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Abstract 
Oxidative Stress and Human Health 

By So Yeon Joyce Kong 
 

The role of oxidative stress in disease causation has been the focus of research for 
several decades.  Despite a considerable body of evidence from basic science and animal 
studies, observational studies and clinical trials evaluating the roles of pro- and anti-
oxidant nutrients and other oxidative stress-related exposures yielded inconsistent 
results.  We, and others, previously proposed an oxidative balance score (OBS) as a 
measure of combined pro- and anti-oxidant exposure status.  Using this method, the 
individual oxidative stress-related exposures are combined such that higher OBS values 
reflect the relative predominance of anti-oxidant factors.  The primary objective of this 
dissertation is to examine the association between OBS and human degenerative diseases 
and mortality.   

In the first study, I used data from a large national prospective cohort study, 
Reasons for Geographic and Racial Differences in Stroke (REGARDS) to examine the 
association between OBS and all-cause and cause-specific mortality while exploring 
alternative methods of weighting the OBS components.  Higher OBS was associated with 
reduced risk of all-cause, and particularly cancer mortality.  Similar results were observed 
across all weighting methods.  In the second study, I examined the association between 
OBS and incident stroke using the same methods of score weighting.  I found that higher 
OBS had no significant effect on incident stroke or stroke mortality, irrespective of the 
weighting scheme.  In the third study, I extended the previous analyses of questionnaire-
based OBS and colorectal adenoma by assessing:  1) the association between plasma 
nutrient-based OBS and colorectal adenoma; 2) the association of OBS with biomarkers 
of oxidative stress (F2-isoprostanes [FIP] and fluorescent oxidation products [FOP]), and 
with biomarker of inflammation (C-reactive protein [CRP]); and 3) the association of 
each of the three biomarkers with adenoma.  OBS was inversely associated with 
colorectal adenoma, plasma FIP, and serum CRP.  However, there was significant 
positive association between higher OBS and elevated levels of FOP.   All three 
biomarkers were directly related to adenoma risk.   

This dissertation research has important implications for epidemiologic studies 
evaluating the roles of oxidative stress in chronic disease etiology by showing that OBS 
is associated with the risks of certain (but not all) age-related degenerative conditions.   
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CHAPTER 1.  INTRODUCTION AND BACKGROUND 

 

Introduction 

Oxidative stress is defined as an imbalance between pro-oxidants and antioxidants 

in favor of the former, resulting in an overall increase in cellular levels of free radicals, 

generally known as reactive oxygen species (ROS) [1].  Oxidants are generated during 

the leakage of electrons from mitochondria, during the electron-transport steps of ATP 

production and can be a by-product of normal cellular aerobic metabolism [2].  ROS are 

generated by both endogenous and exogenous sources [3, 4].  Endogenous free radicals 

are generated from immune cell activation, inflammation, ischemia, cancer, and aging 

while exogenous free radicals are resulted from environmental factors such as pollution, 

cigarette smoke, alcohol, heavy or transition metals, certain dietary components (such as 

fat), and radiation [5].  Under normal physiologic conditions, cells respond to oxidative 

stress by up-regulating antioxidant defense mechanisms and other protective systems to 

restore the balance [6].  However, when these mechanisms are overwhelmed, oxidative 

stress can damage DNA, proteins, and lipids and lead to cell injury and death [7, 8].   

In order to protect cells against oxidative stress, organisms have evolved to 

possess a variety of enzymatic and non-enzymatic antioxidant defense mechanisms [9].  

Endogenous and exogenous antioxidants prevent and repair damages caused by oxidative 

stress by scavenging free radicals.   Endogenous cellular antioxidant defenses are 

represented by enzymes  (e.g., superoxide dismutase, gluthathione peroxidase, and 

catalase), which counterbalance oxidative microenvironments by chelating superoxide 

and other peroxides [4].  Non-enzymatic antioxidants are exogenously supplied through 
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food and/or supplements, which are represented by ascorbic acid (vitamin C), α-

tocopherol (vitamin E), carotenoids, flavonoids, and other antioxidants [10].     

For several decades, there has been a great interest in the role of oxidative stress 

in disease causation and prevention.  Basic research has established a link between 

oxidative stress and pathogenesis of human illness, including cardiovascular disease and 

cancer, as well as, more broadly, with the process of aging [11-15].  However, despite a 

considerable body of evidence from basic science and animal studies supporting the role 

of oxidative stress in aging and human diseases, observational studies and even clinical 

trials evaluating the roles of antioxidants and other oxidative stress-related exposures and 

interventions yielded inconsistent results [16-20].  Currently, there is no clear evidence 

whether or not antioxidant intake delays mortality or reduces risk of chronic diseases.   

One potential explanation for this discrepancy is the complex and multi-factorial 

mechanism by which oxidative stress may affect human health.  The independent effects 

of individual oxidant exposures are difficult to ascertain because these effects may be 

highly correlated and because of the likely biological interactions involving multiple pro- 

and anti-oxidant factors [21].  Previous studies have shown that a combination of several 

risk factors may reveal overall substantial and significant increase in risk, even when 

associations with each individual factor are relatively weak and inconsistent [22-24].  

These findings suggest that factors acting or/and interacting along a same etiologic 

pathway may need to be evaluated in aggregate rather than individually. 

We, and others, previously proposed an oxidative balance score (OBS) as a 

measure of combined pro- and anti-oxidant exposure status.  Using this method the 

individual oxidative stress-related exposures are combined such that higher OBS values 
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reflect the relative predominance of anti-oxidant factors.  We illustrated this approach 

using data from two previously-conducted case-control studies of two different 

neoplasms – incident sporadic colorectal adenoma and prostate cancer [25-27].   

Although our initial finding linked OBS to certain specific conditions, it is 

expected that oxidative stress may have a broader role in aging and may affect a wide 

array of human degenerative diseases.  The objective of this dissertation is to further 

clarify the role of oxidative stress, using OBS method, in aging and mortality.  The 

specific research questions are:  1) are high levels of OBS (indication of predominantly 

antioxidant exposures) associated with reduced mortality; 2) are high levels of OBS 

associated with reduced risk of stroke; and 3) is OBS associated with markers of 

oxidative stress (F2-isoprostanes [FIP] and fluorescent oxidation products [FOP]) and 

inflammation (CRP)?  These research questions will be addressed by using data from two 

previously-conducted case-control studies and from a national, population-based, 

longitudinal cohort study.   

 

Background 

Overview of Oxidative Stress and Antioxidant Defense System 

In 1956, Harman proposed the “free radical theory of aging”, which postulates 

that the process of  aging and age-related diseases are caused by the accumulation of 

deleterious changes in the cell attributed to free radical reactions [28].  Free radicals are 

molecules with one or more unpaired electrons in the outer shell.  Because of unpaired 

electrons, free radicals are very unstable and thus highly reactive.  Harman’s free radical 

theory triggered intensive research on the role of free radicals, more often known as 
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“reactive oxygen species” (ROS).  ROS are oxygen-containing chemical species with 

reactive chemical properties, which include free radicals with unpaired electron such as 

superoxide (O2•
_) and hydroxyl radicals (HO•), as well as certain highly reactive non-

radical molecules such as hydrogen peroxide (H2O2) [29].     

ROS can be generated from either endogenous or exogenous sources (Figure 1.1).  

In every living organism, ROS are continually generated endogenously as by-products of 

normal aerobic metabolism in the mitochondria through electron leakage from electron 

transfer reactions.  Production of endogenous ROS can also be caused by immune 

responses secondary to inflammation and infection, although ROS is also known to 

stimulate inflammation [11].  Exogenous ROS result from sources such as pollution, 

cigarette smoke, heavy or transition metals, fat, and radiation [10, 30-33].   At low 

concentrations, ROS play beneficial role in biological systems, as for example, in defense 

against infectious agents and in the function of a number of cellular signaling systems 

and mitogenic response [32].  In contrast, at high concentrations, the ROS exert harmful 

effects by damaging cell structures and macromolecules, a process  which is termed 

“oxidative stress” [34].     
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active and more damaging, radicals are often generated.  This process is referred to as 

“free radical chain reaction.”  The chain reaction continues until two radicals combine to 

form a stable product or the radicals are neutralized by a chain breaking antioxidant [38].  

The chain breaking antioxidants can act either in a lipid or an aqueous phase.  Lipid 

phase antioxidants, such as vitamin E, carotenoids, and flavonoids, scavenge radicals in 

membranes and lipoprotein particles and play crucial role in preventing lipid 

peroxidation.  Examples of chain breaking antioxidants that directly scavenge radicals in 

the aqueous compartment include vitamin C, uric acid, and glutathione.[33].     

The hydroxyl radical (•OH) is a highly reactive free radical, which is probably the 

final mediator of most free radical induced damage [39].  The most important mechanism 

of hydroxyl radical formation involves transition metals (e.g., iron or copper), which 

catalyze decomposition of superoxide and hydrogen peroxide[40].  This process is 

countered by the transition metal binding proteins (e.g., ferritin, transferrin, lactoferrin, 

or caeruloplasmin), which act as antioxidants by isolating iron or copper molecules so 

that they are not available for the formation of hydroxyl radicals.   
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heart disease and cancer as well as overall mortality [44-49].  Some researchers proposed 

that exposure to ingested iron may be a principal cause of human colorectal cancer in 

developed countries with high levels of meat consumption [50, 51]. 

Polyunsaturated Fatty Acids (PUFA) 

 Polyunsaturated fatty acids (PUFA) are known to be highly susceptible to free 

radical initiation and lipid peroxidation, particularly when the level of antioxidants, such 

as vitamin E, are low [52].  PUFA have methylene group between two double bonds.  

