increase the risk of atherosclerosis 

in rabbits. Despite huge efforts in nutritional research in the past decades, our knowledge of 

cardiovascular effects of diet is still very limited [4]. There is, however, growing evidence that 

the consumption of certain foods lead to a reduction of oxidative stress and atherosclerosis and 

this protective effect has been attributed to the antioxidants found in the foods [31, 36].  

This section covers current evidence from observational studies and randomized controlled 

trials investigating the role of diet, dietary patterns and antioxidants in relation to CVD risk. 

2.3.1 Diet, dietary patterns and cardiovascular disease 

Findings from several prospective studies have linked an antioxidant rich diet to lower risk of 

MI, stroke and HF, showing great evidence for a protective effect from a higher intake of plant-

based foods [37-39]. A recent meta-analysis concluded, that with each 200g/day increment of 

fruits and vegetables the risk of IHD, stroke and overall CVD was reduced by 8-16%, 13-18% 

and 8-13%, respectively [40]. Further, a systematic-review concluded that a higher intake of 
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whole grains, cereal fiber and bran might lower risk of CVD [41]. In addition, consumption of 

coffee, tea and chocolate might protect from the development of CVD [42, 43] .  

Besides some specific foods there is evidence from both observational studies and randomized 

controlled trials linking several dietary patterns to a lower risk of CVD.  For example, the 

Dietary Approaches to Stop Hypertension (DASH) diet, which is rich in fruits, vegetables and 

low-fat dairy products and low in total and saturated fat intake [4], was shown to protect from 

MI, stroke and HF [44]. Similarly, the Mediterranean diet, which is characterized by high 

intake of fruits, vegetables, whole grains, plant-based fats (olive oil, nuts) and low intake of 

meat [4], has been associated with a lower risk of CVD incidence and mortality [37, 45]. Both 

diets might reduce CVD risk by down regulating low-grade inflammation and by improving 

other lifestyle risk factors [46]. 

2.3.2 Antioxidants and cardiovascular disease 

As mentioned earlier, dietary antioxidants are considered exogenous antioxidants, which 

support the bodies own antioxidant defense system to scavenge free radicals and to reduce 

oxidative stress. Especially certain antioxidants, i.e. vitamin C, vitamin E, beta-carotene, 

polyphenols, and their relation to CVDs have been widely investigated [31, 47]. In addition, 

vitamin supplementation as a potential therapeutic intervention in the prevention of CVDs has 

reached considerable interest [48]. 

 

Evidence from observational studies 

Previous observational studies investigating the effect of antioxidants coming from both natural 

sources and supplements reported inverse associations with the risk of CVD in some, but not all 

studies [49-53]. Vitamin C is a water-soluble vitamin that naturally occurs in citrus fruits, 

tomatoes and potatoes. A meta-analysis comprising 15 cohort studies [54] reported a significant 

inverse association with vitamin C intake and IHD, for both total and dietary vitamin C but not 

supplemental vitamin C. Vitamin E is a fat-soluble vitamin consisting of a mixture of 

tocopherols and tocotrienols and is mainly found in vegetal oils. For vitamin E an inverse 

association was found for total, dietary and supplemental intake and IHD risk. Beta-carotene, a 

fat-soluble vitamin and mainly found in carrots, tomatoes and dark green leafy vegetables [31], 

has not been associated with the risk of IHD [54]. Polyphenols are the most abundant 

antioxidants found in the diet and mainly occur in fruits, vegetables, plant-derived beverages 
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(tea, coffee, red wine), cereals and legumes [55]. A meta-analysis including 14 cohort studies 

found flavonoid intake to be inversely associated with CVD risk [56].  

 

Evidence from randomized controlled trials 

Findings from clinical trials on vitamin supplementation in the prevention of cardiovascular 

diseases are inconclusive, reporting mainly null results or even harmful effects. In the Alpha-

Tocopherol, Beta-Carotene Cancer Prevention Study male smokers aged 50 to 69 years were 

assigned to either receive vitamin E (50mg), beta-carotene (20mg), both agents or placebo for a 

period of five to eight years. A marginal effect was found between vitamin E and incidence of 

fatal IHD in subjects without prior myocardial infarction, but no effect was seen for nonfatal 

MI. In addition, no association was found between beta-carotene and major cardiac event [57]. 

In the Women’s Health Study consumption of natural vitamin E (600IU) every other day over a 

mean follow-up time of 10.1 years was not associated with the risk of MI and stroke, however, 

an inverse association was found for cardiovascular death (RR: 0.76; 95% CI: 0.59-0.98; p for 

trend = 0.03) [58]. In the Physicians Health Study II long-term supplementation with synthetic 

vitamin E (400IU/every other day), vitamin C (50mg/day) and multivitamins was not 

associated with the risk of developing major cardiovascular events, such as MI and stroke, in 

young to middle aged men [59, 60]. Further, some studies have raised concern about an 

increased risk of HF related to vitamin E supplementation in subjects who are at high 

cardiovascular risk. In the HOPE and HOPE-TOO trial long-term intake of natural source 

vitamin E (RRR-tocopheryl acetate) (400IU/day) over a mean follow-up of seven years was 

investigated in patients with vascular disease or diabetes mellitus. No association was found 

with major cardiovascular events, but higher rates were seen for heart failure and 

hospitalizations for heart failure [61]. Similarly, in the GISSI-Prevention study, an open-labeled 

randomized controlled trial with a follow-up of 3.5 years, vitamin E intake (300mg/day) was 

associated with an increased risk of HF in subjects with prior MI [62]. A first meta-analysis 

published in 2003 analyzed seven randomized trials of vitamin E treatment and, separately, 

eight of beta-carotene treatment, including 1000 individuals. No association was found between 

vitamin E intake and the risk of CVD but a slightly increased risk with beta-carotene [63]. Two 

more recent meta-analyses have been conducted since. One study comprising 15 clinical trials 

including 188,209 individuals found no association between synthetic or natural vitamin 

supplementation and CVD risk. However, the study was not able to account for potential 
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differences of supplement dose and follow-up times [6]. The other study comprising 50 clinical 

trials including 294,478 individuals was able to account for subgroup effects by type of 

prevention, type of vitamins and antioxidants, type of cardiovascular outcomes, duration of 

treatment and funding source, amongst others [64], and concluded that vitamin 

supplementation has no effect on the incidence of major cardiac events, MI, stroke and cardiac 

death. Based on these findings vitamin supplementation is not recommended for the prevention 

of CVDs [6, 64]. 

  

2.4 Non Enzymatic Antioxidant Capacity 

There is growing evidence that single nutrients have limited effects on chronic diseases 

compared to whole foods [4]. In fact, antioxidants interact cumulatively and synergistically 

with each other to exert their full antioxidant capacity in the human body [36, 65]. Therefore, a 

measure called non-enzymatic antioxidant capacity (NEAC) has been proposed, which captures 

the antioxidant potential of the whole diet taking interactions between them into account. 

In 2004 the First International Conference on Antioxidant Methods was held in Orlando, 

Florida, to address analytical issues to analyze Antioxidant Capacity of foods. The antioxidant 

system is very complex, which brings several challenges with it to find an appropriate assay to 

measure antioxidant capacity. First, there are at least four general sources of endogenous and 

exogenous antioxidants, which can either be enzymes (e.g. superoxide dismutase, glutathione 

peroxidase), large molecules (e.g. albumin, ferritin), small molecules (e.g. uric acid, ascorbic 

acid, tocopherols, carotenoids, phenols) and some hormones (e.g. estrogen, melatonin). In 

addition, both antioxidants and oxidants have different chemical and physical characteristics, 

sometimes showing multiple mechanisms depending on the reaction system. Therefore, no 

single assay exists, that is able to accurately reflect all antioxidants and sources of free radicals 

in a complex system [66]. 

Non-enzymatic antioxidant capacity, also known as Total Antioxidant Capacity, measures the 

capability of a given test solution to scavenge free radicals. NEAC is a complex measure 

integrating many variables, such as redox potential of the nutrient compounds, cumulative and 

synergistic interactions between them, as well as the kind of stress found in the test 

environment [65]. It has further been stated, that NEAC should be seen as a concept that 

reflects the multiple aspects of redox interactions, rather than an analytical technique. It should 



 

 12 

help us to better understand how dietary factors are involved in complex pathological processes 

[65]. 

2.4.1 Chemical assays to measure NEAC 

There are two major mechanisms how antioxidants can deactivate free radicals, i.e. the 

Hydrogen Atom Transfer (HAT) and the Single Electron Transfer (SET). Based on these 

mechanisms different assays have been developed to measure antioxidant capacity [66]. The 

HAT-based methods measure the ability of antioxidant to neutralize free radicals by hydrogen 

donation. The SET-based methods measure the ability of an antioxidant to transfer an electron 

to another compound [66]. The assays differ in characteristics, such as molecular target, 

endpoint and physiological relevance. The most used assays and databases are briefly described 

below. 

 

Ferric Reducing Antioxidant Power (FRAP) 

FRAP is a method based on the SET reaction mechanism. It is a simple and highly reproducible 

assay using FE(II) as a standard, that measures the ability of plasma samples to reduce ferric-

tripyridyltriazine complex (TPTZ-Fe3+) to TPTZ-Fe2+, the “reducing power”. However, it is 

not able to measure lipophilic antioxidants and thiol groups [65].  

Total Radical Trapping Parameter (TRAP) 

TRAP is a method that uses the HAT reaction mechanism and measures the ability of plasma to 

scavenge peroxyl radicals, the “chain braking” antioxidant activity of plasma. TRAP is 

specifically suitable to assess total antioxidant capacity of plasma samples but it should not be 

used to assess NEAC of lipophilic antioxidants  [65]. 

Oxygen radical absorbance capacity (ORAC) 

ORAC constitutes of the same chemical principle as TRAP using the HAT reaction 

mechanisms [66], but uses the area under the curve of fluorescence over time to measure 

plasma NEAC. The main limitation by this method is the interference with proteins, which 

leads to an underestimation of the contribution of the main chain braking antioxidant. In 

addition, lipophilic antioxidants cannot be directly measured with this assay [65]. 
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NEAC databases 

In 2003 and 2006 Pellegrini and colleagues published the first antioxidant food database, 

providing NEAC values based on three different antioxidant assays (FRAP, TRAP and Trolox 

Equivalent Antioxidant Capacity (TEAC)) for 104 commonly consumed food items in Italy 

[67, 68]. In 2007 the U.S. Department of Food and Agriculture followed with an antioxidant 

database and presented the ORAC of Selected foods report for 277 food samples [69]. In 2010, 

Carlson and colleagues developed a comprehensive database providing NEAC values using the 

FRAP assay for more than 3,100 food items consumed worldwide [70]. As all databases have 

used different methods to assess NEAC, the comparison of NEAC values for food items or 

groups is difficult. However, a food that has a high antioxidant value in one assay will likely 

have a high antioxidant value using another assay. Therefore, although the exact values will be 

different, the ranking of the foods will be similar no matter which assay is used [70].  

2.4.2  NEAC and cardiovascular disease – current evidence 

NEAC has recently gained great attention and has been used to assess association between 

dietary and plasma NEAC and CVD risk factors. For example, a diet based on high NEAC has 

been associated with improved endothelial function, a less atherogenic blood profile and a 

reduction of inflammatory biomarkers associated with cardiovascular diseases [71-73]. A 

recent review of 16 studies reported higher dietary NEAC to be further inversely associated 

with other CVD risk factors, such as C-Reactive protein, blood pressure, and waist 

circumference [74]. 

To date, few observational studies examined the association between dietary NEAC and CVD 

risk. Two studies found a diet with high NEAC to be associated with lower MI risk in men and 

women [75, 76]. For stroke, the evidence is still less clear. Three studies found a protective 

effect, however, results differ between types of stroke and sex [77-79]. Moreover, one study 

found no association at all [80]. In addition, only one study has examined the effect of dietary 

NEAC on the risk of heart failure, reporting an inverse association in women [81]. Evidence for 

an association between dietary NEAC and the risk of CVD is therefore still limited. In addition, 

all studies have used different antioxidant food databases and chemical assays to assess dietary 

NEAC. 
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3 AIMS 
The overall aim of this thesis was to examine the relationship between the overall antioxidant 

capacity of the diet and the risk of several cardiovascular outcomes in two large Swedish 

cohorts. 

 

The specific aims of the thesis are: 

1. To investigate whether a higher dietary non-enzymatic antioxidant capacity is 

associated with the risk of myocardial infarction in men and women (Paper I+II). 

2. To examine the association between dietary non-enzymatic antioxidant capacity and the 

risk of stroke in women (Paper III). 

3. To study the association between dietary non-enzymatic antioxidant capacity and the 

risk of heart failure in women (Paper IV). 
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4 MATERIAL  

4.1 Study design and populations 

The studies included in this thesis were conducted based on two large Swedish cohorts with a 

long follow-up. Both cohorts were initially initiated to study the association between lifestyle 

factors and chronic diseases by collecting self-reported information on lifestyle habits and 

disease history with extensive baseline questionnaires. This section will introduce the cohorts 

and present some important findings in relation to the topic of this thesis. 

4.1.1 Swedish Women’s Lifestyle and Health Cohort 

The Swedish Women’s Lifestyle and Health Cohort (WLHC) was set up between 1991 and 

1992 with the initial aim to investigate the associations between lifestyle factors, cancer and 

cardiovascular diseases among young and middle aged women. To do so, women between 

the age of 30 and 49 years residing in the Uppsala Health care region were randomly selected 

from the Swedish Population Registry at Statistics Sweden and invited to participate in the 

Swedish component of the Women’s Lifestyle and Health Cohort. An invitation letter 

including a baseline questionnaire was mailed to 96,000 women, of whom 49,259 (51%) 

agreed to participate in the cohort. In addition, a follow-up questionnaire was sent out in 2003 

to all women, who were still alive and residing in Sweden, with a response rate of 73% [82]. 