This bis-allylic structure makes polyunsaturated fatty acids more prone to oxidation and 

enables them to participate in free radical chain reactions [35].  PUFAs are classified as 

n-6 and n-3 based on the location of the last double bond [53, 54].  The n-6 and n-3 

PUFAs are metabolically and functionally distinct and play different roles in regulation 

of inflammatory process [54].  The n-6 PUFAs are known to be pro-inflammatory while 

n-3 PUFAs are anti-inflammatory [55].  Therefore, balance of these PUFAs plays 

important role in development of inflammatory (and by extension oxidative stress-

related) diseases.  A high intake of n-6 PUFAs, such as through consumption of vegetable 

oils and sunflower oils, is a potential contributor of inflammatory process.  On the other 

hand, high intakes of n-3 PUFA-rich foods, such as oily fish can help reduce 

inflammation [53, 56].       

Smoking 

Smoking is the major independent risk factor for most chronic diseases, including 

various types of cancers and stroke.  Cigarette smoke is known to contain approximately 

60 carcinogenic agents and has been considered as one of the most established 
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environmental sources of pro-oxidants [4].  The pro-oxidants contained in cigarette 

smoke can enter the bloodstream, and therefore induce DNA and tissue damage and cell 

death not only in the respiratory epithelium but also in other organs and tissues [57, 58].  

Smoking-induced activation of inflammatory cells serves as another source of oxidative 

stress [59].  Cigarette smokers have been shown to have elevated levels of oxidative 

stress biomarkers such as F2-isoprostanes [60] and urinary  oxidized DNA products [61].   

Alcohol 

Chronic alcohol intake has long been shown in animal studies to increase 

production of ROS, such as superoxide, hydrogen peroxide, and hydroxyl radicals, during 

microsomal ethanol oxidation [62, 63].  In humans, the three metabolic pathways of 

ethanol involve enzymes alcohol dehydrogenase and catalase, and microsomal ethanol 

oxidation system (MEOS).  Each of these metabolic pathways produces ROS and affects 

the antioxidant system [64].  In addition to its direct role in production of ROS, alcohol 

facilitates the formation of oxidative microenvironment that worsens the effects of 

hypoxia, endotoxemia, and cytokine release, thus creating suitable conditions for the 

development of oxidative stress-related chronic diseases [64-66].  Further, alcohol 

depletes levels of cellular antioxidant enzymes such as glutathione (GSH) [64].  

Inflammation 

Inflammation is known to play a critical role in production of ROS and initiation 

of oxidative stress [11].  Activated neutrophils can kill bacteria by imposing severe 

oxidative stress, therefore, if the number of activated cells is large and/or inflammation 

goes on for long time, serious damage may occur [67].   In 1863 Virchow hypothesized 

that cancer originates at the sites of inflammation.  At present, there seems to be a 
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consensus that chronic inflammation may serve as a critical component of tumor 

development and progression [68].  Interaction of cellular immune system with antigens 

generates ROS and triggers production of pro-inflammatory cytokines and chemokines, 

which then induce production of ROS [69, 70].  Conversely, oxidative stress can 

stimulate inflammatory response by activating a variety of transcription factors, such as 

NF-kB, AP-1, and p53, which then lead to expression of inflammatory cytokines and 

chemokines [1, 71].   Thus, inflammation is both a cause and a consequence of oxidative 

stress.   Antioxidants, such as vitamin C and β-carotene, have been known to possess 

anti-inflammatory properties [72-74].   

 

Individual Anti-oxidant Factors 

Carotenoids 

Carotenoids are a group of lipid soluble antioxidants found in yellow and green 

vegetables such as carrots, spinach, and sweet potatoes.  The major dietary carotenoids 

include α-carotene, β-carotene, lycopene, lutein, β-cryptoxanthin, and zeaxanthin.  

Carotenoids are known to be efficient scavengers of free radicals, and thus play an 

important role in preventing lipid peroxidation [75].  The antioxidant property of 

carotenoids is mainly due to their conjugated double-bonded structure that allows 

delocalizing unpaired electrons [76].   Carotenoids react with free radicals through radical 

addition, hydrogen abstraction from carotenoids, or electron-transfer reaction [77].  In 

addition to their direct antioxidant action certain carotenoids also act as precursors of 

other more powerful antioxidants  [78].   
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Vitamin C 

 Vitamin C, also known as ascorbic acid, is a major aqueous-phase antioxidant.  

Under physiological conditions, it functions as a potent free radical scavenger in the 

plasma.  [79, 80].  The antioxidant property of vitamin C is attributed to its ability to form 

relatively stable ascorbate radicals [81].  Humans normally acquire vitamin C from a 

variety of dietary sources, such as acid fruits and green vegetables [82, 83].     

Vitamin E 

 Vitamin E is an important micronutrient essential for human health and one of the 

most well studied antioxidants [84].  It is a mixture of fat-soluble, naturally occurring 

compounds that include four tocopherols and four tocotrienols designated as α-, β-, γ-, 

and δ- each with its own biological activity and functional use [6, 85].  Tocopherols are 

most commonly found in vegetable oils and nuts and tocotrienols are found in palm oil, 

oat, barley, and rye [86].  α-Tocopherol is the most predominant and bioactive form of 

vitamin E in humans [87].  The oxidative modification of low-density lipoprotein (LDL) 

is considered to be a key step in the initiation and progression of cardiovascular disease 

[88-90].  Vitamin E, especially α-tocopherol, is thought to inhibit the oxidation of LDL 

thereby reducing the risk of cardiovascular disease [91].   

Selenium 

Selenium is an essential trace element with important clinical effects [92-94].  

There are two forms of selenium in tissues:  selenomethionine, the major form of dietary 

selenium, which account for at least 50% of the selenium in the diet, and selenocysteine, 

which accounts for the biological activity of selenium in the selenoproteins [95, 96].  
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Selenocysteine is an integral part of the active center of the glutathione peroxidase 

enzyme (GSH-Px), which is one of the principal antioxidant systems.  A deficiency in 

selenium leads to profound reduction in the activity of GSH-Px in several tissues, 

resulting in oxidative stress [97].   

 

Consequences of Oxidative Damage 

DNA Damage 

Permanent modification of genetic material resulting from oxidative damage is 

known to be the first step in   mutagenesis, carcinogenesis, and ageing [10].  Oxidative 

stress can elicit a wide variety of DNA damage including strand breaks, sister chromatid 

exchange, DNA-DNA and DNA-protein cross-links, and base modifications [98].  Two 

most common by-products of DNA base modifications are 8-oxo-7,8-dihydroguanine (8-

OH-dG) and 2,6-diamino-4-hydroxy-5-formamidopyrimidine (FapyAde) [3, 99].  Of 

those, 8-OHdG is notable as the most commonly used biomarker for DNA damage.    

 Lipid Peroxidation 

Oxidative damage of lipids occurs when polyunsaturated fatty acids (PUFA) in 

cell membranes are exposed to ROS.  The bis-allylic structures of PUFA make them very 

sensitive to oxidation and have been found to be frequent targets of ROS-induced damage 

[6, 35].  Excess free radicals can damage cell membranes and lipoproteins by lipid 

peroxidation.  Lipid peroxidation can lead to altered cell membrane structure, impaired 

function, and cell loss [100].  Moreover, lipid peroxidation products may inflict 

secondary damage through DNA adduction, and inhibition of enzyme function [98].  The 
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most common products of lipid peroxidation are isoprostanes and malondialdehyde 

(MDA), which act as useful biomarkers of oxidative stress-induced damage.   

 Protein Damage 

Extensive studies have demonstrated that oxidative stress also modifies proteins 

eventually leading to loss of cellular structure and function [101-104].  The modification 

of proteins is mainly initiated by reactions with hydroxyl radical (•OH), and during these 

reactions, oxidized amino acid residue side chains form protein-protein cross-linkages.  

In addition, oxidation of the protein backbone may result in protein fragmentation [101].  

Most of the oxidized amino acids are eliminated, used as carbon sources for ATP 

synthesis, or reutilized for protein synthesis.  Therefore, the level of oxidized protein 

reflects the balance between the rate of protein oxidation and the rate of oxidized protein 

degradation, which is dependent upon the balance between pro-oxidant and antioxidant 

factors [98].  This process can be monitored by measuring circulating levels of 

nitrotyrosine, which is a useful biomarker of oxidative stress-induced protein damage 

[105]. 

 

Oxidative Stress and Cancer 

Cancer is a multistep process that involves multiple molecular and cellular 

carcinogenesis mechanisms [106].  Oxidative stress has long been known as a trigger for 

tumor development.  Cells in every organism are exposed to various oxidizing agents 

both endogenous and exogenous sources.  It is estimated that each human cell is exposed 

to approximately 105 oxidative attacks a day from hydroxyl radical and other reactive 

oxygen species  [107-109].   
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induced DNA damage, supporting the implication of the oxidative stress in the etiology 

of breast cancer.  Kondo et al. [115] demonstrated that all clinical stages of colorectal 

adenoma cells are exposed to more oxidative stress than non-tumor epithelial cells and 

tumor cells have the capacity to adjust oxidative stress to a level sufficient to stimulate 

tumor proliferation.  Lee et al. [116] found the total mean levels of 8-OH-dG were 

significantly higher in gastric cancer patients than in normal populations, suggesting that 

patients with gastric cancer are exposed to a higher level of oxidative stress.   Other 

studies have demonstrated that elevated 8-OH-dG levels are associated with prostate, 

esophageal, and liver cancers [117-119].   

 
Table 1.1.  Findings of elevated levels of oxidative stress and/or DNA damage in human 
malignancies [3]. 
 

 
Type of Cancer 
 

 
Study Model 

 
Findings 

Breast Human breast cancer cell 
lines 

Accumulation of oxidatively induced 
DNA damage in human breast cancer 
cell lines following treatment with 
hydrogen peroxide [114] 

 Breast cancer patients Mean levels of 5-hydroxymethyl-2’-
deoxyuridine, one form of oxidative 
DNA damage, were significantly 
higher in blood of women with high 
risk or invasive break lesions vs. 
women with benign lesions [120]   

Colorectal  Colorectal tumor patients Colorectal carcinoma were exposed 
to more oxidative stress (significantly 
higher levels of 8-oxodG in nuclear 
DNA of primary adenocarcinoma) 
than their corresponding non-
tumorous epithelial cells [115]  

Gastric Gastric cancer patients Significantly higher levels of 8-
oxodG in DNA from tumor-adjacent 
and tumor adenocarcinoma tissues 
than in normal tissue (p<0.001) of 
gastric cancer patients [116] 
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Gynecologic  Female cancer patients Significantly higher (p<0.05) levels 
of urinary 8-oxodG in patients with 
gynecological cancer compared to 
control subjects [121] 

Lung Lung cancer patients Lymphocyte DNA levels of 8-oxo-
dG significantly elevated (p<0.05) in 
patient with lung cancer compared to 
controls [122] 

Prostate Prostate cancer patients Significantly higher urinary 8-OHdG 
to Creatine (8-OHdG/Cr) in patient 
with prostate cancer compared to 
controls (p<0.05) [118] 

 

 

Oxidative Stress and Stroke 

Atherosclerosis is characterized by the accumulation of cholesterol deposits in 

arteries,  This process leads to a proliferation of certain cell types within the arterial wall 

and  gradually reduces blood flow and oxygen supply to target organs such as the heart 

and the brain [123].  The disturbance in brain function as a result of impairment of blood 

supply is called stroke.  Stroke is the third leading cause of death and the number one 

cause of disability in the United States.  Each year, approximately 795,000 people 

experience a new or recurrent stroke, of these 87% are produced by ischemia, 10% by 

intracerebral hemorrhage, and 3% by subarachnoid bleeding.   

A considerable body of evidence indicates that oxidative stress is a fundamental 

mechanism of brain injury in stroke [124].  Brain tissue is particularly susceptible to 

ROS-induced damage because it contains high concentrations of peroxidisable lipids, has 

low levels of protective antioxidants, is characterized by high oxygen consumption, and 

possesses high levels of iron which is a potent pro-oxidant [125-128].  Reactive oxygen 

species have significant effects on both cellular and vascular brain function.  Cellular 
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effects of ROS include lipid peroxidation, protein denaturation, DNA modification, 

damage to the cytoskeletal structure, and chemotaxis, which are consequences of 

oxidative stress [124].  At vascular level, ROS exert their effects at very low 

concentrations, leading to increased vasodilation, platelet aggregation, increased 

endothelial permeability, altered reactivity to vasodilators, and formation of focal lesions 

in endothelial cell membrane [129]. 

 
Oxidative Stress and Aging 

The free-radical theory of aging postulates that the process of aging process is the 

result of cumulative damage induced by free radical production in aerobic organisms 

[28].  This theory is based on the fact that the random deleterious effects of free radicals 

produced during aerobic metabolism accumulate over time, leading damage to DNA, 

protein, and lipids [130].  Under normal physiological conditions, electrons are constantly 

leaking from the electron transport chain and interact with oxygen to produce superoxide 

radicals [131].  The primary site of radical oxygen damage from these superoxide radicals 

is mitochondrial DNA (mtDNA).  As the mtDNA damage accumulates over time, 

mitochondria are eventually shutting down, causing cells to die, and organisms to age 

[131].  Such accumulating damage is believed to be crucial in the process of aging 

process [132, 133].     

Disappointing Results from Epidemiological Studies of Anti-oxidants 

While a considerable body of evidence from basic science and animal studies 

supports the profound role of oxidative stress in pathogenesis of chronic diseases, 

outcomes of large, prospective, randomized clinical trials on the association between 

anti-oxidant supplements and these diseases have remained largely inconclusive.  The 
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following sections summarize the largest, most highly publicized trials of antioxidant 

supplements conducted to date 

The ATBC (Alpha-Tocopherol Beta-Carotene) [134] trial was one of the first 

large, randomized clinical trials showing that supplemental α-tocopherol and β-carotene 

have no preventive effect on the risk of cancer or cardiovascular diseases.  The ATBC 

trial was conducted among 29,133 male smokers in Finland, and found no reduction in 

CHD morbidity and mortality with vitamin E (50 mg daily) and/or β-carotene (20 mg 

daily) supplementation.  Furthermore, there was a significant 18% increase in the 

incidence of lung cancer among those with β-carotene supplements.  Importantly, the β-

carotene dosage of 20 mg/day was substantially higher than that of typical Finnish diet 

[32].   

 Unexpected increases in risk of both lung cancer and cardiovascular disease 

mortality were also observed in the CARET (Beta-Carotene and Retinol Efficacy Trial), a 

multicenter, randomized, double-blinded, placebo-controlled trial conducted in the 

United States [135].  In the CARET study, a total of 18,314 current and former smokers, 

and workers exposed to asbestos were randomized to receive 30 mg of β-carotene and 

25,000 IU of retinol (vitamin A) versus placebo.  After an average four years of 

supplementation, the active-treatment group with both β-carotene and retinol had a 

relative risk of lung cancer of 1.25 (95% CI: 1.07 – 1.57), as compared with the placebo 

group.  In the active-treatment group, the relative risks of death were 1.17 (95% CI: 1.03 

– 1.33) for any cause, 1.46 (95% CI:  1.07 – 2.00) for lung cancer, and 1.26 (95% CI:  

0.99 – 1.61) for cardiovascular disease. 
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 SELECT (Selenium and Vitamin E Cancer Prevention Trial) [136] was a 

randomized trial of selenium (200 µg/day), vitamin E (400 IU/day), or both as 

chemoprevention agents against prostate cancer in 35,533 men in multiple participating 

sites in the United States.  After a median follow-up of 5.5 years, the rate ratios for 

prostate cancer were 1.13 (99% CI:  0.95 – 1.35) for vitamin E, 1.04 (99% CI:  0.87 – 

1.24) for selenium, and 1.05 (99% CI:  0.88 – 1.25) for combination of selenium and 

vitamin E when compared with those with placebo.  There were also no significant 

differences (p > 0.15 for all) in any other cancer end points.  

 The Women’s Health Study (WHS) [137] investigated the effects of vitamin E 

supplementation on risks of cardiovascular diseases and cancer.  In this randomized, 

double-blind, placebo-controlled, 2x2 factorial trial, 39,876 apparently healthy US 

women aged at least 45 years were randomly assigned to received vitamin E (600 IU) or 

placebo and aspirin or placebo on alternate days.  After average of 10.1 years of follow-

up, there was no significant effects of vitamin E on the incidences of myocardial 

infarction (RR = 1.01; 95% CI:  0.82 – 1.23) or stroke (RR = 0.98; 95% CI:  0.82 – 1.17).  

Stratification of results by type of stroke (ischemic or hemorrhagic) also showed no effect 

of intervention.  There was no significant effect on the incidences of total cancer (RR = 

1.01; 95% CI:  0.94 – 1.08), as well as specific types of cancer, such as breast (RR = 

1.00; 95% CI:  0.90 – 1.12), lung (RR = 1.09; 95% CI:  0.83 – 1.44), or colon cancers 

(RR = 1.00; 95% CI:  0.77 – 1.31).  The authors concluded that the data from this large 

trial indicated that vitamin E provided no overall benefit for major cardiovascular events 

or cancer. 
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 Another randomized, double-blinded, placebo-controlled trial, the Women’s 

Antioxidant Cardiovascular Study (WACS) [138], evaluated the effects of three 

antioxidant agents, vitamins C (500 mg daily), E (600 IU every other day), and beta-

carotene (50 mg every other day), on prevention of cardiovascular diseases among 8,171 

female health professionals at high risk.  After an average of 9.4 years of follow-up, there 

was no overall effect of vitamin C (RR = 1.02; 95% CI:  0.92 – 1.13), vitamin E (RR = 

0.94; 95% CI:  0.85 – 1.04), or beta-carotene (RR = 1.02, 95% CI = 0.92 – 1.13) on a 

combined end point of cardiovascular disease morbidity and mortality, or on the 

individual outcomes of myocardial infarction, stroke, coronary revascularization, or 

cardiovascular disease death. 

 While some observational studies on dietary antioxidants support a role of 

antioxidant in reducing risks of chronic diseases, results are on balance inconclusive.  A 

recent meta-analysis [139] critically reviewed the evidence  to determine whether foods 

rich in lycopene, β-carotene, α-carotene, and β-cryptoxanthin were associated with a 

reduced risk of cancer in cohort studies.  None of the carotenoids showed a significant 

reduction in risk of any cancer with either increased carotenoid intake or higher 

circulating levels.  The pooled estimates of risk of any cancer with increased 

intake/circulation level of β-carotene, lycopene, α-carotene, and β-cryptoxanthin were 

1.01 (95% CI = 0.88 – 1.16), 0.99 (95% CI:  0.94 – 1.05), 0.91 (95% CI:  0.78 – 1.05), 

and 1.08 (95% CI:  0.95 – 1.23), respectively.  

 Similar findings were reported in another recent meta-analysis of cohort studies 

evaluating the association between antioxidant intake and the risk of coronary heart 

disease (CHD) [140].  This meta-analysis combined results from 15 prospective cohort 
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studies, comprising a total of more than 370,000 participants.  In the dose-response meta-

analysis, each 30 mg/day increase in vitamin C, 30 IU/day increase in vitamin E, and 1 

mg/day increase in β-carotene yielded the estimated overall relative risk of 1.01 (95% CI 

= 0.99 - 1.02), 0.96 (95% CI:  0.94 -0.99), and 1.00 (95% CI:  0.88 -1.14), respectively.   