However, the follow-up questionnaire did not include any food frequency questionnaire. 

Several studies within the WLHC have been published on different exposures and lifestyle 

related diseases, such as oral contraceptive use, BMI, exposure to UV radiation, alcohol 

consumption and dietary intake, on the risk of different cancer sites and overall- and cause 

specific mortality. CVDs have been investigated to a lesser degree. For example, fruit and 

vegetable intake as well as healthy dietary patterns (Healthy Nordic Dietary Index) have been 

studied, however no association was found with the risk of total cancer or CVDs [83, 84]. In 

addition, coffee consumption was associated with a lower risk of all-cause mortality, but not 

with cancer or cardiovascular mortality [85].  

4.1.2 Swedish National March Cohort 

The Swedish National March Cohort (SNMC) was established in 1997 during a four-day 

national fundraising event, which was organized by the Swedish Cancer Society. The event 

took place in around 3600 cities and villages throughout the country. The cohort was initially 

designed to investigate associations between lifestyle factors and chronic diseases. During the 

event, participants were asked to fill out a 36-page questionnaire, which covered detailed 
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questions about lifestyle factors and disease history. Due to the nature of the event, the total 

number of participants could not be assessed. In total, 43,880 participants returned a 

completed questionnaire [86]. 

The SNMC has been used to study different lifestyle factors and lifestyle related diseases, 

like physical activity, sleep, snus consumption in relation to different health outcomes, such 

as cancer, CVD and mortality. Diet has been studied to a lesser degree. For example, a higher 

dietary NEAC was associated with a lower risk of stroke and hip fracture [79, 87]. Other 

lifestyle factors, such as physical activity and sleep patterns, were associated with a lower risk 

of heart failure and specific types of CVD, respectively. The cohort has further been part of 

several consortia and has contributed to projects in the National Cancer Institute Cohort 

Consortium and the European Cohort Consortium [86]. 

 

4.2 Assessment of exposure variables 

In nutritional epidemiology we are interested in the average intake of a given nutrient. The 

most widely used method to obtain self-reported information on dietary intake is the Food 

Frequency Questionnaire (FFQ).  In all four studies the exposure of interest was dietary 

NEAC, which was assessed by combining information from baseline FFQs with two different 

antioxidant food databases. In this section the FFQs and the antioxidant food databases will 

be described in more detail. 

4.2.1 Food Frequency Questionnaires  

In the WLHC a previously validated [88], semi-quantitative FFQ was send out at baseline to 

all women participating in the study. The questionnaire covered information on frequencies 

and portion sizes for 88 foods and beverages consumed during the past year preceding 

enrollment and consisted of two sections. The first section covered foods consumed in 

Sweden on a regular base, such as milk, cheese, bread, coffee and alcohol. For these food 

items information on standard portion sizes were reported in the questionnaire and subjects 

were able to report consumption frequencies with open-ended response options. The second 

section of the FFQ covered 59 commonly eaten food items with eight response options: 

never/seldom; 1–3 times/month; 1, 2, 3–4 or 5–6 times/week; 1, 2 or 3 times/day. Subjects 

could further choose between the portion sizes small, medium and large. If subjects had left 

the information for the portion size blank, we assigned the smallest portion size to be able to 

keep the subjects in the study rather than excluding them. This assumption was justified 

based on a study showing that portion size has little effect on the relative contribution to the 
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total food or nutrient intake. This is a consequence of the smaller between-person variation 

arising from portion size compared to the between-person variation from frequency [89]. This 

FFQ was used in studies I, III and IV. 

In the SNMC a similar, previously validated 85-item FFQ was collected at baseline [90], 

assessing dietary habits during the past year preceding enrolment. However, the portion sizes 

were fixed based on the standard portion size throughout the whole questionnaire. In addition, 

the FFQ used only preset response options, which were 0 to 7 times or more per day for 

commonly consumed foods and beverages, such as milk, cheese, bread, juice, coffee, or 0,1–

3 times/month; 1–2, 3–4, 5–6 times/week; 1, 2, 3 times/day for other commonly eaten foods 

in Sweden. This FFQ was used in study II. 

For all four studies, frequency variables were standardized into daily consumption. Missing 

values on frequencies were interpreted as null intakes [91], which has been shown to be a 

reasonable assumption used in nutritional epidemiology [92]. With both FFQs we used the 

Swedish National Food Administrative database to translate dietary information to energy 

and nutrient intake [93]. 

4.2.2 Antioxidant food databases 

From the antioxidant food databases presented earlier, two were chosen for the assessment of 

dietary NEAC for our studies.  

The antioxidant food database published by the Institute of Nutrition Research, University of 

Oslo, by Carlsen et al. [70] provides “in vitro” measurements of FRAP values (expressed per 

100g of single foods) for more than 3100 foods and beverages. As stated previously, the 

original FRAP assay does not measure lipophilic antioxidants. However, for this database the 

FRAP assay was optimized to detect both, lipophilic and hydrophilic antioxidants [70].  

This database was used for studies I, III and IV, which were conducted within the WLHC. 

All relevant items from the antioxidant food database were categorized according to the food 

groups or items used in the FFQ from the WLHC. We then computed median FRAP values 

for each category. If a category consisted of several food items (e.g. category “apple and 

pear” contains both, apple and pear; category “berry” consists of different berries), we used 

information on typical consumption percentages of different foods in Sweden to assign 

weights to each food item.  
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For study II, which was conducted within the SNMC, the antioxidant food database created 

by Pellegrini et al. was used [67, 68]. The database provides food item specific FRAP and 

TRAP values expressed per 1 kg fresh weight of single foods to compute daily dietary 

NEAC, based on mean values of 156 commonly consumed foods in Italy [67, 68]. The 

database already provides single values for each food item, which were computed based on 

the mean of three samples per item. Similarly as described for the antioxidant food database 

by Carlsen et al., we assigned weights to compute group specific FRAP and TRAP values if a 

food category in the FFQ consisted of more than one food item. The database of Pellegrini et 

al. was additionally used in studies I, III and IV as a secondary database to conduct sensitivity 

analyses by comparing different databases and different chemical assays to assess dietary 

NEAC. 

To combine the information from the antioxidant food databases with the information 

reported in the FFQs used in the WLHC and the SNMC, all FRAP and TRAP values were 

multiplied by the consumption frequencies reported in the FFQs, by taking the portion size 

into account, and summed up to obtain subject specific total daily dietary NEAC at baseline. 

4.2.3 Energy adjustment  

When using dietary data in epidemiological studies it is crucial to account for total energy 

intake [94]. Most nutrients are associated with total energy intake, either because of their 

direct contribution to energy intake or because of higher consumption of energy, which in 

turn leads to a higher intake of all nutrients in general. Similarly, as nutrient intake and 

energy intake are computed from the same foods, measurement error from nutrient 

assessment is highly correlated with measurement error from energy assessment. Therefore, 

by controlling for variation in energy intake we are able to reduce measurement error of 

nutrient intake [94]. In addition, total energy intake is to a large extent a consequence of 

variations of physical activity, body size and metabolic efficiency. Therefore, they will likely 

cause between person variation, which is unrelated to the disease risk and thus extraneous. By 

adjusting for energy intake we can better control for extraneous variation induced by those 

factors [94]. 

Several models to adjust for energy intake can be used, such as the nutrient residual model, 

the nutrient density model, the energy partition model and the standard multivariable model, 

which are shortly presented in Table 4.2.1 [92]. As we are often interested in categorizing 

nutrient variables, it should be noted, that the interchangeability of the models does not apply 

anymore, when categorical nutrient analyses are conducted. In fact, it has previously been 
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shown that in the categorical analysis of nutrient variables, statistical power is higher when 

the residual or the nutrient density model are used [92]. For studies I to IV the nutrient 

residual model was chosen to adjust nutrient variables for energy intake. 

 

Table 4.2.1. Risk models for addressing the correlations of specific nutrients with total energy 

intake in epidemiological studies, adapted from Willet et al. (1997), Adjustment for total energy 

intake [94]. 

Model Relation of the model expressed 

Model 1  

(Nutrient Residual model) 

Disease risk = β1 nutrient residual* 

Model 2  

(Nutrient Residual model + Energy intake) 

Disease risk = β1 nutrient residual* + β2 total energy 

Model 3  

(Standard Multivariable model) 

Disease risk = β1 nutrient + α (total energy) 

Model 4  

(Energy partition model) 

Disease risk = (α+β1) nutrient + α (energy from non-nutrient 
sources) 

Model 5 (Multivariable Nutrient Density 
model) 

Disease risk = β3 nutrient/total energy + β4 total energy 

*Nutrient residual refers to the residual from the regression of a specific nutrient on total energy intake 

 

With the nutrient residual model the individual nutrient intake is regressed on the total energy 

intake [94]. The distributions of energy and nutrient intake are usually skewed towards 

extreme values. In addition the variation of nutrient intake, and therefore also the residuals, 

are larger at higher energy intake. It is thus recommended to do the energy adjustment after 

using log transformation of dietary variables, which creates residuals with a more constant 

variance across levels of total energy intake [95].   These residuals (a) represent the difference 

between each individual’s actual intake and the predicted intake by their total energy intake, 

as presented in Figure 4.2.1. Because residuals have a mean of zero and include also negative 

values, it is desirable to add a constant to make the values more readable [94], which for 

studies I to IV was chosen to be the predicted nutrient intake for the mean energy intake of 
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the study population (b) (Figure 4.2.1) [94].  After, the anti-log can be taken to transform the 

energy-adjusted nutrient intake back into a familiar scale [95].  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2.1. Energy-adjusted FRAP= a + b, where a=residual for subject from regression model with FRAP 

as the dependent variable and total energy intake as the independent variable and b= the expected FRAP for 

an individual with mean energy intake; FRAP and energy intake are presented on the log-transformed scale. 

Reproduced based on the example of Willet et al. (1997) for calorie adjusted nutrient intake; using the data 

from the Swedish Women’s Lifestyle and Health Cohort with a random subsample of 50 women. 

 

When applying the energy adjustment to dietary FRAP values obtained from the antioxidant 

food database from Carlsen et al. and using the data from the WLHC, the variation of dietary 

FRAP was reduced to some degree (Figure 4.2.2) (FRAP before adjustment: mean = 6.17, 

SD = 3.16; shaded area; FRAP after adjustment: mean = 6.00, SD = 2.83, non-shaded area). 
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Figure 4.2.2. Energy adjustment of dietary FRAP; FRAP values were obtained from the antioxidant food 

database developed by Carlsen et al.; energy adjustment applied on the data from the Swedish Women’s 

Lifestyle and Health Cohort. 

On the other hand, we are interested in adjusting for energy intake to control for confounding, 

which can result if energy intake is associated with disease risk. Therefore, a variation of the 

nutrient residual model includes both, the nutrient residual plus the term for total energy 

intake, which is presented in Model 2 in Table 4.2.1. With this model we receive the overall 

effect of the nutrient on the disease, letting the nutrient residual represent the dietary 

composition and allowing total energy intake to have its standard biological meaning [94]. 

4.2.4 Comparison of antioxidant food databases 

Because for studies I, III and IV we were interested in using both antioxidant food databases, 

a comparison of the two databases was done using data from the WLHC.  

The antioxidant food database by Carlsen et al., covering 73 out of 81 items in the FFQ was 

more complete compared to the antioxidant database by Pellegrini et al., which covered only 

39 items of the FFQ. When looking at single food items, the available FRAP values from 

both databases were very similar, with exception of grain products and few vegetable items 

showing relevantly higher FRAP values in the database of Pellegrini et al. compared to the 

values reported in Carlsen et al. Moreover, the items found only in the database of Carlsen et 

al. corresponded mainly to dairy and meat products, which had very low FRAP values. 
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Nevertheless, the overall baseline distribution of FRAP comparing both databases was similar 

(Table 4.2.2 ). 

 

Table 4.2.2. Baseline distribution of dietary NEACa in the Swedish Women’s Lifestyle and Health Cohort – 

Comparison of antioxidant food databases. 

 

  

Overall distribution of dietary NEAC 

 Mean Median Min. Max  

Carlsen et al. 6.01 5.39 0.44 31.08  

Pellegrini et al. 6.92 6.34 0.28 38.94  

Quintiles of dietary NEAC 

 Q1 Q2 Q3 Q4 Q5 

Carlsen et al. 0.4-4.0 4.1-4.9 4.9-6.0 6.0-7.6 7.7-31.1 

Pellegrini et al. 0.3-4.5 4.6-5.7 5.8-7.00 7.0-8.8 8.9-38.9 

a NEAC was assessed by a validated food frequency questionnaire and estimated through the ferric 

reducing antioxidant power (FRAP) assay, expressed in mmol Fe2+ equivalents/day 
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Table 4.2.3. Contribution of food items to total dietary FRAP in the Swedish Women’s Lifestyle and Health 

Cohort- Comparison of antioxidant food databases. 

Contribution of food groups to total dietary FRAP, in % 

Database Vegetables Fruits Grains Alcohol Chocolate Tea 
Dairy 

products 

Carlsen et al. 12 27 10 2 8 27 3 

Pellegrini et al. 11 24 16 3 10 25 0 

 

When comparing the two databases, FRAP values showed a good correlation (Pearson’s 

correlation r=0.7). Further, the percentages of food items contributing most to total dietary 

NEAC were comparable between the databases, although the contribution of grains was 

somewhat higher in the database by Pellegrini et al. (Table 4.2.3). When comparing 

classification of the subjects into quintiles of dietary NEAC, there is an overall good 

accordance between the two databases (Table 4.2.4).  
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Table 4.2.4. Comparison of classification of subjects into quintiles of dietary NEAC, using the FRAP assay 

and data from the Swedish Women’s Lifestyle and Health Cohort. 