Oxidative Balance Score (OBS) 

Despite the solid molecular and mechanistic theory of oxidative stress and its role 

in chronic diseases, most clinical trials and observational studies failed to show the 

beneficial role of antioxidants in preventing chronic diseases.  One potential explanation 

for this discrepancy is the complex and multi-factorial mechanism by which oxidative 

stress may affect human health.  The independent effects of individual oxidant exposures 

may not offer complete insight into the pathogenesis of human disease because of the 

likely high correlations among various factors and because of biological interactions 

involving multiple pro- and anti-oxidants  [21].  Data from in vitro and animal studies 

suggest that there are biochemical interactions among antioxidants.  For example, it has 

been shown that the antioxidant activity of selenium depends on the presence of vitamin 

E [141, 142].  Further, vitamin C is thought to affect the activity of vitamin E by 

regenerating its reduced form  [5].   Most antioxidant micronutrients, such as vitamin E, 

vitamin C, and carotenoids, when consumed as part of the diet, do not act in isolation, but 

as part of a package along with multiple other antioxidants.  Therefore, a complex 

interplay among pro- and anti-oxidants, makes it difficult to predict how an individual 

antioxidant will function [33].   

To deal with difficulties of analyzing independent effects of oxidative stress-

related exposures, which may be highly inter-correlated several authors proposed 
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combining individual pro- or anti-oxidants into a single index or score.  The term 

“oxidative balance score” (OBS) was first proposed by van Hoydonck and colleagues in 

2002 [143].  The authors combined intakes of dietary antioxidants (vitamin C and β-

carotene) and a pro-oxidant (iron) to investigate whether the oxidative balance of their 

dietary pattern affected mortality risk in 2,814 male Belgian smokers.  In this study, male 

smokers with a diet relatively low in vitamin C and β-carotene and/or high in iron 

(highest OBS group) had a 44% higher risk for all-cause mortality and 62% higher risk in 

total cancer mortality when compared with those in the lowest OBS group.  We 

previously illustrated the OBS approach by using data from two previously conducted 

case-control studies:  a colonoscopy-based colorectal adenoma study (markers of 

adenomatous polyps, or MAP) and a population-based prostate cancer study (markers of 

prostate cancer, or MPC) [26].  Using previously collected data from these two studies, 

we developed a summary OBS by including 12 a priori selected antioxidants (tocopherol, 

carotene, vitamin C, lycopene, lutein/zeaxanthin, β-cryptozanthin, use of aspirin and 

NSAID, and selenium) and pro-oxidants (saturate fat, iron, and smoking history).  The 

OBS was calculated by combining points assigned for each individual OBS component 

and categorized into equal intervals. Unlike van Hoydonck et al study [144], the higher 

OBS values in our analyses reflected predominance of anti-oxidant (versus pro-oxidant 

exposures) and thus were expected to be associated with lower disease risk.  We observed 

a substantial decrease in risk associated with a high OBS category for both colorectal 

adenoma and prostate cancer.  There were approximately 55 - 70% reductions in both 

colorectal adenoma and prostate cancer risks when the highest category of OBS 

compared to lowest category, although the test for trend was only significant in the MAP 
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study.  By contrast, we observed no discernible pattern in the individual OBS 

components.              

We further extended our previous analysis by substituting questionnaire-based 

measures with systemic biomarkers of pro- and anti-oxidant exposures using same case-

control studies of MAP and MPC [27].  When OBS was treated as a continuous variable, 

there was a statistically significant 10% reduction in risk of both sporadic colorectal 

adenoma and prostate cancer (OR = 0.90; 95% CI = 0.83 – 0.97) for each additional score 

point.  When the OBS was divided into three approximately equal intervals, there was 

about 70% reduction in risk of both neoplasms with adjusted ORs of 0.34 (95% CI = 0.13 

– 0.88) and 0.34 (95% CI = 0.14 – 0.86) for adenoma and prostate cancer, respectively.  

These results further supported our hypothesis that combined measures of pro- and 

antioxidant exposures may be associated with oxidative stress-related conditions such 

colorectal neoplasia and prostate cancer.   

More recently, the method of OBS was adopted by Agalliu and colleagues [144] 

to further investigate the association between oxidative balance score and risk of prostate 

cancer in a case-cohort study (661 cases and 1,864 subcohort) nested within the Canadian 

Study of Diet, Lifestyle, and Health cohort.  In that, participants completed self-

administered lifestyle and food frequency questionnaires (FFQ), which assessed usual 

intake over the past year of 166 food items at baseline.  The OBS was calculated by 

combining individual scores from five pro-oxidant (smoking, alcohol consumption, 

intake of polyunsaturated fats, daily red meat intake, and total iron intake) and eight anti-

oxidant exposures (β-carotene, vitamins C and E, β-cryptoxanthin, lycopene, and lutein 

and zeaxanthin, daily consumption of cruciferous vegetables, and selenium supplements) 
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with higher values indicating higher antioxidant status.  Agalliu found that there was no 

association between OBS and overall risk of prostate cancer with hazards ratios (HRs) of 

1.00, 1.02. 1.03, 0.97, and 1.01 for increasing quintiles of the score (Ptrend = 0.71).  

Similar associations were found when the analysis was stratified by the stage of the 

diseases and restricted to incident cases that arose after two years of follow-up.        

DISSERTATION RESEARCH PLAN 

Objectives, Specific Aims and Study Hypotheses 

The primary objective of this dissertation is to investigate associations of 

oxidative balance score (OBS) with risk of mortality and stroke incidence.  Furthermore, 

I will investigate the association between OBS and markers of oxidative stress (F2-

isoprostanes [FIP] and fluorescent oxidation products [FOP]) and inflammation (C-

reactive protein [CRP]).  The objectives of this study will be achieved by addressing 

three specific aims and by testing the following hypotheses.   

Aim #1:  Using data from the Reasons for Geographic and Racial Differences in 

Stroke (REGARDS) national cohort (n=30,176), investigate whether high OBS is 

associated with reduced all-cause and cause-specific mortality.  I hypothesize that 

exposure to these 14 pro- and anti-oxidant is a cause of premature death.  This 

combination of exposures is measured by a weighted oxidative balance score 

(OBS).  

Aim #2:  Using data from the Reasons for Geographic and Racial Differences in 

Stroke (REGARDS) national cohort (n=30,176), investigate whether high OBS is 

associated with reduced risk of incident stroke.  I hypothesize that exposure to 
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these 14 pro- and anti-oxidant is a cause of stroke.  This combination of exposures 

is measured by a weighted oxidative balance score (OBS).  

Aim #3:  Using data from two previously conducted case-control studies of 

Markers of Adenomatous Polyps (MAP) Study I and II, investigate whether OBS 

is associated with markers of oxidative stress (FIP and FOP) and inflammation 

(CRP).  I hypothesize that there are inverse associations between OBS and 

markers of oxidative stress and inflammation. 

 

Methods for Aims 1 and 2:   

Data sources 

To address the first two questions (Aim #1 and #2), I will use data from Reasons 

for Geographic and Racial Differences in Stroke (REGARDS),  a national, population-

based cohort study of approximately 30,000 African-American and white individuals 

over the age of 45 years.  The objective of REGARDS is to identify the risk factors for 

the excess stroke mortality in the Southeastern US and particularly among African-

Americans.     

Between January 2003 and October 2007, 30,239 REGARDS participants were 

randomly selected and recruited through mail and telephone contacts.   The cohort 

members were recruited from across the US with oversampling of blacks and persons 

from the “stroke belt” region of the US.  The “stroke belt” describes the southeastern 

region of the United States (North Carolina, South Caroline, Georgia, Tennessee, 

Mississippi, Alabama, Louisiana, and Arkansas) with a high incidence and mortality of 

stroke [145]. 
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Demographic and medical history data, including information on risk factors, 

were obtained by computer-assisted telephone interviewing (CATI).  Variables included 

age, race, and sex of the participants, aspirin and NSAIDs use, cigarette smoking, alcohol 

intake, and measures of socioeconomic status (education and income).  Following the 

telephone interview, an in-home visit was completed to collect blood and urine samples 

and information on risk factors, such as blood pressure, height and weight.  Additional 

information was collected through self-administered questionnaires, including the Block 

98 FFQ.  The Block 98 FFQ is an 8-page form with more than 150 multiple-choice 

questions based on 107 food items, which was used to assess energy intake, dietary fat, 

and nutritional intakes.  Each participant recorded nutritional intakes for 1 week before 

their in-home visit [146].  At every six month interval, each participant was then followed 

via telephone interview to identify development of stroke and other outcomes, including 

death [147].   

Oxidative Balance Score (Main Exposure Variable) 

The oxidative balance score (OBS) will be calculated by combining information 

from a total of 14 a priori selected pro- and anti-oxidant factors, including intakes of 

polyunsaturated fatty acids, iron, vitamin C, lycopene, α-carotene, β-carotene, lutein, β-

crypoxanthin, α-tocopherol, and selenium, smoking status, alcohol consumption and 

regular use of aspirin and other non-steroidal anti-inflammatory drugs (NSAIDs) as 

shown below. 

ܵܤܱ ൌ෍ ௜ݐ݊݁݊݋݌݉݋ܥ	ܵܤܱ	݈ܽݑ݀݅ݒ݅݀݊ܫ
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  The OBS components are summarized in Table 1.2 below.  The continuous 

variables reflecting pro-oxidant (unsaturated fat and iron) and antioxidant exposures 

(vitamin C, lycopene, α-carotene, β-carotene, lutein, β-cryptoxanthin, α-tocopherol, and 

selenium) will be divided into low, medium, and high categories based on each 

exposure’s tertile values and points will be given according to tertile categorization.  For 

anti-oxidants the first through third tertiles will be assigned 0 through 2 points, 

respectively, whereas the corresponding point assignment for pro-oxidants will be carried 

out in reverse (0 points for the highest tertile and 2 points for the lowest tertile).  A 

similar scoring approach will be used for pro- and anti-oxidant categorical variables 

(selenium supplements, smoking, alcohol and use of aspirin and NSAIDs).  As the impact 

of different score components may vary, we will construct a weighted OBS utilizing four 

different weighting schemes: 

1.   Equal weighting:  For the equal weighting method, we will assume that 

each component of OBS is equally important and contribute a similar 

weight toward the overall OBS.    