Exposure classification of Subjects – Categorization into quintiles of NEAC 

Overall number of 

subjects per 

quintile 

Pellegrini et al. 

Carlsen et al. Q1 Q2 Q3 Q4 Q5 Total 

Q1 7,547 1,315 247  58  10  9,177  

Q2 1,618 5,693 1,522 304  39  9,176  

Q3 11  2,160 5,371 1,491 144  9,177  

Q4 1  7  2,036 6,025 1,107 9,176  

Q5 0  1  1  1,298  7,876 9,176  

Total 9,177 9,176  9,177  9,176  9,176  45,882  

 

4.3 Assessment of outcome variables 

Sweden has a long history of national registers, which allows register-based research with 

data kept by governmental agencies or other organizations. Access to most of the registers 

is available through Statistics Sweden (SCB) and the Swedish National Board of Health 

and Welfare (Socialstyrelsen). 

4.3.1 The Swedish Personal Identity Number   

The Swedish personal identity number (PIN) is a unique identifier, which has been assigned 

to every individual with a permanent residence in Sweden [96]. The PIN was introduced in 

1947 and allows linkages of individuals to National Demographic and Health Registries. 

Back then the PIN consisted of the date of birth and a three-digit number. In 1967 a check 

digit was added, which should verify that date of birth and the three-digit number are correct. 

All notifications with updates are stored in a notification database held by Statistics Sweden 

[96].  With permission from the National Board of Health and Welfare, using the PIN we 
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were able to link the two Swedish cohorts to the Swedish Inpatient Register, the Cancer 

Register and the Causes of Death Register.  

4.3.2 Swedish National Registers 

The Swedish National Inpatient Register (IPR) was initiated in 1964 and holds information 

on dates of hospital admission and discharge, information on the primary diagnosis and 

secondary diagnoses. Full coverage was reached in 1987. Diagnoses are coded according to 

the Swedish version of the international coding of disease (ICD) system (ICD-7: 1964-1968; 

ICD-8: 1969-1986; ICD-9: 1987-1996; ICD-10: 1996 onwards) [97]. The Swedish IPR has a 

high validity for most of the diagnoses and positive predictive values (PPV) are generally 

ranging from 85-95%. Because of the long follow-up the register is particularly suitable for 

large-scale population-based studies [97].  

The Swedish Cancer Register is widely used for research purposes and for monitoring cancer 

incidence and survival. The register covers the whole Swedish population since 1958. It 

provides detailed information on patient data, medical data (site of tumor, histology, date of 

diagnosis) and follow-up data. There are some discrepancies between cases reported to the 

Swedish Cancer Register only and the Swedish IPR only, which leads to some underreporting 

of cases in the cancer register (3.7% in 1998). Underreporting was shown to be cancer site 

specific and increased with age of the patients. Nevertheless, the overall completeness is high 

and comparable to other high quality registers in Northern Europe, and the underreporting 

might not have major impact on epidemiological studies [98]. 

The Cause of Death Register is used for official statistics and for medical research. The 

register provides information on all deaths in Sweden since 1952, including the underlying 

cause of death. To make international comparisons between causes of death possible the 

register uses the international version of the ICD coding system developed by the World 

Health Organisation. The register is virtually complete, with 96% of individuals having a 

recorded specific underlying cause of death, and can be regarded as a largely complete and 

high quality source for research purposes [99]. 

In addition we have used the Statistic Sweden’s Register of the Total Population and 

Population Changes (TPR) to obtain dates of relocation and emigration. The register contains 

information on date of birth, death, name change, marital status, family relationships and 

migration and immigration. By using the PIN for all residents staying at least one year in 

Sweden, the TPR can be used for medical research purposes. The TPR is constantly updated 
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by the Tax Agency. The long history and the high completeness of the TPR make the register 

to an important resource for epidemiological studies [100]. 

4.3.3 Identification of cases and follow-up 

Cases of MI, stroke and HF were identified by linking the Swedish PIN through records to 

the Swedish Inpatient and Causes of Death Register. We used the Swedish international 

classification of disease (ICD) system, which was adapted from the WHO ICD classification 

system, using ICD -7 (1964-68), 8 (1968-87) and 9 (1987-97), to identify cases before the 

beginning of follow-up, and ICD-10 (1997 onwards) to identify cases during follow-up 

(Table 4.3.1) [97]. For heart failure (Study IV) we further considered only hospitalization or 

mortality of HF as a primary diagnosis as the definition of outcome [101]. For study II, we 

further distinguished between fatal and non-fatal cases by classifying a subjects as a fatal case 

if a) MI was identified through the Death Register and b) a subjects died within a 28 day 

period after MI diagnosis [65]. 
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Table 4.3.1. Classification of cases of selected outcome variables based on the Swedish International 

Coding of Diseases ICD-7, 8, 9 and 10. 

Outcome ICD7 ICD8 ICD9 ICD10 

Heart Failure 434.1 

434.2 

440.99 

441.99 

427.00 

427.10 

428.99 

402.99 

402 

428.A 

428.AA 

428.B 

428.BA 

428.BB 

428.X 

I110 

I50 

Myocardial 
infarction 

420.10 

420.17 

410 410  I21 

Stroke 330.10-330.99 

331.00-331.02 

331.09 

331.999 

332.00 

332.11 

332.12 

332.19 

332.29 

334.09 

430 

431.00 

431.08 

431.09 

431.90 

431.98 

431.99 

432-434 

436 

430 

431 

432.X 

433 

434 

436 

 

I60 

I61 

I63.0-163.5 

I63.8 

I63.9 

I64  

CVD 400-459 390-459 390-459 I00-I99 
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Follow-up of the Swedish Women’s and Lifestyle Cohort 

The WLHC was followed from the date of enrolment, which varied between 1991 and 1992, 

until the time of the event of interest occurred, subjects emigrated or died, or the end of the 

study period, which was December 31, 2012, whichever occurred first. 

Exclusion criteria for the WLHC are presented in the flow-chart in Figure 4.3.1. For all three 

studies (I, III, IV) we excluded women who had been diagnosed with any cardiovascular 

disease (n=1,983) and cancer (except non-melanoma skin cancer) (n=716), before the start of 

follow-up, using ICD-8 and 9. Further, to reduce exposure misclassification induced by self-

reported information in the FFQ, we excluded women who reported implausible values for 

energy intake (± 3SDs from the loge-transformed mean energy intake) (n=502) and who had 

left the whole or the main section of the FFQ blank (n=493), leaving us a final cohort of 

45,882 women.  
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Participants included in analysis in the 

baseline survey (1991, 1992), N=49,259 

Individuals excluded, n=3,377 

Cancer diagnosis, n=716 

Any cardiovascular disease, n=1,983 

Extreme energy intake, n=502 

Missing FFQ, n=493 

Participants included in final analysis, 

N=45,882 

Figure 4.3.1. Flow-chart, Source population -The Swedish Women’s Lifestyle and Health 

Cohort - Exclusion Criteria. 
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Follow-up Swedish National March Cohort 

The SNMC was followed from October 1, 1997, until the time of the event of interest 

occurred, subjects emigrated or died, or the end of the study period, which was December 31, 

2010, whichever occurred first. 

Exclusion criteria for the cohort are presented in the flow-chart in Figure 4.3.2. For this study 

we excluded participants who provided an incorrect personal number (n=11), who were 

below the age of 18 years (n=1,740) and who emigrated (n=466) or died (n=9) before the 

beginning of the follow-up. We further excluded participants with a previous diagnosis of 

cancer (except non-melanoma skin cancer) (n= 2,673), or any cardiovascular disease  (n= 

4,733) before the beginning of follow-up, using ICD-8 and 9. Further, to reduce exposure 

misclassification induced by self-reported information in the FFQ we excluded subjects who 

reported extreme energy intakes (± 3 SDs of the mean value of the loge-transformed energy 

intake) at baseline (n=470) [75], leaving 34,543 subjects for the final analysis.  
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Figure 4.3.2. Flow-chart, Source population -The Swedish National March Cohort - Exclusion Criteria. 
 
  

Participants included in analysis in the 

baseline survey (1997), N=43,880 

Individuals excluded, n=9,337 

Incorrect national registration number, n=11 

Subjects who were <18 years, n=1,740 

Emigration before beginning of follow-up, n=466 

Death before beginning of follow-up, n=9 

Cancer diagnosis, n=2,673 

Any cardiovascular disease, n=4,733 

Extreme energy intake, n=470 

 

Participants included in final analysis, 

N=34,543 
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4.4 Assessment of covariates 

The baseline questionnaires used in the WLHC and the SNMC covered detailed information 

on lifestyle factors and medical history. In this section the assessment of important covariates 

and their use for the specific studies will be described. 

 

Swedish Women’s Lifestyle and Health Cohort 

The baseline questionnaire in the WLHC was used for studies I, III and IV and covered 

information on anthropometric measures, educational level, physical activity, alcohol 

consumption, smoking status, use of multivitamin supplements, as well as self-reported 

history of diabetes and hypertension.  

To compute body mass index (BMI) the reported weight was divided by the height squared 

(kg/m2). To assess educational level women were asked to report their total number of years 

of education, which was categorized into “≤10 years”, “11-13 years” and “>13 years”. 

Physical activity was assessed by asking women to report their level of physical activity, 

which ranged from one (=very low) to five (=very high). For the purpose of the study levels 

one and two were combined into “low” and levels four and five into “high” activity. To 

estimate daily alcohol consumption, the reported glasses of beer, wine and liquor were 

converted into total grams of alcohol per day. The alcohol variable was further categorized 

into levels of low (<5g/day), medium (5-25g/day) and high (>25g/day) consumption. 

Smoking habits were assessed by asking women, if they have ever smoked regularly, and by 

assessing the number of cigarettes smoked during different age periods. This information was 

used to categorize women into “no”, “former” and “current” smokers. Information on 

multivitamin supplement use was collected within the question covering general use of 

vitamin and mineral supplements. Women were asked to report whether they had ever 

consume supplements, with further information requested for the type of supplements used 

and the number of supplements consumed per week and over the year. As the reported 

information on duration and frequency was not very accurate, women were categorized in 

“users” and “non-users” only. History of diabetes and hypertension was assessed by asking 

women to report, if they have ever been treated for one of these health conditions (yes, no). 
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Swedish National March Cohort 

The baseline questionnaire in the SNMC was used for study II and provided information on 

anthropometric measures, educational level, alcohol consumption, smoking status, use of 

vitamin supplements, aspirin use, as well as self-reported history of diabetes, lipid 

disturbance, and hypertension. 

Body mass index (BMI) was computed as weight divided by height squared (kg/m2). 

Educational level was assessed by asking subject to report their type of education (e.g. 

elementary school, secondary school, university/high school), which was then categorized 

into levels of “<13 years” and “≥13 years” of education. Physical activity during a typical day 

was assessed through a validated Energy Expenditure Questionnaire [102, 103], that asked 

subjects to report how much time they have spent in different activities during an ordinary 

24h-day. This allowed us to estimate total MET-hours per day (METh/day), where MET 

stands for metabolic energy turnover with one MET corresponding to an energy expenditure 

of 1 kcal/kg body weight per hour [104]. Alcohol consumption was assessed through the FFQ 

by converting the reported glasses of beer, wine and liquor into total grams of alcohol 

consumed per month (g/month). Smoking status was assessed by asking subjects to report if 

they have ever smoked cigarettes daily for more than six months, and by asking to report the 

number of cigarettes smoked during different age periods. This information was then used to 

categorize the variable into “never”, “former”, “current (≤ 15 cigarettes/day) and “current 

(>15 cigarettes/day)” smokers. Information on vitamin supplement use was collected by 

asking subjects for the type of vitamins used, the overall duration of consumption (never, less 

than one year, one to five years, more than five years) and whether consumption differed 

during the year, e.g. due to seasonality. Because of inaccurate information on the type of 

vitamin used and the duration, we created a general variable for vitamin and mineral 

supplement use (users, non-users). Aspirin use was assessed by asking subjects to report their 

average use of aspirin during the previous year, previous five years ago and previous ten 

years ago, with consumption frequencies ranging from 0, 1-5, 6-10, 11-20, 21-30 and more 

than 30 tablets per month. This information was used to categorize subjects into “users”, if 

subjects had ever consumed aspiring during any of the time periods, and “non-users” 

otherwise. History of diabetes, hypertension and lipid disturbance was assessed by asking 

subjects to report whether they have ever been treated for one of these health conditions by a 

doctor (yes, no). 
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5 STATISTICAL METHODS 
In this paragraph the theoretical concepts of survival analysis and the Cox model will be 

introduced. Further, some other statistical methods and their theoretical background will be 

explained. The final section describes the implementation of the statistical methods in studies 

I to IV. 

 

5.1 Concepts of Survival Analysis 

When conducting prospective cohort studies we are not only interested in the rate of the event 

of interest over time, but also in the time until the event occurs, which we refer to as survival 

time [105]. There are some unique features coming with this kind of data, which make 

survival analysis important.  

First, as indicated before, we are interested in two quantities, the event or failure, and the time 

to the event T. Since time T is always positive and commonly skewed, we will generally find 

large numbers of events either at the beginning or at the end of follow-up [105]. 