2. Fluorescent oxidation products (FOP)-based weighting:  Plasma FOP 

measurements from the previously discussed MAP study, which will be 

described in detail in the next section, will be used to derive weights for 

this weighting method.  The fluorescent assay measures oxidation 

products from several sources, including lipids, proteins, and DNA, and 

thus may serve as a global indicator of oxidative balance [148].  The 

logistic regression model will be used to estimate the association between 

FOP measurement and each OBS component after adjusting for other OBS 
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components and confounders.  The odds ratio estimates for each of the 

components obtained from the logistic model will be used as weights for 

this weighting method.        

3. F2-isoprostane (FIP)-based weighting:  This method will use plasma F2-

isoprostanes measurements from the MAP study to derive weights for 

each OBS component.  Plasma F2-isoprostane concentration is considered 

the most established marker of oxidative balance [149].  As in the FOP-

based weighting we will use multivariable logistic regression models to 

quantify the relation between F2-isoprostanes and each OBS component.  

The adjusted odds ratio estimates from these logistic models will be used 

as weights.       

4. Literature-based weighting:  Each OBS component will be weighted 

according to the results of  most recent systematic reviews/meta-analysis 

evaluating the association between each individual OBS components and 

either mortality (Aim 1) or stroke (Aim 2).  In the absence of a recent 

systematic review/meta-analysis for any of the OBS components, a de 

novo meta-analysis will be conducted.  For each OBS component, weights 

will be calculated based on the pooled (i.e., meta-) risk estimates (meta-

RR).  For each pro-oxidant the weight will be equal meta-RR, while for 

antioxidants the corresponding weight will be calculated as 1/meta-RR.   
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Table 1.2.  Oxidative Balance Score (OBS) assignment scheme 

Oxidative Balance Score (OBS) 
Components 

Assignment Scheme† 

1.  PUFAª intake 
2.  Total* iron intake  
3.  Total vitamin C intake 
4.  Total Lycopene intake 
5.  Total α-carotene intake  
7.  Total β-carotene intake  
6.  Total lutein/zeaxanthin intake 
8.  Total β-cryptoxanthin intake   
9.  Total α-tocopherol  
10.  Selenium supplements 
11.  Smoking history 
12.  Regular aspirin use 
13.  Regular NSAIDª use 
14.  Alcohol consumption 

0 = High (3rd tertile), 1 = Medium (2nd tertile), 2 = Low (1st tertile) 
0 = High (3rd tertile), 1 = Medium (2nd tertile), 2 = Low (1st tertile) 
0 = Low (1st tertile), 1 = Medium (2nd tertile), 2 = High (3rd tertile) 
0 = Low (1st tertile), 1 = Medium (2nd tertile), 2 = High (3rd tertile) 
0 = Low (1st tertile), 1 = Medium (2nd tertile), 2 = High (3rd tertile) 
0 = Low (1st tertile), 1 = Medium (2nd tertile), 2 = High (3rd tertile) 
0 = Low (1st tertile), 1 = Medium (2nd tertile), 2 = High (3rd tertile) 
0 = Low (1st tertile), 1 = Medium (2nd tertile), 2 = High (3rd tertile) 
0 = Low (1st tertile), 1 = Medium (2nd tertile), 2 = High (3rd tertile) 
0 = No supplement, 1 = Unknown (missing data), 2 = Supplement 
0 = Current smoker, 1 = Former smoker, 2 = Never smoker 
0 = No regular use, 1 = missing, 2 = Regular use 
0 = No regular use, 1 = missing, 2 = Regular use  
0 = 8+ drinks/week, 1 =1-7 drinks/week, 2 = <1 drink/week  

†Low, intermediate, and high categories correspond to tertile values of participants 
ªAbbreviations:  PUFA = Polyunsaturated fatty acid; NSAID = Non-steroidal anti-inflammatory drug 
*Total intake = Dietary intake + supplemental intake (when available) from questionnaire 

 
Dependent Variables 
 

The primary outcome for the first question (Aim #1) is all-cause mortality.  In 

REGARDS study, a death was reported during telephone monitoring or through database 

searches, and was later confirmed through death certificates.  In addition, interviews with 

next of kin or proxies of deceased participants were conducted to confirm the death and 

the date of death. 

The primary outcome for the second question (Aim #2) is incident stroke.  If 

suspected stroke was reported during follow-up, medical records were requested and 

stroke event was adjudicated by the Events Committee members.  An incident of stroke 

was defined as “rapid onset of a persistent neurologic deficit attributable on an 

obstruction or rupture of the arterial system”, using the World Health Organization 

definition.  For both study questions, the total follow-up time for each individual was 
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calculated as the time between first visit interview and the date of death (for Aim#1) or 

the date of stroke (for Aim #2), the date of the last study visit, the date of withdrawal or 

loss to follow-up, or March 2011, whichever came first. 

 
Data Analysis Plan 

The OBS will be divided into quartiles, with the lowest quartile (predominance of 

pro-oxidants) as reference.  In Aim 1, the associations between OBS and both all-cause 

mortality and cause-specific mortality will be examined using Cox proportional hazard 

models, adjusting for age, sex, race, SES, region, BMI, total daily energy intake, and 

physical activity.  From the Cox proportional hazard regression analyses, adjusted hazard 

ratios (HR) with corresponding 95% confidence intervals (CI) for each OBS category 

compared to the reference (lowest OBS category) will be calculated.  Proportional 

hazards assumptions will be tested by comparing –ln(ln) survival curves.  The 

collinearity among the covariates will also be tested.  A condition index of 30 or greater, 

coupled with a variance decomposition proportion of 0.5 or greater will be considered as 

evidence of collinearity.  Stratified analyses will be conducted to examine whether the 

associations between OBS (exposure) and mortality (outcome) are modified by each of 

the covariates.  For the purposes of interaction analyses, continuous variables such as age, 

BMI, and total daily energy intake will be dichotomized and -2 log likelihood ratio tests 

for models with and without interaction terms will be used.  Tests for linear trend will be 

conducted by taking the median values of each OBS category.  Analyses for Aim 2 will 

be the same but the outcome of interest will be incident stroke.  A two-sided p-value of 

less than 0.05 will be considered as evidence of statistical significance.  All statistical 
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analyses will be performed with SAS version 9.2 (SAS Institute, Cary, NC) statistical 

software package. 

 
Methods for Aim 3 

Data sources 

To address the last question (Aim #3), I will use pooled data from two previously 

conducted colonoscopy-based case-control studies of incident, sporadic colorectal 

adenoma in 2 different US states by the same principal investigator (RMB).  The first 

study, Markers of Adenomatous Polyps I (MAP I), was conducted in community 

gastroenterology practices in Winston-Salem and Charlotte, North Carolina.  The second 

study, Markers of Adenomatous Polyps II (MAP II), was identical in design to MAP I 

and was conducted at Consultants in Gastroenterology, PA, a large, private practice in 

Columbia, South Carolina.  Participants for these two case-control studies included 

patients who were 30-74 years of age with no prior history of colorectal neoplasms who 

were scheduled to undergo outpatient, elective colonoscopy at one of the study sites.  

Assessment of initial participant eligibility was identical in both studies.  Cases (n=235) 

were first incident cases of colon or rectal adenomatous polyps at the time of elective 

outpatient colonoscopy and controls (n=391) were free of all polyps at colonoscopy. 

In both the MAP I and MAP II studies, a modified 153-item Willett Food 

Frequency Questionnaire was administered to obtain information on dietary intakes and 

use of nutritional supplements.  Additional data included demographics and use of 

medications, such as aspirin and other non-steroidal anti-inflammatory drugs (NSAIDs).  

Total intakes for micronutrients (iron, vitamin C, β-carotene, and α-tocopherol) were 

calculated based on the sum of total daily dietary intake and total supplementary dose.   
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Blood Samples 

 For both studies, blood was collected, handled, and stored in a manner to allow 

measurements of pro-/anti-oxidants, FIP, FOP, and CRP.  The samples were drawn into 

red-coated, pre-chilled Vacutainer tubes, plunged into ice and shielded from light and 

immediately delivered to the laboratory where the blood was centrifuged in a refrigerated 

centrifuge.  Plasma and serum were separated; aliquotted into O-ring-capped amber-

colored cryopreservation vials; the air in the vials was displaced with inert gas (nitrogen 

in MAP I and argon in MAP II); and then immediately frozen at -70o C until analysis.  

Plasma lycopene, α-carotene, β-carotene, lutein, β-cryptoxanthin, and α-tocopherol levels 

from both studies were measured using high-performance liquid chromatography (HPLC) 

[150, 151].  The plasma free FIP were measured by a gas chromatography-mass 

spectrometry (GCMS) method [152] by the Molecular Epidemiology and Biomarker 

Research Laboratory (MEBRL) at the University of Minnesota (Minneapolis, MN).  This 

method, considered the gold standard for the measurement of FIP, measures a well-

defined set of F2-isoprostane isomers.  The FIP were extracted from the participant’s 

sample using deuterium (4)-labeled 8-iso-prostaglandin F2 alpha as an internal standard.  

Unlabeled, purified F2-isoprostane was used as a calibration standard.   

Oxidative Balance Score (Main Exposure Variable) 

The oxidative balance score (OBS) was calculated by combining information 

from a priori selected pro- and anti-oxidant factors, which are summarized in Table 1.  

The blood levels of pro-oxidant (iron) and antioxidant (lycopene, α-carotene, β-carotene, 

lutein, β-cryptoxanthin, α-tocopherol) nutrients were divided into low, medium, and high 

categories based on study-specific tertile values among controls.  The tertile cutoffs for 
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FFQ-derived variables (polyunsaturated fat, vitamin C, and alcohol) were both study- and 

sex-specific.  The participants with low (1st tertile) pro-oxidant exposures were awarded 2 

points, those with medium (2nd tertile) exposures received 1 point, and those with high 

(3rd tertile) exposures received 0 points.  For alcohol consumption, non-drinkers, 

moderate drinkers (below median), and heavy drinker (above median) received 2, 1 and 0 

points respectively  For antioxidants, low, medium, and high levels were assigned 0, 1, 

and 2 points, respectively.  A similar scoring approach was used for categorical variables 

(selenium supplements, smoking, and use of aspirin and NSAIDs).  Smoking status was 

categorized as never (2 points), former (1 point), and current (0 points).  For selenium 

supplements, aspirin, and NSAID use, 0 points were assigned to participants with no 

regular use, 1 point to those with unknown or missing data, and 2 points to those with 

regular use.  The overall OBS was then calculated by adding up the points assigned to 

each participant.   