Second, by the end of follow-up not everyone will have had the event of interest and the true 

time to the event is unknown for those individuals. The phenomenon of unknown survival 

time for a subset of the study population is called censoring. Censoring can either occur 

because a) a subject did not experienced the event of interest by the end of follow-up, b) a 

subject dropped out of the study during follow-up, or c) a subject experienced a different 

event, which makes further follow-up impossible. Censored survival times will always 

underestimate the true time to event. If the event of interest, which we assume is yet to occur, 

is beyond the end of follow-up, we talk about right censoring [105].  

Survival data can be described in terms of two probabilities. The survival probability, also 

called the survivor function S(t), is the probability of a subject to survive from the time origin 

to a specific future time t. The hazard function h(t) is the instantaneous event rate for the 

disease for an individual who has already survived until time t, with T representing the 

random variable for an individual’s survival time [105, 106].  

 

ℎ ! =  lim
!→!

Pr (! + Δ! > ! > ! I T > t)
∆!  

  

(5.1) 
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There is a clear relationship between S(t) and h(t), as denoted by the following calculus 

formula [105]: 

ℎ ! = − !
!" [!"#$ ! ] 

Given the equation we can see, that if either S(t) or h(t) is known, we can automatically 

determine the other. 

There are specific methods, which can be used to estimate the above quantities, of which two 

are presented below. 

 

Kaplan Meier estimator 

The Kaplan-Meier estimator, also known as product limit method, is a nonparametric 

method, that allows us to estimate survival probability from observed survival times, both 

censored and uncensored. Based on the assumption, that the events occur independently, we 

can estimate the cumulative survival probability by multiplying the probability of surviving 

from one interval to the next based on the following calculus formula. 

! !! = !(!!!!)(1−
!!
!!

) 

As in observational studies we further want to condition the results on other predictors, the 

Kaplan-Meier method is generally used as a preliminary analysis [105]. 

 

Cox Proportional Hazards Regression 

The Cox Proportional Hazards regression model is a multivariate approach used to assess 

survival data given a set of covariates [107]. The relationship between the event incidence, 

which is expressed by the hazard function h(t), and the covariates is described in formula 

(5.4), where h0 is the baseline hazard and corresponds to the value of the hazard if all 

covariates Xi were equal to zero. 

ℎ ! = ℎ!(!)! !!!!!
!!!  

The Cox model can be seen as a multiple linear regression of the logarithm of the hazard 

given the variables Xi, with h0(t) being the intercept that varies over time t. The model is 

(5.2) 

(5.3) 

(5.4) 
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semi-parametric because the baseline hazard can take any form while the covariates enter the 

model linearly [107]. 

A key assumption of the model is the Proportional Hazards (PH) assumption [108]. It states 

that the hazard of the event in any group is a constant multiple of the hazard in the other 

group. This further implies, that given the covariates are time-independent, the hazard ratio 

(HR) between two or more groups is constant over time, which can be shown by the 

following calculus. 

!" = ℎ!(!)! !!!!∗
!
!!!

ℎ!(!)! !!!!!
!!!

= ! !!(!!∗!!!)
!
!!!  

 

It is important to verify that the PH assumption holds, which can be done in different ways. 

One subjective approach is to test graphically, whether the plotted hazard curves of each 

group are proportional and if they cross each other. Unfortunately, this method does not 

incorporate the effect of covariates, and therefore convergent or divergent lines could either 

be due to real lack of proportionality or because an important confounder was not considered 

[108]. Another approach is to use a formal statistical test, e.g. Schoenfeld residuals. If the PH 

assumption holds for a particular covariate, this implies that the Schoenfeld residuals of that 

covariate are not related to the survival time [109]. If the PH assumption is violated, one can 

alternatively fit a stratified model, where the covariate displaying non-proportionality is fitted 

without constraints of proportionality. As such a covariate will not have any estimated effect 

in a stratified model, this approach should only be used for covariates, which are not of 

primary interest for the analysis [108]. 

 

5.2 Other methodology 

Dose-response analysis 

To investigate the dose-response relationship between exposure and outcome restricted cubic 

splines (RCS) can be used. RCS is a powerful tool used to characterize the relationship 

between a continuous exposure and an outcome by visually and statistically testing the 

assumption of a linear association [110]. Splines are flexible functions defined by piecewise 

polynomials and junctions between them, so called knots, while restricting the fitted function 

to be linear before the first and after the last knot [111]. Placing knots at fixed percentiles of 

(5.6) 
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the marginal distribution of the exposure ensures a uniform allocation of points within each 

interval and further prevents outliers from influencing the placement of the knots [112].  

Effect modification 

It is not unusual for an effect of one exposure and outcome to depend on the presence or 

absence of another exposure, which leads to the concept of interaction [25, 113]. The 

definition of interaction is equivalent to the definition of effect-measure modification, if no 

bias is present [25]. Interaction can be measured on two scales, the additive and multiplicative 

scale. 

 

A natural way to assess, whether interaction occurs is to measure to what extent the effect of 

the two factors together exceed the effect of each factor considered individually, which is 

assessing interaction on the additive scale. Interaction on additive scale can be tested using 

the relative excess risk due to interaction (RERI) [114]. RERI measures the risk that is 

additional to the expected risk, by calculating the observed risk RR11, when both exposures 

are present, minus the expected risk (RR!" + RR!" − 1), when both exposures occurre 

separately. A RERI>1 indicates positive additive interaction and a RERI<1 indicates negative 

additive interaction. 

!"!#!! =  !!!! − (!!!" + !!!" − 1) 

!"!#!! =  !!!! − !!!" − !!!" + 1 

Other measures for additive interaction are the synergy index (S) and the proportion 

attributable to interaction (AP). S measures to which extent the effect of both exposures 

together exceed 1, and if this is greater than the sum of to which extent the effect of both 

exposures separately exceed 1.  

! = !!!! − 1
!!!" − 1 + (!!!" − 1)

 

 

AP is a derivative measure of RERI and measures the proportion of the risk in the group 

exposed to both factors that is due to the interaction itself. 

 

!" = !!!! − !!!" − !!!" + 1
!!!!

 

(5.8) 

(5.7) 

(5.9) 



 

 38 

Based on a simulation study conducted by Li & Chambless RERI should be the measure of 

choice when additive interaction is assessed in a proportional hazards model, which is why 

RERI was chosen as the primary indicator for interaction in studies I-IV [115]. 

 

On the other hand, we can measure whether the effect of both factors together exceed the 

product of the two factors considered separately, which is referred to assessing interaction on 

the multiplicative scale. A measure of multiplicative interaction is given by the following 

calculus [113]. If RR11/(RR10RR01)>1, the interaction is said to be positive, and negative if 

RR11/(RR10RR01)<1 [113].  

 
!!!!

!!!"!!!"
= !!!!!!
!!"!!"

 

 

 

It should be noted, that sometimes we have a positive interaction on the additive but a 

negative interaction on the multiplicative scale, or vice versa. In addition, interaction may be 

present on one scale but not the other. The choice of the scale depends mainly on the 

motivation of the study. Nevertheless, it has been suggested to always report both additive 

and multiplicative measures of interaction [113]. 

 

Multiple imputation  

Missing data is a challenge in epidemiological research. Especially observational studies are 

prone to missing data, because even in the scarce setting where there is no missing 

information for the exposure and outcome, covariates necessary to adjust for confounding 

might be affected by missingness. Data can be either a) missing completely at random 

(MCAR), where missingness does not depend on any other observed variable, or b) missing 

at random (MAR), where the probability that a given subset of variables is observed depends 

only on the values of observed variables, or c) missing not at random (MNAR), where 

missingness depends on unobserved variables. For epidemiologic studies it is reasonable to 

assume that data is MAR. One way to address missingness under the assumption of MAR, is 

conducting a complete-case analysis, i.e. excluding all individuals with missing values. 

However, this approach may yield biased results [116]. Alternatively, it is possible to impute 

missing values by conducting multiple imputations, e.g. based on chained equations, which 

(5.10) 
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accommodates arbitrary missing-value patterns [117]. This will create a pre-specified number 

of imputed datasets, which can be used to assess a single estimate by pooling estimates from 

the imputed datasets using Rubin’s formula for standard errors [118]. 

 

5.3 Data analyses 

The statistical methods used for all studies were fairly similar and the main analyses are 

therefore presented together for studies I, III and IV, which were conducted within the 

WLHC, and separately for study II, which was conducted within the SNMC. 

5.3.1 Studies I, III & IV   

To analyze the effect of dietary NEAC on the risk of MI, stroke and HF in women, dietary 

NEAC was categorized into quintiles in study I and III and tertiles in study IV. The advantage 

of categorizing the exposure into quantiles in nutritional epidemiology includes the reduction 

of potential effects of outlying or extreme values. In addition, by using categories we do not 

make assumptions about the dose-response relationship, which allows us to visualize if the 

association is most likely following a linear or non-linear trend [92]. A drawback, however, 

is, that if the relationship is truly linear, categorization of the exposure will likely lead to a 

loss of power [119].  

We then fitted Cox proportional hazards regression models with age as underlying time scale 

[120] to estimate hazard ratios (HRs) with 95% confidence intervals (CIs). The exposure 

variable was implanted both, as a continuous variable and as a categorical variable, by 

considering the first quantile of dietary NEAC as the reference category for the latter.  

Potential confounders were selected based on subject matter knowledge. In addition, directed 

acyclic graphs (DAGs), which offer a systematic representation of causal relationships [121], 

were used to help evaluate the choice of potential confounders and to reduce bias caused by 

over adjustment [25]. To do so, we used the web-based application DAGitty1, which helps to 

draw and analyze DAGs (the DAG is presented in Figure A.1 in the Appendix). The models 

were adjusted for the following confounders,: education (≤10 years, 11-13 years, >13 years), 

Body Mass Index (BMI, kg/m2), smoking (no, former, current), physical activity level (low, 

medium, high), total alcohol intake (<5g/day, 5-25g/d, >25g/day), total energy intake 

(kcal/day), multivitamin supplements use (yes, no), self-reported hypertension (yes, no) and 

                                                

1 The web-based application DAGitty can be found online under http://dagitty.net. 
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diabetes (yes, no). Because coffee was not included in the assessment of dietary NEAC, the 

model was further adjusted for coffee intake (0 cups/day, >0-4 cups/day, >4 cups/day) to 

control for potential bias.  

In study IV the main model was additionally adjusted for incident myocardial infarction 

diagnosed before heart failure as a time varying covariate. This was done by splitting single 

time-span records into episodes before and after myocardial infarction using the Stata 

command stsplit [122] and by implementing the new time varying covariate in the model.  

The proportional hazards assumption was tested using Schoenfeld residuals. If the statistical 

test indicated a violation of the assumption, stratified analyses were conducted for the 

corresponding variables. To assess linear trends we created new categorical variables based 

on the median of each NEAC quantile. This variable was then implemented in both, 

unadjusted and adjusted models as a continuous variable.  

To further assess the dose-response relationship we used restricted cubic spines and placed 

knots at the 5th, 35th, 65th and 95th percentile of the distribution of dietary NEAC for studies I 

and III, whereas for study IV three knots were chosen at the 10th, 50th and 90th percentile.  

Subgroup analyses were conducted for the variables BMI (<25, ≥25 kg/m2), smoking (non-

current, current) and vitamin supplement use (yes, no). Potential effect modification was 

investigated on both multiplicative and additive scale. On multiplicative scale the likelihood 

ratio test was used to formally test, whether interaction was present. To do so we ran the Cox 

model once by adding a cross-product interaction term between dietary NEAC and the 

variable of interest in the model, and once without. After that the likelihood ratio test was 

used to assess which model fitted the data better. On the additive scale, the RERI was used to 

assess whether interaction was present. 

As a main sensitivity analysis we further assessed whether the estimates stayed robust when 

using the antioxidant food database developed by Pellegrini et al. to assess dietary NEAC by 

the FRAP and TRAP assay. Percentages of missing values were 6.4% for diabetes, 4.5% for 

physical activity, 4.4% for hypertension, 3.7% for BMI, 1.9% for education and 0.3% for 

smoking. To see whether the observed association was affected by missing values. To do so 

we repeated the main analyses after imputing missing values for the confounders using 

multiple imputation based on chained equations. Fifteen imputed datasets were created to 

assess a single estimate by pooling HRs using Rubin’s formula for standard errors [118]. In 

addition, analyses were repeated after excluding cases occurring during the first two years of 

follow-up to address potential reverse causation. 
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5.3.2 Study II  

To study the association between dietary NEAC and the risk of overall, fatal and non-fatal 

MI, dietary NEAC was categorized into sex-specific quartiles. We then fitted Cox 

proportional hazards regression models with age as underlying time scale [120] to estimate 

hazards ratios (HRs) with 95% confidence intervals (CIs). The exposure variable was 

implemented as a continuous variable and as a categorical variable, with the first quantile of 

dietary NEAC as the reference category.  

We adjusted the models for the following potential confounders: sex, BMI (kg/m2, 

continuous), total physical activity (METh/day, continuous), alcohol consumption (g/month, 

continuous), smoking status (never, former, current  [≤15 cigarettes/day, >15 cigarettes/day]), 

level of education (<13 years, ≥13 years), history of diabetes (yes/no), aspirin use (yes/no), 

coffee consumption (cups/day; 0, 1–2, 3–4, ≥5), self-reported lipid disturbance (yes/no), self-

reported hypertension (yes/no), vitamin supplement use (yes/no) and energy intake (kcal/day, 

continuous). 

Again, we created a new categorical variable based on the median of each NEAC quartile to 

assess the linear trend and implemented it in both, unadjusted and adjusted models, as a 

continuous variable. The proportional hazards assumption was tested using Schoenfeld 

residuals. If the statistical test indicated a violation of the assumption, stratified analyses were 

conducted for the corresponding variables.  

To further assess the dose-response relationship we used restricted cubic splines and placed 

knots at the median of each quartile of dietary NEAC. 

We conducted subgroup analyses for the variables BMI (<25, ≥25 kg/m2), smoking (non-

current, current) and vitamin supplement use (yes, no), sex (male, female), alcohol 

consumption (no/yes) and age at baseline (<60/≥60 years). Potential effect modification was 

investigated on both multiplicative and the additive scale.  

We further conducted main sensitivity analyses by repeating the analyses using dietary 

NEAC assessed through the TRAP assay as main exposure. Percentages of missing values 

were equal to 10.3% for total physical activity, 7.7% for smoking status, 4.3% for BMI, 4.2% 

for history of hyperlipoproteinemia, 4.0% for aspirin use, 3.8% for history of diabetes, 3.2% 

for history of hypertension, 1.7% for coffee consumption, 1.3% for vitamin supplement use, 

1.0% for level of education and 0.1% for alcohol drinking. To assess whether the observed 

association was affected by missing values the analyses were repeated after imputing missing 

values for the confounders using multiple imputation based on chained equations. To do so 
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fifteen imputed datasets were created to assess a single estimate by pooling HRs using 

Rubin’s formula for standard errors [118]. Further, analyses were repeated after excluding 

cases occurring during the first three years of follow-up to investigate potential effects of 

reverse causation. 
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6 MAIN FINDINGS 
In this paragraph the baseline characteristics for the Swedish Women’s Lifestyle and Health 

Cohort and the Swedish National March Cohort are presented, followed by the main findings 

for studies I to IV. 

All previously published material was reproduced with the permission from the publisher. 

 

6.1 Baseline Characteristics - WLHC 

Baseline characteristics of the Swedish Women’s Lifestyle and Health Cohort are presented 

in Table 6.1. The characteristics are presented for the total population and based on quintiles 

of dietary NEAC. 

Mean age at enrolment was 39.5 years (SD=5.7). In the WLHC 30.8% of the women had 

completed more than 13 years of education, 25% were overweight or obese at baseline and 

21% reported to smoke at the time of enrollment to the study. Further, 81% of the women 

reported to be physically active and 75% consumed less than 5g of alcohol per day. 8.7% of 

the women reported to be post-menopausal and 3% to receive hormone replacement therapy 

(HRT). 

When comparing women across quintiles of dietary NEAC, women in the highest quintile 

were better educated and reported to be non-smokers. They further tended to consume higher 

amounts of fruits, vegetables, tea as well as multivitamin, vitamin and mineral supplements. 

Women in the lowest quintile of dietary NEAC had a higher BMI, consumed more coffee and 

alcohol and further reported more hypertension and diabetes. 
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Table 6.1. Baseline characteristics of the study population presented for the overall population and across 

quintiles of dietary NEAC –Swedish Women’s Lifestyle and Health Cohort, 1991-2012. 

Quintiles of dietary NEACa Total 
sample Q1 Q2 Q3 Q4 Q5 

 6.0 (2.8) ≤4.0 4.0-4.9 4.9-6.0 6.0-7.6 7.6-31.1 

Characteristics n = 
45,882 n = 9,177 n = 9,176 n = 9,177 n = 9,176 n = 9,176 

Age at baseline, mean, SD 39,5 (5.7) 39.4 (5.7) 39.6 (5.8) 39.7 (5.7) 39.4 (5.8) 39.4 (5.7) 

Education, %       

> 13 years 30.8 20.1 26.1 30.5 34.9 45.1 

BMI, mean, SD 23.4 (3.7) 23.5 (3.9) 23.6 (3.8) 23.5 (3.6) 23.3 (3.5) 23.2 (3.5) 

Energy intake (kcal/day), 
mean, SD 

1580 
(480) 1560 (510) 1610 (470) 1605 (480) 1590 (445) 1535 (475) 

Physical activity, %       

low 14.2 18.6 14.1 14.1 13.2 14.3 

medium 57.0 62.7 62.6 59.3 58.9 54.9 

high 24.3 18.7 23.2 26.7 27.8 30.7 

Smoking, %       

current 21.2 30.9 23.5 20.6 16.8 14.6 

Saturated fat (g/day), mean, 
SD 23.6 (5.4) 25.3 (6.1) 23.8 (5.1) 23.1 (5.0) 23.0 (5.0) 22.7 (5.5) 

Monounsaturated fat 
(g/day), mean, SD 17.5 (3.1) 18.1 (3.3) 17.6 (2.9) 17.3 (2.9) 17.3 (2.9) 16.9 (3.3) 

Polyunsaturated fat (g/day), 
mean, SD 7.4 (1.7) 7.4 (1.9) 7.5 (1.7) 7.4 (1.6) 7.3 (1.6) 7.3 (1.7) 

Alcohol intake, %       

<5 g/day 75.1 74.7 75.3 75.0 75.2 75.4 

5-25 g/day 24.5 24.4 24.3 24.7 24.6 24.3 
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> 25 g/day 0.4 0.9 0.4 0.3 0.3 0.3 

Fruits (servings/day), mean, 
SD 1.9 (1.1) 1.0 (0.7) 1.8 (0.8) 2.0 (1.0) 2.1 (1.1) 2.4 (1.3) 

Vegetables (servings/day), 
mean, SD 2.3 (1.0) 2.0 (0.9) 2.3 (0.9) 2.4 (1.0) 2.5 (1.0) 2.5 (1.2) 

Grains (servings/day), 
mean, SD 5.4 (2.3) 5.3 (2.6) 5.5 (2.2) 5.4 (2.3) 5.3 (2.2) 5.2 (2.2) 

Tea (cups/day), mean, SD 0.5 (0.7) 0.1 (0.1) 0.1 (0.2) 0.3 (0.4) 0.6 (0.4) 1.5 (0.8) 

Coffee (cups/day), mean, 
SD 3.7 (2.5) 4.6 (2.7) 4.2 (2.3) 3.9 (2.4) 3.3 (2.2) 2.5 (2.2) 

Multivitamin supplement 
use (yes), % 14.9 10.9 14.2 14.1 16.6 18.8 

Vitamin and mineral 
supplement use (yes), % 41.5 36.9 41.4 42.8 43.8 46.0 

Menopause (yes), % 8.7 9.4 9.4 9.4 8.6 8.3 

HRT (yes), % 3.0 3.0 3.2 3.3 3.0 3.1 

Hypertension (yes), % 8.8 9.6 9.8 9.1 8.7 8.6 

Diabetes (yes), % 1.2 1.5 1.3 1.1 1.3 1.3 

a NEAC was assessed by a validated food frequency questionnaire and estimated through the ferric reducing 
antioxidant power (FRAP) assay, expressed in mmol Fe2+ equivalents/day 
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6.2 Baseline Characteristics - SNMC 

Baseline characteristics of the Swedish National March Cohort are presented in Table 6.2. 

The characteristics are presented for the total population and based on quartiles of dietary 

NEAC. 

Mean age at enrolment was 49.4 years (SD=15.8) and 65.7% of the cohort were women. 

29.4% of the subjects had completed more than 13 years of education. Mean BMI of the 

study population was 24.5 kg/m2 and 8.1% reported to smoke at that time. In addition, 9.9% 

reported to have hypertension, 2% to have diabetes and 2.3% to be treated for lipid 

disturbance. Moreover, 49.6% of subjects consumed vitamin and mineral supplements and 

17.3% reported to consume aspirin on more than six times per month. Women had a slightly 

higher absolute daily dietary NEAC at baseline compared to men. 

When comparing subjects across quartiles of dietary baseline NEAC, subjects in the fourth 

quartile were slightly older, were better educated, tended to be non-smokers and consumed 

more vitamin and mineral supplements. In addition, they drank less coffee, but had a higher 

consumption of tea and alcohol. They also tended to report to be treated to hypertension and 

diabetes to a slightly higher degree. 
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Table 6.2. Baseline characteristics of study participants presented for the overall population and across quartiles of dietary NEACa, 

Swedish National March Cohort, 1997-2010. 

Sex-specific quartiles of dietary NEAC Total sample Q1 Q2 Q3 Q4 

Females  <7.0 7.0-9.2 9.3-12.1 12.2-46.5 

Males  <6.3 6.3-8.1 8.2-10.6 10.7-42.9 

Characteristics  n=34,543 n=8,636 n=8,636 n=8,636 n=8,635 

Age (years) mean (SD) 49.4 (15.8) 47.6 (16.1) 49.0 (16.0) 49.8 (15.8) 51.4 (15.2) 

Female, % 65.7 65.7 65.7 65.7 65.7 

BMI (kg/m2), mean (SD) 24.5 (3.5) 24.8 (3.6) 24.6 (3.5) 24.4 (3.5) 24.2 (3.3) 

Total physical activity (METh/day),  

mean (SD) 

39.5 (12.8) 39.7 (13.6) 39.8 (12.9) 39.5 (12.4) 39.1 (12.0) 

Alcohol (grams/month), mean (SD) 306.8 (619.5) 263.9 (411.4) 304.3 (494.9) 317.8 (486.8) 341.1 (938.5) 

Energy intake (kcal/day), mean (SD) 2040 (540) 1990 (540) 2090 (535) 205 (540) 1995 (530) 

Tea (cups/day), mean, SD 1.0 (1.2) 0.0 (0.2) 0.4 (0.5) 0.9 (0.7) 2.3 (1.4) 

Coffee (cups/day), mean, SD 2.9 (1.8) 3.4 (1.9) 3.1 (1.8) 2.8 (1.7) 2.2 (1.7) 

Diabetes (yes), % 2.0 1.9 2.0 2.1 2.1 

Lipid disturbance (yes), % 2.3 2.2 2.3 2.5 2.3 

Aspirin use (yes), % 17.8 18.8 18.1 17.8 19.8 

High blood pressure (yes), % 9.9 9.0 9.9 9.8 10.8 

Vitamin and supplement use (yes), % 49.6 44.8 48.4 51.2 53.9 

Education (≥13 years), % 29.4 22.0 26.1 30.8 38.8 

Smoking, %      

Never 65.0 61.7 64.5 65.9 67.9 

Former 26.9 26.7 26.9 27.2 26.8 

Current (≤15 cigarettes/day) 7.6 10.7 8.1 6.6 5.0 

Current (>15 cigarettes/day) 0.5 0.9 0.5 0.4 0.4 

a NEAC estimated through the ferric reducing antioxidant power (FRAP) assay, expressed in mmol Fe2+ 

equivalents/day 
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6.3 Study I – Dietary NEAC and myocardial infarction in women 

During a mean follow-up time of 20.3 years we observed 657 cases of incident myocardial 

infarction, with a mean age at first diagnosis of 56.6 years. 

After adjusting for potential confounders a significant 28% lower risk for subjects in the 

fourth (HR: 0.72; 95% CI: 0.55-0.95) and a 40% lower risk for subjects in the fifth quintile of 

dietary NEAC (HR: 0.60, 95% CI: 0.45-0.81), compared to subjects in the first, was found, 

with a significant trend (p-value < 0.001) (Table 6.3.1). In addition, when implementing 

dietary NEAC as a continuous variable, the risk of MI decreased by each unit increment of 

dietary NEAC by 5% (HR: 0.95; 95% CI: 0.91-0.98). When further investigating the dose-

response relationship no deviation from a linear association was detected (p-value for non-

linearity > 0.05) (Fig. 6.3.1), confirming a linear association between dietary NEAC and the 

risk of MI. 

 

 

 

 

 

 

 

 

 

Figure 6.3.1. Multivariable-adjusted restricted cubic spline curve for the relation between dietary Non 

Enzymatic Antioxidant Capacity (NEAC), measured in mmol Fe2+ equivalents per day, and risk of 

myocardial infarction. Adjustments were made for age, education (≤10 years, 11-13 years, >13 years), BMI 

(kg/m2), smoking (no, former, current), physical activity (low, medium, high), total alcohol intake (<5g/day, 

5-25g/d, >25g/day), total energy intake (kcal/day), multivitamin supplements use (yes, no), hypertension (yes, 

no), diabetes (yes, no). 

Subgroup analyses suggested a somewhat stronger effect in overweight and obese subjects, 

non-current smokers and vitamin and mineral supplement users. However, no evidence for 

effect modification was found on the multiplicative (all p-values > 0.05) or the additive scale 

(all p-values for RERI > 0.05). 
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When further conducting sensitivity analyses, estimates remained essentially the same after 

using FRAP (HR Q5 vs. Q1: 0.71, 95% CI: 0.54-0.94) and TRAP (HR Q5 vs. Q1: 0.70, 95% 

CI: 0.52-0.93) from the secondary database to assess dietary NEAC and after imputing 

missing values (HR Q5 vs. Q1: 0.63; 95% CI: 0.49-0.82). 
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T
able 6.3.1. H

azard ratios (H
R

s) w
ith 95%

 confidence intervals (95%
 C

Is) for dietary N
EA

C
a in relation to the risk of m

yocardial infarction - Sw
edish 

W
om

en’s Lifestyle and H
ealth C

ohort, 1991-2012. 