Data Analysis Plan 

The overall OBS will be treated as either a continuous or an ordinal variable with 

all categories representing an approximately equal interval, with the lowest interval used 

as reference.  The use of equal intervals instead of quantiles (e.g., tertiles or quartiles) 

allows comparing extremes of the distribution.  Logistic regression analyses will be used 

to examine three types of associations.  First we will examine the relation between the 

OBS and incident sporadic colorectal adenoma, adjusting for age, race, sex, total energy 

intake, BMI, plasma cholesterol, hormone replacement therapy (among women), physical 

activity, fiber, study, and family history of colorectal cancer.  Next, we will examine the 

associations between OBS and the markers of oxidative stress (FIP and FOP) and 
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inflammation (CRP), which will be dichotomized based on study- and sex-specific 

median among controls, adjusting for the same potential confounding factors as in the 

first analysis.  Finally, we will examine the associations between dichotomized markers 

of oxidative stress and inflammation and incident sporadic colorectal adenoma.  The 

models for the third analysis will include the same covariates as in the analysis of 

association between OBS and adenoma.  The correlation of FIP, FOP, and CRP will also 

be assessed using Pearson correlation coefficients.  

We will also conduct several sensitivity analyses to evaluate 1) the change in 

results when quartiles were used instead of equal intervals for OBS; 2) the associations 

between adenoma and biomarkers using biomarker quartiles and 3) the association 

between OBS and each biomarker when both former and never smokers are assigned 2 

points while current smokers are assigned 0 points to consider the possibility that 

biomarkers may only be affected by current smoking status.    

The results of the logistic regression analyses will be expressed as adjusted odds 

ratios (ORs) with corresponding 95% confidence intervals (CIs).  All models will be 

assessed for collinearity and goodness of fit.  A two-sided p-value of less than 0.05 will 

be considered to be statistically significant.  Statistical analyses will be performed with 

SAS version 9.2 (SAS Institute, Cary, NC) statistical software package.   

 

SIGNIFICANCE AND IMPACT OF THE STUDY 

 While there is compelling mechanistic evidence that oxidative stress plays a 

central role in the pathogenesis of age-related and chronic diseases, results from 

epidemiological studies to support this hypothesis are conflicting.  The potential 

explanation for this discrepancy between laboratory and population-based research is the 
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complex and multi-factorial nature of mechanisms by which oxidative stress may affect 

human health and the challenge of how to correctly estimate pro-and anti-oxidant 

exposures (particularly those related to nutritional intakes).   It is often difficult to 

separate out the specific effects of individual pro and anti-oxidant factors.  One way of 

dealing with this issue is to adjust for other oxidative stress-related exposures.  However, 

adjustment can be of little use when the factors are highly correlated.  Also, when 

associations between individual oxidant factor and disease are assessed, the association 

could be difficult to interpret because the effects of individual components are examined 

against the background risks associated with other factors.   Moreover, the independent 

effects of individual oxidative exposures are difficult to ascertain because of the likely 

biological interactions involving multiple pro- and anti-oxidant factors.  Correct 

measurements of nutritional intakes are further challenged by misclassification either 

questionnaire- and biomarker-based measures.     

The main innovative feature of the proposed research is the use of a composite 

measure which we call oxidative balance score (OBS).  To my knowledge, this is the first 

study to investigate the association between OBS and risk of mortality and stroke using a 

large, national prospective cohort study in United States.  Several studies have assessed 

associations between OBS and risk of other diseases, including various types of cancers, 

but these associations have only been focusing on two outcomes – colorectal adenoma 

and prostate cancer [21, 25-27, 143].   

Another strength of this study is the use of multiple approaches to weight OBS.  

All of the studies reviewed here used an assumption that individual OBS components 

have similar effects and therefore can be assigned equal weights (as in our weighting 
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method #1) .  We are aware of other (still unpublished) studies that attempted to weight 

OBS based on the association between individual score components and outcome of 

interest (similar to our weighting method #5).  The current study will be the first attempt 

to take into consideration population-based data on the relation between various OBS 

components and biochemical markers of oxidative stress and inflammation (FIP, FOP, 

and CRP).   Moreover, no previous study has compared associations between OBS and 

markers of oxidative stress or inflammation.   

The results of this dissertation project may have important implications for 

epidemiologic studies evaluating the role of oxidative stress in chronic disease etiology.  

Furthermore, this dissertation may open new avenues for the development of complex 

multifactorial interventions aimed at prevention of age-related degenerative chronic 

diseases. 
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ABSTRACT 

There is an increasing body of evidence that high antioxidant intakes are inversely 

associated with risk of mortality while pro-oxidant factors are positively associated with 

mortality.  However, observational and experimental studies with any single antioxidant 

or pro-oxidant factor have shown inconsistent results.  We previously proposed an 

oxidative balance score (OBS) as an overall oxidative balance status of an individual, 

combining both pro and anti-oxidants. 

In this study, we used data from a large national prospective cohort study, 

Reasons for Geographic and Racial Differences in Stroke (REGARDS) to examine the 

relation of OBS to all-cause and cause-specific mortality while exploring alternative 

methods of weighting the OBS components.  

Data for individual pro- and anti-oxidant exposure were collected at baseline by 

telephone questionnaire in the REGARDS cohort participants, who were enrolled in 

2003-2007.  The OBS was calculated by combining information from a total of 14 a 

priori selected pro- and anti-oxidant factors, including intakes of polyunsaturated fatty 

acid, iron, vitamin C, lycopene, α-carotene, β-carotene, lutein, β-crypoxanthin, α-

tocopherol, selenium, smoking status, alcohol, and regular use of aspirin and NSAID.  

The overall OBS was divided into quartiles with the lowest quartile (predominance of 

pro-oxidants) as reference.  Each OBS component was included in the overall score using 

four weighting methods:  1) equal weights; 2) literature-based weights; 3) fluorescent 

oxidation products (FOP)-based weights; and 4) F2-isoprostanes (FIP)-based weights.  

Cox proportional hazard models were used to estimate adjusted hazard risks (HR) and 

95% confidence intervals (CI) for each OBS category compared to the reference.  
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Over a median follow-up period of 5.8 years, 2,079 of the 21,031 participants 

died.  Higher OBS was associated with reduced risk of all-cause, cancer- and non-cancer 

mortality (ptrend  <  0.01 for all).  After adjustment for age, sex, race, BMI, total energy, 

education, income, region, and physical activity, the hazard ratios (95% CI) for all-cause, 

cancer, and non-cancer mortality for highest quartile were: 0.70 (0.61 – 0.81), 0.50 (0.37 

– 0.67), and 0.78 (0.67 – 0.91), respectively when compared with those with lowest OBS 

quartile.  Very similar results were observed across all weighting methods.     

 To our knowledge, this is the most comprehensive oxidative balance score 

constructed to date and one of the first studies to evaluate whether oxidative balance 

status is associated with all-cause and cause-specific mortality in the US population.  

Findings from this study suggest that OBS might be a useful tool for evaluating the roles 

of oxidative stress-related lifestyle factors, including diet, as determinants of morbidity 

and mortality.   

 

INTRODUCTION 

In 1956, Denham Harman proposed the “free radical theory of aging”, which 

postulates that the process of aging and the development of age-related diseases are 

caused by the accumulation of deleterious changes in the cell attributed to free radical 

reactions [28].  Since then, the free radical theory triggered intensive research on the role 

of free radicals, more often known as “reactive oxygen and nitrogen species” (RONS).  

RONS can be generated from either endogenous or exogenous sources.  At low 

concentrations, RONS play beneficial role in biological systems, as for example, in 

defense against infectious agents or in cell signaling and mitogenic response [32].  At 
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high concentrations, however, the RONS exert harmful effects by damaging cell 

structures and macromolecules, a process which is termed “oxidative stress” [34].  

Oxidative stress, defined as the disruption of the balance between pro- and 

antioxidants, has been implicated in the etiology and pathophysiology of many chronic 

diseases, which in turn act as main contributors to mortality [153].  There is increasing 

evidence that high intakes of certain nutrients, including vitamin C, vitamin E, and 

carotenoids (e.g. lycopene, β-carotene, and lutein), may protect against oxidative stress 

while pro-oxidant factors, including smoking and iron intake increase productions of 

RONS and accelerate oxidative stress-related cellular damage.  However, despite the 

substantial body of evidence from basic science and animal studies, observational and 

clinical studies evaluating the effects of individual antioxidant or pro-oxidant factors 

have shown inconsistent results [134, 135, 154-156].   

One potential explanation for this discrepancy is the complex and multi-factorial 

mechanism by which oxidative stress may affect health.  The independent effects of 

individual exposures may not offer complete insight into their roles in maintaining the 

overall oxidative balance because of the likely inter-correlations and biological 

interactions involving multiple pro- and anti-oxidant factors [21].  The concept of an 

integrated antioxidant network has been proposed, given that antioxidants of differing 

solubility are residing next to each other in cellular structures and tissues, integrating and 

regenerating each other [157]. 