Q
uintiles of dietary N

on Enzym
atic A

ntioxidant C
apacity (N

EA
C

) a    

 
Q

1 
Q

2 
Q

3 
Q

4 
Q

5 
p for trend 

N
o. of cases 

196 
145 

126 
105 

85 
 

Person-years 
184,911.75 

186,266.62 
186,421.78 

186,489.92 
185,456.82 

 

Incidence rate
  

(per 100,000 person-years) 

106.00 
77.85 

67.59 
56.30 

45.83 
 

A
ge-adjusted H

R
 (95%

 C
I)   

1.0 (reference) 
0.71 (0.58-0.89) 

0.62 (0.49-0.77) 
0.52 (0.41-0.66) 

0.43 (0.33-0.55) 
<0.001 

M
ultivariable H

R
 (95%

 C
I) b 

1.0 (reference) 
0.90 (0.71-1.15) 

0.79 (0.61-1.02) 
0.72 (0.55-0.95) 

0.60 (0.45-0.81) 
<0.001 

a N
EA

C
 assessed by a validated food frequency questionnaire, estim

ated through the ferric reducing antioxidant pow
er (FR

A
P) assay, expressed in 

m
m

ol Fe
2+ equivalents / day, adjusted for energy intake 

b A
djusted for age, education (≤10 years, 11-13 years, > 13 years), B

M
I (kg/m

2), sm
oking (no, form

er, current), physical activity (low
, m

edium
, 

high), total alcohol intake (<5g/day, 5-25g/d, >25g/day), total energy intake (kcal/day), m
ultivitam

in supplem
ents use (yes, no), hypertension (yes, 

no), diabetes (yes, no)  
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6.4 Study II – Dietary NEAC and myocardial infarction in men and women 

In this study the association between dietary NEAC and the risk of myocardial infarction was 

investigated in men and women who participated in the Swedish National March Cohort. 

During a mean follow-up time of 12.7 years a total of 1,142 cases of incident MI, of which 

205 were fatal and 937 non-fatal, were identified. Foods contributing most to total dietary 

NEAC in the SNMC were tea (26%), fruits (21%), vegetables (20%), grains (9%) and 

chocolate (5%).  

When investigating total myocardial infarction the proportional hazards assumption was 

violated for sex in the multivariate model and therefore a stratified Cox model was fitted. 

Results are presented in Table 6.4.1. After adjusting the model for potential confounders the 

risk among subjects in the fourth quartile of dietary NEAC was 23% lower (HR: 0.77, 95% 

CI: 0.61-0.96; p for trend = 0.008) compared to subjects in the first. When running Cox 

regression for men and women separately, a similar HR was found for men (HR: 0.78; 95% 

CI: 0.59-1.04; p for trend = 0.056) and women (HR: 0.73; 95% CI: 0.49-1.08; p for trend = 

0.040), however, the association was not significant in men. When further investigating the 

dose-response relationship, no deviation from a linear association was seen for overall (p-

value for non-linearity = 0.56) (Figure 6.4.1). 

When investigating fatal and non-fatal MI separately, an inverse association was found only 

with non-fatal MI in the fully adjusted model with lowest risk in subjects in the highest 

quartile compared to the first (HR: 0.72; 95% CI: 0.56-0.92; p for trend < 0.05). We did not 

detect any departure from linearity after conducting spline analyses for non-fatal MI (p-value 

for non-linearity > 0.05). When running the analyses for men and women separately, an 

inverse association was detected in women for non-fatal MI (HR Q4 vs. Q1: 0.62, 95% CI: 

0.41-0.96; p for trend < 0.05), whereas for men the effect remained again short of 

significance (HR: 0.75; 95% CI: 0.55-1.02; p for trend > 0.05). Findings for non-fatal and 

fatal MI are presented in Table 6.4.2 and Table 6.4.3. 
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Figure 6.4.1. Multivariable-adjusted restricted cubic spline curve for the relation between dietary Non 
Enzymatic Antioxidant Capacity (NEAC), measured in mmol Fe2+ equivalents per day, and the risk of 
overall myocardial infarction. Adjustments were made for age, (sex), education (<13 years, ≥13 years), 
smoking (no, former, current [≤15 cigarettes/day; >15 cigarettes/day]), total alcohol intake (g/month), coffee 
(0, 1-2, 3-4, ≥5 cups/day), diabetes (yes, no), BMI (kg/m2), total energy intake (kcal/day), vitamin and mineral 
supplements use (yes, no), total physical activity (METh/day), lipid disturbance (yes, no), high blood pressure 
(yes, no), aspirin use (yes, no). 

 

Further, subgroup analyses suggested a slightly stronger association in non-obese subjects, in 

never smokers, in alcohol drinkers, in subjects below the age of 60 and in supplement non-

users. However, no evidence was found for effect modification on the multiplicative (all p-

values > 0.05) or on the additive scale (p-values for all RERI > 0.05).  

In addition, after conducting sensitivity analyses by using the TRAP assay for the assessment 

of dietary NEAC, by imputing missing values, estimates remained essentially the same for all 

outcomes. 
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6.5 Study III – Dietary NEAC and stroke in women 

During a mean follow-up time of 20.2 years 881 incidence cases of stroke, of which 521 were 

ischemic, 297 hemorrhagic and, 63 unspecified stroke, were found, with a mean age at first 

stroke of 55.9 years. 

In the age adjusted model an inverse association between daily dietary NEAC and overall stroke 

with lowest hazard rates in the fifth quintile compared to the first was found (HR: 0.60, 95% CI: 

0.49-0.73, p for trend < 0.001). However, after inclusion of potential confounders, no clear 

pattern was seen anymore (Figure 6.5.1). Findings were similar when conducting separate 

analyses for ischemic and hemorrhagic stroke (p values for trend > 0.05) (Figure 6.5.1). The 

dose-response relationship showed no deviation from a linear association (all p-value for non-

linearity > 0.05).  

When further investigating potential effect modification, we did not detect any difference in the 

effect of dietary NEAC on the risk of stroke in subgroups of BMI, smoking and vitamin 

supplement use on any of the stroke outcomes on the multiplicative (all p-values > 0.05) or 

additive scale (all p-values for RERI > 0.05). 
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Figure 6.5.1. Hazard ratios (HRs) with 95% confidence intervals (95% CIs) for dietary Non Enzymatic 

Antioxidant Capacity (NEAC), measured in mmol Fe2+ equivalents per day, in relation to the risk of total, 

ischemic and hemorrhagic stroke, Swedish Women’s Lifestyle and Health Cohort, 1991-2012. The left 

column represents unadjusted estimates. The right column represents multivariable adjusted estimates. 

Models were adjusted for age (time scale), education (≤10 years, 11-13 years, > 13 years), BMI (kg/m2), 

smoking (no, former, current), physical activity (low, medium, high), total alcohol intake (<5g/day, 5-

25g/d, >25g/day), total energy intake (kcal/day), multivitamin supplement use (yes, no), high blood 

pressure (yes, no), diabetes (yes, no), coffee intake (0, 0-4, >4 cups/day). 
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6.6 Study IV – Dietary NEAC and heart failure in women 

After a mean follow-up time of 20.3 years, 245 incidence cases of heart failure were detected, 

with a mean age at first diagnosis of 58.3 years. 

An inverse association between daily dietary NEAC and incidence or mortality of heart 

failure as the primary cause was found, with a significant 27% lower risk in subjects in the 

highest compared to the lowest tertile (HR: 0.63; 95% CI: 0.43-0.93; p for trend < 0.05) 

(Table 6.6.1). When including dietary NEAC as a continuous variable in the model each unit 

increment of dietary NEAC was associated with a 6% risk reduction of heart failure (HR: 

0.94; 95% CI: 0.88-1.00). When further investigating the dose-response relationship using 

restricted cubic splines, the linear association was further confirmed, showing no deviation 

from linearity (p-value for non-linearity > 0.05) (Figure 6.6.1). 

Subgroup analyses suggested a slightly stronger effect in overweight subjects, current 

smokers and vitamin supplement users. However, no evidence for effect modification on the 

multiplicative (all p-values above > 0.05) or the additive scale (all p-values for RERI > 0.05) 

was found.  

After conducting main sensitivity analyses using the antioxidant database developed by 

Pellegrini et al. to assess dietary NEAC, the effect was slightly attenuated for FRAP (Q3 vs 

Q1: HR: 0.67, 95% CI: 0.46-0.98, p for trend < 0.05) and for TRAP (Q3 vs Q1: HR: 0.70, 

95% CI: 0.48-1.02, p for trend > 0.05). Similarly, after imputing missing values estimates 

remained essentially the same (HR Q3 vs. Q1: 0.67; 95% CI: 0.48-0.93; p for trend < 0.05).  
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Figure 6.6.1. Multivariable-adjusted restricted cubic spline curve for the relation between dietary Non 

Enzymatic Antioxidant Capacity (NEAC), measured in mmol Fe2+ equivalents per day, and the risk of heart 

failure. Adjustments were made for age, education (≤10 years, 11-13 years, > 13 years), BMI (kg/m2), 

smoking (no, former, current), physical activity (low, medium, high), total alcohol intake (<5g/day, 5-25g/d, 

>25g/day), total energy intake (kcal/day), multivitamin supplement use (yes, no); Stratified for high blood 

pressure (yes, no), diabetes (yes, no), incident myocardial infarction as time-varying covariate (yes, no). 
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Table 6.6.1. Hazards ratios (HRs) with 95% confidence intervals (95% CIs) for dietary NEACa in relation to the risk of 

heart failure, Swedish Women’s Lifestyle and Health Cohort, 1991-2012.  

  

Tertiles of dietary Non Enzymatic Antioxidant Capacity (NEAC)a    

 Q1 Q2 Q3 p for trend 

No. of cases 117 79 58  

Person-years 310,297.45 311,998.96 310,034.90  

Incidence rates  

(per 100,000 person-years) 

37.71 25.32 18.71  

Age-adjusted HR (95% CI)  1.0 (reference) 0.66 (0.49-0.87) 0.50 (0.36-0.68) <0.001 

Multivariable HR (95% CI)b 1.0 (reference) 0.78 (0.56-1.09) 0.63 (0.43-0.93) <0.05 

a NEAC was assessed by a validated food frequency questionnaire, estimated through the ferric reducing antioxidant 

power (FRAP) assay, expressed in mmol Fe2+ equivalents / day, adjusted for energy intake. 
bModel was adjusted for age (time scale), education (≤10 years, 11-13 years, > 13 years), BMI (kg/m2), smoking (no, 

former, current), physical activity (low, medium, high), total alcohol intake (<5g/day, 5-25g/d, >25g/day), total 

energy intake (kcal/day), multivitamin supplement use (yes, no); Stratified for high blood pressure (yes, no), diabetes 

(yes, no) and incident myocardial infarction as time-varying covariate (yes, no) because of violation of the proportion 

hazards assumption. 
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7 DISCUSSION 
This paragraph is separated into four subsections. First, the interpretations of the main 

findings for studies I to IV are highlighted. Second, some methodological considerations and 

the generalizability of the findings will be discussed. In the last two sections some final 

remarks on antioxidants and NEAC and the final conclusions will be presented. 

 

7.1 Interpretation of the findings 

7.1.1 Study I 

In Study I a higher baseline dietary NEAC was associated with a lower risk of MI in women 

aged 30-49 years participating in the Swedish Women’s Lifestyle and Health Cohort and 

there was evidence for a linear relationship. The effect of dietary NEAC on MI risk was 

slightly stronger in obese, non-current smokers and vitamin and mineral supplement users. 

However, there was no evidence for effect modification when using statistical formal tests. 

Nevertheless, the statistical power might be limited due to the smaller number of subjects and 

cases in each subgroup. After conducting the analyses using NEAC values based on FRAP 

and TRAP from the secondary database the estimates remained similar, showing a significant 

inverse association.  

These findings are in line with the results reported from two previous observational studies. 

In the Swedish Mammography Cohort study, which consists of 38,984 women aged 49 to 83 

years, higher dietary NEAC, measured through the ORAC assay, was inversely associated 

with the risk of myocardial infarction [75]. In an Italian case-control study involving 760 

cases and 682 controls a higher dietary NEAC, measured through the FRAP, TRAP and 

TEAC assay, was inversely related with the risk of non-fatal acute myocardial infarction for 

each assay separately [76]. Further, the effect was substantially stronger in women compared 

to men. 

To conclude, this study confirms previous evidence of higher dietary NEAC to be associated 

with a lower risk of MI and gives novel insight in the effect in young and middle aged 

women.  

7.1.2 Study II 

Study II, which was conducted within men and women participating in the Swedish National 

March Cohort, provided evidence that a higher dietary baseline NEAC to be associated with a 

lower risk of MI, specifically total and non-fatal MI, whereas no association was found for 
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fatal MI. Further, the effect might be stronger in women compared to men. When conducting 

further subgroup analyses a slightly stronger association was found in non-obese subjects, in 

never smokers, in alcohol drinkers, in subjects who were below the age of 60 years and in 

subjects who did not consume any vitamin and mineral supplements. However, based on 

formal tests there was no significant evidence for effect modification. Again, statistical power 

might be an issue because of the smaller number of subjects and cases within each subgroup.  

Findings from Study II are further in line with findings reported in Study I. In addition, they 

confirm the results reported from the Swedish Mammography Cohort [75] and the Italian 

case-control study [76]. In the latter, the inverse association was stronger in women, which 

was confirmed by our study, but contrary the effect was stronger in subjects aged 60 years or 

older [76].  

Overall, this study supports previous findings and provides novel evidence that a higher 

dietary NEAC lowers the risk of total and non-fatal MI, but not fatal MI. It further highlights 

potential differences of the effect between men and women.  

7.1.3 Study III 

The aim of Study III was to investigate the association between dietary NEAC and the risk of 

stroke. However, after adjusting the model for potential confounders, the initially significant 

inverse association diminished and we found no relationship between dietary NEAC and the 

risk of overall, ischemic or hemorrhagic stroke in young and middle-aged women in the 

Swedish Women’s Lifestyle and Health Cohort. This implies that the effect might have 

strongly been confounded by other lifestyle factors, such as smoking and physical activity.  

Findings from previous studies investigating the effect of dietary NEAC and stroke risk are 

contradicting. In the Italian segment of the European Prospective Investigation into Cancer 

and Nutrition study (EPIC) comprising 41,620 men and women aged 35 to 65 years, higher 

dietary NEAC, measured through the TEAC assay, was associated with a reduced risk of 

ischemic stroke, but not overall or hemorrhagic stroke [78]. In the Swedish Mammography 

Cohort, dietary NEAC measured through the ORAC assay was associated with a lower risk 

of overall stroke among CVD-free women and with a lower risk of hemorrhagic stroke 

among women with a CVD history. No association was found for ischemic stroke [77]. 

Recently, in 34,555 subjects aged 18 to 94 years participating in the Swedish National March 

Cohort, a higher dietary NEAC measured through the FRAP and TRAP assay was related to 

a lower risk of overall and ischemic stroke among women, but not men [79].  In contrast to 

these findings, the Rotterdam Study found no effect between dietary NEAC measured 
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through the FRAP assay on stroke risk among 5,395 men and women above the age of 55 

years [80].  

There are different possible explanations to these discrepant findings. First, different 

databases and chemical assays have been used to assess dietary NEAC [65]. However, when 

we repeated our analyses using FRAP and TRAP values from the secondary database [67, 

68], we did not find any difference in the effect of dietary NEAC on stroke risk. Therefore, 

the use of different databases or assays is an unlikely explanation for the discrepant findings. 

Differences in the findings could be further related to the different contribution of food items 

to dietary NEAC. For example, the decision, whether to include coffee in NEAC assessment 

or not, differed between studies. In the Swedish Mammography Cohort, an absorption rate of 

6% was considered for coffee. In the Rotterdam study, coffee was fully included in total 

dietary NEAC, and as coffee holds a high antioxidant capacity value, coffee had a major 

impact on total dietary NEAC (90%) in their study. In our study the foods contributing most 

to dietary NEAC were comparable to the proportions reported in the Swedish National March 

Cohort [79] and the Swedish Mammography Cohort [77]. Food composition of dietary 

NEAC is therefore an unlikely explanation for our null findings. 

Finally, our cohort was rather young at baseline (30-49 years) and showed a mean age of 55 

years at first incidence of stroke, which is fairly low compared to the average age of first 

stroke reported in other studies within Swedish women (e.g. Hallström et al. 2008 with 

average age of 80.4 years [123]). It is important to note that risk factors for stroke in women 

change during lifespan. Whilst in young women stroke is mainly related to pregnancy and 

hormonal factors, risk factors during mid-life, such as high blood pressure, cholesterol levels 

and waist circumference, increase to a much steeper rate in women compared to men [124]. 

Considering this specific set of risk factors for young and middle aged women, developing 

stroke at younger ages could underlie a different biological mechanism compared to stroke 

developed at older ages. Therefore, diet could affect the risk among age groups in a different 

way. In the INTERSTROKE study, a large case-control study conducted among 32 countries, 

a stronger effect of diet on the risk of stroke was seen in men and women above the age of 55 

[125]. However, Rautiainen et al. as well as Colarusso et al. found no effect modification in 

women by age when comparing subgroups of <65 and ≥65 or ≤60 and >60 years of age at 

baseline, respectively. Nevertheless, the effect of diet together with age and changing risk 

factors in women during lifespan should be considered in future studies. 
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To summarize, study III found no association between dietary NEAC on the risk of overall, 

ischemic or hemorrhagic stroke in young and middle-aged women. As evidence from 

previous studies is still limited, the association between dietary NEAC and the risk of stroke 

should be further explored in other populations. 

7.1.4 Study IV 

Study IV found a higher baseline dietary NEAC to be associated with a lower risk of heart 

failure in young and middle aged women in the Swedish Women’s Lifestyle and Health 

Cohort. The effect was further slightly stronger in overweight subjects, current smokers and 

vitamin and mineral supplement users, although statistical tests did not confirm any evidence 

for effect modification. However, again statistical power might be limited due to an even 

smaller number of cases within each subgroup analyzed, as the total number of incidence 

cases of HF was low in this cohort (n = 245). Again, the association remained statistically 

significant when assessing dietary NEAC through the FRAP and TRAP assay from the 

secondary database. 

To our knowledge, only one previous study has evaluated the relation between dietary NEAC 

and the risk of HF. In the Swedish Mammography Cohort a higher dietary NEAC, measured 

through the ORAC assay, was inversely associated with HF risk among middle aged and 

older women, suggesting a linear dose-response relationship. Similarly, in our study there 

was evidence for a linear association between dietary NEAC and HF risk.  

Overall, study IV contributes important evidence to the ongoing discussion on the effect of 

antioxidants on the risk of heart failure, especially in young and middle aged women.  

 

7.2 Methodological considerations 

In this section methodological considerations, strengths and limitation of the approaches and 

potential sources of bias will be discussed, which could have affected the validity of the 

findings. 

7.2.1 Study design 

The main strengths of the studies I to IV were their prospective design, the long follow-up 

and the large sample size. In addition, the baseline questionnaires used in the WLHC and the 

SNMC assessed information on lifestyle factors and medical history in a great detail. 

However, some potential sources of bias have to be considered, of which selection bias can 
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play an important role. Selection bias occurs due to systematic differences in selecting the 

study groups, which could cause the relation between exposure and outcome to differ 

between those who were selected in the study and for all those who should have been eligible 

for the study. This can affect the internal validity of the study and can contribute to under- or 

overestimation of the actual effect of the exposure on the outcome [25]. Although prospective 

cohort studies are less prone to suffer from selection bias, as this kind of bias is related to 

both, the exposure and the outcome and the outcome has not occurred at baseline, three 

special cases causing selection bias in prospective cohort studies are self-selection bias, loss-

to follow-up and competing risk. 

 

Self-selection bias 

Self-selection bias can occur due to self-selection of subjects into a study. If the reason for 

self-selection is associated with the outcome of interest, this can affect the validity of the 

study [25]. In study II participants for the cohort were self-selected and baseline information 

was collected among motivated people during a fund raising event, who were particularly 

interested in supporting cancer research. Therefore the SNMC could be prone to healthy 

volunteer bias. In fact, compared to the general Swedish population in 1997, cohort members 

were less educated, were more overweight and obese but smoked to a lesser degree [86], 

which is why self-selection bias cannot be ruled out for study II. As for studies I, III and IV 

women were randomly-selected from the general Swedish population living in the Uppsala 

Health Care region, self-selection bias does most likely not present an issue for the SWLHC. 

Nevertheless, the cohort might suffer from a healthy volunteer bias, as only 51% of the 

invited women returned the questionnaire, indicating that women with a serious illness or 

disease might less likely have participated at baseline [82].  

 

Loss to follow-up 

Loss of subjects during follow-up prevents the direct measurement of average risks of a 

disease, because the outcome of lost subjects is unknown [25]. Therefore it is desirable to 

keep the loss to follow-up as little as possible. In studies I to IV subjects were followed by 

linking their individual personal numbers to National Health Registers, which guarantees an 

essentially complete follow-up, therefore limiting any bias caused by loss to follow-up.  
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Competing risk 

Competing events, which are events that prevent us to observe the outcome of interest, can 

introduce bias when estimating conditional risks [25]. In populations with high frequency of 

competing events it is important to appropriately account for them, as it could otherwise lead 

to falls interpretations of the results [126]. For CVDs a potential competing event is death 

from other causes. If subjects die before having CVD, they will no longer be at risk for 

having CVD. Depending on the aim of the study, two approaches to deal with competing risk 

are commonly used. It has been suggested that in etiologic research the cause-specific 

hazards model for the cause of interest should be used [126]. This is equivalent to 

implementing the Cox proportional hazards model while treating competing events as 

censored ones [127]. In predictive research the Fine and Gray model, which links the effect of 

risk factors directly to the cause-specific cumulative incidence of the competing event using 

subdistribution hazards ratios, is often more suitable [126]. Studies I to IV were etiologic 

studies examining the association between exposure and outcome. Therefore, choosing the 

Cox model by accounting for the competing event with censoring is appropriate. 

Nevertheless, in study IV an additional competing risk analysis with death as the competing 

event was conducted using a flexible parametric model estimating cause-specific hazards for 

each competing event [128], which further confirmed our findings. 

7.2.2 Confounding 

Confounding plays an essential role in observational studies and occurs when the effect of the 

exposure of interest is distorted by extraneous factors, i.e. the confounding factors. Not 

controlling for confounding can affect internal validity of the study and can further lead to 

over- or underestimation of an effect, or even change the direction of the measured effect 

[25]. 

 

Choice of confounders 

The decision for the choice of confounders for the main analyses was made based on prior 

knowledge from the literature. In addition, we used DAGs to identify minimal adjustments to 

estimate the total and direct effect of dietary NEAC on the risk of CVDs. Based on the DAG 

each variable was suggested to be a confounder, as all of them were suggested to be ancestors 

of the exposure and the outcome. Nevertheless, the direction of the association can be 

discussed for some of the variables. Hypertension, diabetes and lipid disturbance are 
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preclinical conditions and could be intermediate variables as well, as dietary NEAC reduces 

oxidative stress and might therefore have an effect on these conditions. However, based on 

the design of the study, subjects have been treated for hypertension, diabetes or lipid 

disturbance before participation in the study. In this case, the preclinical condition appeared 

before the assessment of the exposure, which makes the assumption of the direction of the 

association plausible. 

 

Residual confounding 

Although we were able to carefully control for several confounders, some residual 

confounding might still be present [25]. 

First of all, some confounding factors could not be considered in our studies. For example, 

we did not have information on family history of CVD, a factor associated with both, the 

exposure and any cardiovascular outcome. Someone with family history might be more 

aware to follow a healthy lifestyle, including a healthy diet, to reduce his or her risk to 

develop CVD later in life, which could have biased our estimates. In addition, in studies I, III 

and IV we did not have any information on serum cholesterol levels or treatment of lipid 

disturbance (see DAG in Appendix Figure A.1). We therefore tried to indirectly control for 

this factor by adjusting the models for the intake of fatty acids in additional sensitivity 

analyses, which did not affect our results. 

Second, for most of the confounding variables we were able to collect precise information 

through the questionnaire, specifically for age, smoking, physical activity, education and 

BMI. For hypertension, diabetes and lipid disturbance subjects were asked to self-report, 

whether they had ever been treated by a doctor for one of these conditions. This could 

question the accuracy of the reported information. However, previous validation studies have 

shown acceptable agreement between self-reported information and medical records, with 

highest accuracy for diabetes and lowest for lipid disturbance [129, 130]. In addition, for 

vitamin supplement use the information reported in both questionnaires was not accurate 

enough. The variables were therefore categorized only into vitamin supplement users and 

non-users, which might have been too simplified.  
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Reverse causality 

Temporality refers to the necessity that the cause occurs before the effect in time. This 

criterion must hold if we want to claim any observation to be causal [25]. In studies I to IV 

subjects with early disease onset during follow-up might have had other pre-clinical 

manifestations prior to the diagnosis of the disease and beginning of follow-up, which could 

have affected their dietary habits assessed at baseline. Although we excluded subjects with 

diagnosis of any CVD or cancer before enrolment in the study, undiagnosed conditions could 

still produce reverse causation of the cause and effect. Therefore, to avoid reverse causation, 

it can help to have large prospective studies with a long follow-up that allows exclusion of 

cases occurring at the early stages of follow-up related to undiagnosed health conditions 

[131]. When repeating the main analyses after excluding cases, which occurred during the 

first couple of years of follow-up, the findings in studies I to IV were not affected. 

Nevertheless, the exact time frame to avoid reverse causation is not known. Overall, 

prospective studies cannot offer definitive conclusions on cause and effect, especially if 

potential reverse causation remains, which could overestimate the strength of the association 

[132]. 

7.2.3 Assessment of the exposure 

Food frequency questionnaire 

In studies I to IV dietary intake was assessed by a self-reported and validated FFQs collected 

at baseline. Nevertheless, there are still some problems that can cause misclassification of the 

exposure.  

First of all, dietary intake was assessed only once at baseline and changes in dietary habits 

could therefore not be captured.  

Second, in our studies missing values on consumption frequencies were interpreted as null 

intakes [91]. However, it has previously been shown that items, which are left blank, are not 

consumed. In a study conducted within the Nurses’ Health Study II, 64% of the blank items 

were reported to be consumed never or less than once per month and 20% were consumed 

only 1-3 times per month [92], which makes the assumption of missing values to be zero 

reasonable in nutritional epidemiology [92].  

Third, inaccurate reporting of consumption frequencies and portion size can lead to 

implausibly high or low responses. This problem was specifically the case for the FFQ use in 

the WLHC, because of the open-ended response options for frequency values. Therefore, it is 
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necessary to make additional decisions regarding allowable ranges for nutrient intakes [92]. 

To further reduce potential exposure misclassification in our studies, all subjects who had left 

the main section of the FFQ blank (studies I, III and IV) or who reported extreme energy 

intake (studies I-IV), were excluded from the study. In addition, energy adjustment of 

nutrient intakes will to a large extent compensate for overall under- and over-reporting of 

food intake [92].  

Overall, we cannot rule out that some misclassification of the exposure remains. Because of 

the prospective design, the proportion of misclassified subjects on the exposure variable does 

not depend on the outcome variable and therefore the misclassification is most likely non-

differential. This would bias effect estimates of the association towards the null, which would 

lead to an underestimation of any positive or inverse relationship [25].  