This situation is somewhat similar to the difficulties encountered in nutrition 

research, in which the pursuit of effects exerted by individual nutrients has been replaced 

by use of dietary pattern analyses, particularly, in relation to the Mediterranean diet.  
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Numerous epidemiological studies have examined the health benefits of the 

Mediterranean diet and evidence consistently shows beneficial effects of the 

Mediterranean diet pattern on healthier ageing and longevity [158-162].  Recently, we 

[25-27] and others [143, 163] proposed oxidative balance score (OBS) as a measure of 

combined pro- and anti-oxidant exposure status, which was used in studies of various 

chronic diseases.  Only one of those studies [143] examined the association between OBS 

and mortality; however, this study was limited by the relatively small number of score 

components and by the assumption that the effects of all pro- and anti-oxidants were 

roughly equal.  In this study, we use data from a large national prospective cohort study 

to examine the relation of OBS comprised of 14 a priori selected oxidative stress related 

exposures to all-cause and cause-specific mortality while exploring alternative methods 

of weighting the OBS components.  We hypothesize that higher OBS, which reflects 

predominance of anti-oxidant exposures, is associated with a reduction in mortality.    

 

METHODS 

Study population and data collection 

The Reasons for Geographic and Racial Differences in Stroke (REGARDS) Study 

is a national, population-based prospective cohort study aimed to examine the reason for 

variation in stroke incidence and mortality in the United States.  Details on recruitment 

and data collection were reported previously [147].  Briefly, between January 2003 and 

October 2007, 30,239 black and white individuals aged 45 years or older were randomly 

selected and recruited through mail and telephone contacts.  Of the eligible participants 

contacted, the participation rate was 49%.  The cohort members were recruited from 
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across the US with oversampling of blacks and persons from the “stroke belt” region of 

the United States.  The “stroke belt” describes the southeastern region of the United 

States (North Carolina, South Caroline, Georgia, Tennessee, Mississippi, Alabama, 

Louisiana, and Arkansas) with a high incidence and mortality of stroke [145].  Exclusion 

criteria were race other than black or white, active treatment for cancer, cognitive 

impairment as judged by the telephone interviewer, medical conditions preventing long-

term participation, residence in or inclusion on a waiting list for a nursing home, or 

inability to communicate in English.   

After obtaining verbal and written informed consent, demographic and medical 

history data, including information on risk factors, were obtained by computer-assisted 

telephone interviewing (CATI).  Variables included age, race, and sex of the participants, 

use of aspirin and non-steroidal anti-inflammatory drugs (NSAIDs), cigarette smoking, 

alcohol intake, and measures of socioeconomic status (education and income).  Following 

the telephone interview, an in-home visit was completed to obtain blood and urine 

samples and collect information on the presence of risk factors, such as blood pressure, 

height and weight.  Additional information was collected through self-administered 

questionnaires, including the Block 98 food-frequency questionnaire (FFQ).  The Block 

98 FFQ is an 8-page form with more than 150 multiple-choice questions based on 107 

food items, which was used to assess energy intake, dietary fat, and nutritional intakes.  

All participants recorded food and nutrient intakes for 1 week before their in-home visits.  

At every six month interval, each participant was then followed via telephone interview 

to ascertain development of stroke and other outcomes, including death.     
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Of the 30,239 participants enrolled in the REGARDS study, 8,603 who did not 

complete the modified Block 98 FFQ were excluded from the current analysis.  In 

addition, the analytic dataset excluded 456 participants with missing data on at least one 

OBS component, and 149 participants with missing data on key covariates.  After these 

exclusions, data for 21,031 participants were available for the final analyses.  Follow-up 

was available on   

Oxidative Balance Score (Main Exposure Variable) 

The oxidative balance score (OBS) was calculated by combining information 

from a total of 14 a priori selected pro- and anti-oxidant factors, including intakes of 

polyunsaturated fatty acids, iron, vitamin C, lycopene, α-carotene, β-carotene, lutein, β-

crypoxanthin, α-tocopherol, selenium, smoking status, alcohol consumption and regular 

use of aspirin and other NSAIDs (TABLE 2.1).  The continuous variables reflecting pro-

oxidant (unsaturated fat and iron) and antioxidant (vitamin C, lycopene, α-carotene, β-

carotene, lutein, β-cryptoxanthin, α-tocopherol, and selenium) exposures were divided 

into low, medium, and high categories based on each exposure’s tertile values.  For anti-

oxidants, the first through third tertiles were assigned 0 through 2 points, respectively, 

whereas the corresponding point assignment for pro-oxidants were carried out in reverse 

(0 points for the highest tertile and 2 points for the lowest tertile).  A similar scoring 

approach was used for pro- and anti-oxidant categorical variables.  Smoking status was 

categorized as never (2 points), former (1 point), and current (0 points).  For aspirin and 

NSAIDs use, 0 points were assigned to participants with no regular use, 1 point to those 

with unknown or missing data, and 2 points to those with regular use.  For alcohol 

consumption, non-drinkers, moderate drinkers (1-7 drinks/week for women and 1-14 
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drinks/week for men), and heavy drinker (>7 drinks/week for women and >14 

drinks/week for men) received 2, 1 and 0 points respectively. 

 

OBS Component-Scores Weighting 

Each OBS component was included in the overall score using four weighting 

methods:  1) equal weights; 2) literature-based weights; 3) weights based on the 

magnitude of association between each component and fluorescent oxidation products 

(FOP); and 4) weights based on the magnitude of association between each component 

and F2-isoprostanes (FIP).  The weights for each OBS component-scores are summarized 

in Table 2.2.  

The equal weights approach assumed that all OBS component equally contributed 

to the overall score.  By contrast, the other three methods assigned weights based on the 

presumed magnitude of the pro- and anti-oxidant effects. 

For the literature-based method each OBS component was weighted according to 

the results of most recent systematic reviews/meta-analysis evaluating the association 

between this component and mortality.  In the absence of a recent systematic 

review/meta-analysis for any of the OBS components, a de novo meta-analysis was 

conducted.  For each OBS component, weights were calculated based on the pooled (i.e., 

meta-) risk estimates (meta-RR).  For each pro-oxidant the weights were equal to meta-

RR, while for antioxidants the corresponding weights were calculated as 1/meta-RR.   

The two biomarker (FOP and FIP) -based weighting methods used pooled data 

from two previously completed case-control studies of colorectal adenoma that employed 

virtually identical protocols.  The first study, Markers of Adenomatous Polyps I (MAP I), 
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recruited cases and controls from gastroenterology practices in Winston-Salem and 

Charlotte, North Carolina.  The second study, Markers of Adenomatous Polyps II (MAP 

II), was conducted at Consultants in Gastroenterology, Professional Association, a large, 

private practice in Columbia, South Carolina.   

The detailed study methods for MAP I [164, 165] and MAP II [166, 167] have 

been previously published.  In both studies, a modified 153-item Willett Food Frequency 

Questionnaire was administered to obtain information on dietary intakes and use of 

nutritional supplements [168, 169].  Additional data included demographics and use of 

medications, such as aspirin and other non-steroidal anti-inflammatory drugs (NSAIDs).  

For both studies, blood was collected, handled, and stored in a manner to allow 

measurements of FOP and FIP.  Plasma FIP concentration specifically measures lipid 

peroxidation and is considered the most established marker of oxidative stress [149].  The 

FOP assay measures oxidation products from several sources, including lipids, proteins, 

and DNA, and thus may serve as a global indicator of oxidative balance; however it 

remains a relatively novel and untested method [148].   

The samples for both MAP I and MAP II were processed and analyzed in a 

similar manner. After the sample was drawn it was placed on ice and delivered to the 

laboratory where the blood was processed and centrifuged.  Plasma and serum were 

separated, aliquoted, and frozen at -70 oC for long term storage.  The modified method 

from Shimasaki [170] was used to measure FOP as described in detail previously [171].  

Briefly, 0.2 mL of plasma was extracted with ethanol/ether (3:1 v/v) and vigorously 

mixed on a vortex mixer.  The mixed solution was centrifuged for 10 minutes at 3,000 

rpm, and 1 mL of supernatant was added to cuvettes for spectrofluormetric readings.  The 
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fluorescent was determined as relative fluorescence intensity units per milliliter of plasma 

at 360/430 nm wavelength (excitation/emission) by a spectrofluorometer.  Quinine 

sulfatge diluted in 0.1 N H2SO4 was used for calibration.  The plasma FIP were measured 

by gas chromatography-mass spectrometry (GCMS) method [152] at the Molecular 

Epidemiology and Biomarker Research Laboratory (MEBRL) in the University of 

Minnesota.  This method, measures a well-defined set of FIP isomers.  The FIP were 

extracted from the participant’s sample using deuterium (4)-labeled 8-iso-prostaglandin 

F2 alpha as an internal standard.  Unlabeled, purified FIP was used as a calibration 

standard.   

For both FIP- and FOP-based weighting, we used multivariable logistic regression 

models to quantify the relation between each OBS component and each of the two 

markers of oxidative stress.  Each model adjusted for other OBS components and for 

additional confounding factors, including age, race, sex, total energy intake, BMI, plasma 

cholesterol, hormone replacement therapy (among women), physical activity, fiber, and 

study. The adjusted odds ratio estimates from these logistic models were used to assign 

weights.  

Outcome Measures  

The primary outcome in this study was all-cause mortality.  In the REGARDS 

cohort, a death of a participant was ascertained during telephone monitoring or through 

Web-based restricted-access database searches (e.g., Lexis-Nexis), and was later 

confirmed through death certificates.  In addition, interviews with next of kin or proxies 

of deceased participants were conducted to confirm the death and the date of death.  

Information on the cause of death was also obtained from death certificates.  Death cases 
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and causes of death were reviewed independently by two adjudicators, and disagreements 

were resolved by committee.  Adjudicators used baseline participant clinical 

characteristics, proxy interviews, death certificates, and if available, medical records from 

hospitalizations occurring within 30 days of the participant’s death to determine the cause 

of death. 

Statistical analysis 

Each version of OBS (unweighted, and weighted using literature-, FOP- and FIP-

based methods) was divided into quartiles, with the lowest quartile (predominance of pro-

oxidants) used as reference.  The total follow-up time for each individual was calculated 

as the time between first visit interview and the date of death, the date of the last study 

visit, the date of withdrawal or loss to follow-up, or March 1, 2011, whichever came first.  