 

NEAC and the antioxidant food database 

Strengths and limitations of using NEAC and antioxidant food databases in relation to our 

studies need to be discussed. 

One big strength of studies I, III and IV was the comparison of two large antioxidant food 

databases to estimate dietary NEAC. Antioxidant values of foods might differ between 

countries. However, when comparing the two databases, the correlation between FRAP 

values was high. Further, our estimates stayed robust, indicating that the choice of the 

antioxidant food database has minor influence on the estimation of the association between 

dietary NEAC and CVD risk.   

In studies I to IV we were further able to compare two different chemical assays to measure 

dietary NEAC, one with HAT and one with SET characteristic (i.e. FRAP and TRAP). This 

allowed us to control, whether our results were affected by the chemical assay used.  

Limitations of the studies are that we were not able to collect biological samples from cohort 

participants at baseline. Previous acute dietary intervention studies have observed the ability 

of diet to modulate plasma NEAC [65]. However, we could not validate the concordance 

between plasma NEAC and FFQ derived NEAC in any of the cohorts used for our studies. 

The assessment of dietary NEAC through an FFQ has been evaluated previously in a similar 

study population and correlation coefficients between plasma NEAC and FFQ based NEAC 

were 0.28 for FRAP and 0.31 for TRAP [133]. Although these correlations seem low, it is 

important to note that plasma NEAC concentrations depend on several factors, such as 
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physiological differences in absorption and disposal of antioxidants, but also genetic variation 

affecting plasma TAC. In addition, the time of consumption of foods plays an important role, 

as plasma NEAC was shown to be highest after the first and second hour of consumption in 

acute studies, with a metabolic decrease after about four hours [65]. Nevertheless, assessing 

dietary NEAC through an FFQ to estimate the total dietary antioxidant capacity was shown to 

be a valid and useful tool in epidemiological studies [133-135]. 

For some food items, such as meat and dairy products, NEAC values were missing in the 

antioxidant food databases, especially when using the database from Pellegrini et al. in study 

II. However, for animal-based foods the antioxidant content is known to be low [70]. 

Unfortunately, we were not able to assess NEAC values for cooking oils (e.g. olive oil), 

because information on portion size and consumption frequency was not available in the 

FFQ. Olive oil contains high amounts of polyphenols, which are compounds with high 

antioxidant activity [136]. However, consumption of olive oil was not common in Sweden in 

the 1990s, which is why exclusion of olive oil might not have affected our results. 

Nevertheless, this measurement error could have lead to misclassification of the exposure. 

However, errors in nutrient intake usually lead to an underestimation of the observed 

estimates [25]. 

7.2.4 Assessment of the outcome 

Another strength of these studies was the assessment of CVDs by linking individual PINs to 

well-managed National Health registers with nation-wide coverage and mandatory reporting 

from health care systems, which allowed an essentially complete follow-up of the study 

participants. However, the PIN can bring some pitfalls with it, which can cause incorrect 

identification of individuals and disease outcomes. First, PINs are sometimes coded 

incorrectly, which mainly arises due to incorrect recording of date of birth and sex among 

newborns and immigrants. Second, since PINs can be re-used, which is most commonly the 

case if immigrants are assigned a PIN, sometimes two individuals will end up with the same 

PIN. However, Statistics Sweden and the Swedish Board of Health and Welfare have systems 

to control for erroneous PINs, and if two individuals have the same PIN they will be assigned 

different serial numbers for the purpose of medical research [96]. 

In addition, validity of the Inpatient Register has been assessed previously, and for CVDs the 

validity was shown to be high. For the diagnosis of MI a positive predictive value (PPV) of at 

least 98% has been reported previously. For total stroke a PPV of 98.6% was reported earlier, 

whereas for non-fatal stroke the PPV was lower (68.5%). The validity of HF in the Swedish 
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Inpatient Register is lower than for other CVDs [101]. Nevertheless, when including cases 

with a primary diagnosis of HF, as we did in study IV, the validity increases [101] and PPVs 

of at least 88% were reported for the Swedish Inpatient Register [97].  

Overall, remaining misclassification of the disease cannot be ruled out. However, given the 

prospective design of the study, the misclassification is likely non-differential, and under the 

assumption that the misclassification is independent from other errors, this would produce 

bias towards the null [25]. 

7.2.5 Statistical considerations 

Cox proportional hazards regression model 

The Cox PH regression model is the most widely used statistical model to estimate hazard 

ratios in epidemiological studies. A reason for its popularity is the semiparametric property of 

the Cox model, which does not require the investigator to make any assumption about the 

survival distribution of the data [106, 137]. However, there are also some limitations coming 

with the Cox model and hazard ratios. First of all, if the proportional hazards assumption is 

violated for the main exposure, the HR looses its validity. In this case, other approaches to 

account for the time-varying effect should be used [106]. Further limitations of the Cox 

model are that the baseline hazard cannot be estimated. As information on the background 

risk is not available, we cannot estimate absolute background risk, which would be relevant 

for translating the information into meaningful public health messages [138, 139]. In our 

study, the PH assumption was not violated for the main exposure variable. In general, as we 

were mainly interested in the relative effect of the exposure on the hazard rate of CVD, the 

Cox model was a reasonable choice in our studies. 

  

Choice of time-scale 

When using Cox PH models, there are two possible choices for the time scale, which is either 

time on the study, referring to calendar time from, e.g. a baseline survey, or chronological age 

[140]. It is not straight forward, which time scale is more appropriate to use and choice of 

time-scale varies largely between studies. It is important to note, that the choice of time-scale 

might affect the estimates. It has been suggested that if the baseline hazard is exponential or 

the age at entry is independent from the covariates used in the analysis, both time-scales will 

yield similar results [120]. However, previous simulation studies have shown, that the two 

time-scales can lead to different results, even if these conditions hold [141]. Although in 1997 
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Kom and colleagues [120] recommended to use age as time-scale, because this procedure is 

more meaningful and less restrictive compared to using time-on-study as the time scale, the 

discussion is still ongoing. Since the baseline time did not have any specific meaning in 

relation to the disease in our studies, we decided to use age as time-scale, as it is further an 

indirect way to adjust for an age effect. 

  

Effect modification 

In studies I to IV we tried to further investigate, whether the effect of dietary NEAC on CVD 

risk was modified by certain covariates. Indeed, the effect seemed to differ between some 

variables, such as smoking and supplement use. However, we did not detect any significant 

effect modification on the multiplicative or additive scale, when using statistical tests, which 

is in line with the findings reported in previous studies. Nevertheless, these findings should be 

interpreted with caution and some potential pitfalls need to be addressed.  

As the variables of interest were dichotomized based on certain assumptions, this could have 

lead to residual confounding and a loss of statistical power to detect any effect [142]. Since 

some assumptions might have been over simplified, this could have further hidden any 

potential effect due to interaction. For example, in studies I, III and IV the variable smoking 

was regrouped into two categories only, by collapsing never and former smokers together in 

one category and leaving current smokers in the other. Therefore, some important 

information of the former smoking group might have been lost. A previous study investigated 

the effect of a Healthy Nordic Food Index on the risk of CVD in the WLHC and found an 

interaction with smoking status, reporting an inverse association among the subgroup of 

former smokers but no association with never or current smokers [84]. 

Overall, we cannot guarantee that the effect of dietary NEAC on the risk of CVD is not 

modified by certain lifestyle factors and this should be further investigated with careful 

considerations of methods and assumptions made to assess interaction. 

7.2.6 Generalizability 

Generalizability of our findings to other populations needs to be discussed. First of all, as 

studies I, III and IV were conducted only among women, these findings are not generalizable 

to men. Further, although the study population was randomly selected, only 51% of the 

initially invited women participated in the study, which might affect representativeness of the 

study cohort. Therefore, the generalizability to the general Swedish female population might 
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be questioned. Similarly, the self-selected nature of the Swedish National March Cohort 

might unintentionally affect the representativeness of the cohort and the generalizability of 

the study findings [86].  

Representativeness and validity of population-based and selected cohort studies have been 

largely discussed in the epidemiological literature. If taken to an extreme, pursuing 

representativeness can defeat the goal of validly identifying causal relations [25].  Problems 

with population-based cohort studies are low-response rates at baseline and incomplete 

follow-up [143]. Therefore, selecting a study population that is representative of the larger 

population will often make it more difficult to achieve internal validity [25]. In addition, 

initial non-response of individuals limits external validity of the study, as non-response is 

barely randomly distributed across the population [144]. Due to the low response rate in the 

WLHC this might be true for studies I, III and IV. A selected-population, on the other hand, 

enhances feasibility, increases prevalence of exposure and completeness of the study, 

therefore increasing internal validity and precision of the study [86], which might be the case 

for the SNMC. Nevertheless, as the WLHC might have suffered from a healthy volunteer 

bias as discussed before, the limited validity might be balanced against a high quality of the 

information retrieved through the questionnaire. 

 

7.3 Final remarks on antioxidants and NEAC 
Diet plays an important role in the regulation of plasma redox status and is the main external 

contributor to the bodies defense against oxidative damage [65]. The role of antioxidants, 

together with the promising results of these and previous studies investigating the association 

between NEAC on the risk of CVD and the disappointing findings reported in randomized 

controlled trials should be discussed.  

 

First of all, while atherosclerosis manifests clinically in middle and late adulthood, 

atherosclerosis has a long asymptomatic phase of development, which often begins early in 

life [145]. It might therefore be impossible to show the beneficial effects of antioxidant 

therapy over several years if the therapy is trying to reverse the results of decades of oxidative 

stress [146]. In fact, many studies did not assess whether the dose of the antioxidant given in 

the trial actually was able to decrease oxidative stress. Therefore, individuals could have 

either been under-treated or not treated for long enough duration to demonstrate any effect 

[48]. It should be remembered that the disappointing findings from clinical trials to date do 
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not disprove the central role of oxidative stress and antioxidants in the atherosclerotic process 

[146].  

 

Moreover, other potential explanations should be considered. The biological activity and the 

potency of natural antioxidants might differ from synthetic antioxidants used in clinical trials 

[63]. Further, isolation of antioxidants might reduce their bioactivity, which is why they 

might not act the same way when present in whole foods [147]. In addition, levels of 

antioxidants used in supplements are usually much higher than found in plant-based foods 

[148]. This might reduce the efficacy and increase toxicity of the compound [147]. For 

example, Vitamin E is a well-known antioxidant that becomes a pro-oxidant if present in high 

concentrations [149].  

 

Given the disappointing findings from clinical trials on antioxidant supplements, the interest 

of studying dietary antioxidants consumed through whole foods has been renewed [48]. 

Although findings from dietary intervention studies assessing the association between diets 

characterized by high intake of antioxidant rich foods and the risk of CVD have been 

promising, it is not clear what antioxidants are responsible for this beneficial effect [48]. As 

the human diet contains a mixture of antioxidants with different redox potentials and 

interactions between them, where especially the interplay between phytochemicals has been 

suggested to exert potent antioxidant activity [147], the NEAC assay is a relevant tool 

assessing these complementary mechanisms. To sum up, this makes the use of NEAC a 

valuable research tool to better understand the role of dietary antioxidants in the prevention of 

CVDs and other chronic diseases [70]. 

  

7.4 Conclusions  

In the Swedish Women’s Lifestyle and Health Cohort a higher baseline dietary NEAC was 

associated with a reduced the risk of myocardial infarction and heart failure in young to 

middle aged women. No association was found between dietary NEAC and the risk of stroke.  

In the Swedish National March Cohort a higher baseline dietary NEAC was related to a lower 

risk of overall and non-fatal myocardial infarction, whereas no association was found with 

fatal myocardial infarction. Further, the relationship between dietary NEAC and myocardial 

infarction might be stronger in women. 
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Overall, these findings support the hypothesis that a diet with high NEAC might protect from 

the development of myocardial infarction and heart failure and that the beneficial effect might 

be exerted through interactions between antioxidants. Whether this is true for stroke needs to 

be further investigated. Nevertheless, it is suggested to implement high amounts of 

antioxidant rich foods and beverages, such as fruits, vegetables, whole grains and tea, in the 

daily diet to lower the burden of cardiovascular diseases.  
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8 FUTURE DIRECTIONS 
Diet is a key lifestyle behavior and modifiable risk factor and plays a central role in the 

development of public health strategies for the prevention of chronic diseases. The role of 

diet in relation to CVDs has been widely investigated, and some important advances have 

been achieved over the past decades. Findings from clinical trials investigating antioxidant 

supplementation in relation to CVDs have questioned a potential causal relationship between 

antioxidants and the risk of CVD.  It is, however, now widely accepted that focus should lie 

on foods and dietary patterns rather than single and isolated nutrients. In addition, together 

with the findings presented in this theses, there is growing evidence that the beneficial effects 

of some specific foods and dietary patterns might be truly attributed to the dietary 

antioxidants found in the foods and interactions between them. Nevertheless, the exact 

mechanisms of dietary antioxidant interactions in vivo, as well as the interplay between 

endogenous and exogenous antioxidants, are still poorly understood. To draw potential causal 

conclusions on the effect of antioxidants on the risk of CVDs, these complex mechanisms 

have to be further investigated. Well-designed, long-term dietary intervention trials including 

plasma measurements and further consideration of genetic variation and other lifestyle factors 

are needed to help complementing the understanding of antioxidant mechanisms in vivo.  
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APPENDIX 

 

  

Figure A.1. Directed Acyclic Graphs for the Causal Effect of dietary NEAC and the risk of CVD in the Swedish 

Women’s Lifestyle and Health Cohort. Yellow circe: Exposure; Blue circle: Outcome; Red circle: ancestor of the 

exposure and outcome; Grey circle: Unobserved variable. 
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