The Kaplan-Meier survival curves accompanied by a log-rank test and the corresponding 

p-value were used to assess the unadjusted association between OBS and all-cause 

mortality.  The adjusted associations between OBS and both all-cause mortality and 

cause-specific mortality were examined using Cox proportional hazard models, that 

controlled for age, sex, race, SES, region, BMI, total daily energy intake, and physical 

activity.  Results of multivariable survival analyses were expressed as, adjusted hazard 

ratios (HR) with corresponding 95% confidence intervals (CI).  Since tobacco smoking is 

a powerful pro-oxidant and a strong risk factor for mortality, we conducted a separate set 

of analyses by removing smoking from the OBS while controlling for it the model.  

Proportional hazards assumptions were tested by inspecting –ln(ln) survival curves for 

each variable in the model.  The collinearity was tested using SAS macro.  A condition 

index of 30 or greater, coupled with a variance decomposition proportion of 0.5 or greater 
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was considered as evidence of collinearity.  Stratified analyses were conducted to 

examine whether the associations between OBS and mortality are modified by each of 

the covariates.  For the purposes of interaction analyses, continuous variables such as age, 

BMI, and total daily energy intake were dichotomized and -2 log likelihood ratio tests for 

models with and without interaction terms were used.  A two-sided p-value of less than 

0.05 was considered as evidence of statistical significance.  All statistical analyses was 

performed with SAS version 9.2 (SAS Institute, Cary, NC) statistical software package. 

 

RESULTS 

Baseline characteristics of the study cohort by OBS category are shown in 

TABLE 2.3.  Compared with those in the lowest OBS quartile, participants in the highest 

quartile were on average three years older (66 vs. 63), included a greater proportion of 

whites (69.3% vs. 64.9%), and had more females (58.0% vs. 54.3%).  Persons in the 

highest OBS quartile were also more likely to have higher education and income, and 

reside in the non-stroke belt states.  The evaluations of individual OBS components 

according to OBS quartiles are presented in TABLE 2.4.  Contrary to expectation, intakes 

of daily polyunsaturated fatty acids (PUFA) and iron were higher in higher OBS quartile 

groups.  As expected, the intakes of antioxidants (vitamin C, lycopene, α-carotene, β-

carotene, lutein, β-cryptoxanthin, and vitamin E) were significantly increased among 

cohort members with higher OBS values.  Participants in the higher OBS quartiles were 

also more likely to be never smokers and non-drinkers, take daily selenium supplement, 

and regularly use NSAIDs and/or aspirin.   
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Over an average follow-up period of 5.8 years (range 0 – 9.1 years), 2,079 of the 

21,031 participants died.  FIGURE 2.1 shows that overall survival increased with 

increasing OBS with a log-rank p-value of <0.001.  Higher OBS was associated with 

statistically significant reduction in all-cause, cancer and non-cancer mortality in the 

multivariable analyses (TABLE 2.5).  After adjusting for age, sex, race, BMI, total daily 

energy intake, education, exercise, and region of residence, participants in the highest 

OBS quartile (quartile 4) had a statistically significantly lower risk of all-cause mortality 

with an HR of 0.70; (95% CI : 0.61 – 0.81) compared to participants in the lowest OBS 

quartile (ptrend <0.001).  Excluding smoking from OBS slightly attenuated the hazard 

ratios, but the association remained statistically significant with evidence of an inverse 

linear trend (ptrend = 0.013).  Analysis for 1-point increments in OBS showed a 4% (p < 

0.001) and a 2% (p = 0.003) decreases in all-cause mortality for scores with and without 

smoking, respectively.  

  Among 1,566 deaths with known cause, about 30% were attributable to cancer.  

Higher OBS was associated with a 50% (HR = 0.50; 95% CI: 0.37 – 0.67) and 22% (HR 

= 0.78; 95% CI: 0.67 – 0.91) decreases in risk of death due to cancer and non-cancer, 

respectively.  After smoking was excluded from the OBS, significant association between 

OBS and cancer mortality remained with quartile 4 showing a 32% decrease in cancer 

related death when compared to quartile 1 (HR = 0.68; 95% CI: 0.52 – 0.90, 

ptrend=0.009), but the association between OBS and non-cancer mortality was no longer 

statistically significant.  The statistically significant linear trend between OBS and 

chronic lung disease mortality (ptrend=0.024) was also attenuated after removal of 

smoking from the score (ptrend=0.270).   
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TABLE 2.6 shows the associations between OBS and all-cause, cancer, and non-

cancer mortality based on different weighting methods.  Very similar results were 

observed across all weighting methods.  Comparing equal weights approach (TABLE 5) 

to the three weighted approaches (TABLE 6), all differences were within 15% and only 

three estimates differed by more than 10%.   

Table 2.7 presents the sensitivity analyses in which the observed results for the 

original 14-component OBS (treated as a continuous variable) were compared to the 

corresponding results after each OBS component was removed from the score and 

included in the model as a covariate.  With the exception of smoking, removal of any 

single OBS component did not produce meaningful changes and the resulting HRs 

demonstrated departures from the original estimates by no more than two percent.  When 

smoking was removed from the OBS, the association was no longer statistically 

significant for all-cause and non-cancer mortality (as in TABLE 2.5), but was still 

statistically significant for cancer mortality.    

 
DISCUSSION 

In this population-based large prospective cohort study, we examined a 

comprehensive oxidative balance score (OBS) as predictor of mortality with an 

expectation that OBS may better reflect the oxidative balance that any single pro- or anti-

oxidant.  We found that a higher OBS, which indicates predominance of antioxidant 

exposures, is associated with significant reduction in all-cause mortality and mortality 

due to cancer and non-cancer, after adjustment for multiple confounders.  This 

association was only modestly attenuated for all-cause and cancer mortality when 

smoking was excluded from the OBS, suggesting that the association was not driven by 
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smoking status.  We also examined associations between OBS and mortality using 

different weighting methods, but the results did not differ substantially from those 

obtained using equal weights.   

Although the idea of combining individual pro- and anti-oxidants into a single 

score is not new, to our knowledge, ours is the most comprehensive OBS constructed to 

date and the present study one of the first to evaluate whether OBS is associated with all-

cause mortality in the US population.  Overall, our results are consistent with other 

similar studies.  Knoops et al.[159] investigated the association of a lifestyle score 

(combined individual scores for Mediterranean dietary pattern, alcohol use, smoking 

status, and physical activity) with mortality from all causes from 11 European countries.  

The combination of 4 low risk factors in that study was associated with a 65% lower rate 

of all-cause mortality.  In another cohort study conducted among male smokers in 

Belgium Van Hoydonck et al. combined intakes of two dietary antioxidants (vitamin C 

and β-carotene) and one pro-oxidant (iron) to develop their oxidative balance score [143].  

Men in the highest category OBS, which unlike ours was constructed to reflect a 

presumably harmful effect, had a statistically significant 44% increase in all-cause 

mortality and an even greater (62%) increase in cancer mortality compared with men in 

the lowest OBS group.  As in our study, van Hoydonck et al. also found no association 

between OBS and cardiovascular disease mortality.  

In the current study, we used different weighting schemes for combining pro- and 

anti-oxidant exposures into a single score.  Previous studies used equal weighting of the 

OBS components [26, 27, 143, 144], which raised a concern that the resulting score does 

not represent the true biological contributions of the individual pro- or anti-oxidant 
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exposures.  However, in the present analyses, the associations between OBS and 

mortality across the different weighting methods were very similar.  One limitation of our 

two biomarker (FOP and FIP) -based weighting methods is use of a relatively small 

dataset with a lot of uncertainty in the estimates used to create the weights.  Similarly, the 

literature review-based weights were largely similar across OBS components and close to 

1.0 because summaries of published studies on the relation of pro- and anti-oxidant 

components to mortality in most cases (except smoking) show modest departures from 

the null  

Advantages of this study include its prospective design, large size, use of a 

diverse population, and inclusion of multiple pro- and anti-oxidant components in the 

OBS.  We used 14 pro- and anti-oxidant factors that were selected a priori based on 

previous research [172-182].  We used data-based a priori tertile cut-points for 

continuous variables to minimize the subjective categorization, which is a general 

problem with scores attempting to describe complex processes.  In this study, the 

mortality and cause of death were adjudicated by expert clinicians using death 

certificates, medical records from recent hospitalizations, and interviews with proxies, a 

methodological feature that helped decrease outcome misclassification.   

There are several potential limitations in this study.  We used self-reported intakes 

to assess pro- and anti-oxidant exposure.  It has long been acknowledged that the 

questionnaires may not capture all the possible sources of each nutrient, does not account 

for bioavailability, and is subject to recall bias [183].  The validity and reliability of the 

FFQ used in our study has been extensively evaluated [184-186], and if some degree of 

misclassification exist, we would expect it to be non-differential, although the direction 
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of bias with complex ordinal variables such as OBS is difficult to estimate.  Data on 

specific causes of death, cancer in particular, was also lacking in this study.   

Another limitation of this study is that we did not have participants’ genetic 

information.  Genetic factors play an important role in human lifespan [187].  For 

example, previous genetic studies have shown that common polymorphisms in 

apolipoprotein E (APOE) influence human mortality, mainly through their association 

with diseases [188].  Furthermore, the OBS score in our study is limited to dietary / 

lifestyle exposures and does not include any endogenous factors that influence cellular 

anti-oxidant defense, DNA damage and its repair, cell growth, and cell death, which all 

contribute to survival of an individual [12].   

In conclusion, this large prospective study demonstrates that higher OBS is 

associated with lower all-cause and cancer mortality even after controlling for smoking.  

The observed association for non-cancer mortality and OBS was driven primarily by 

smoking.  These findings confirm results from previous studies and suggest that OBS 

might be a useful tool for evaluating the roles of oxidative stress-related lifestyle factors, 

including diet, as determinants of morbidity and mortality.   
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TABLE 2.1. Oxidative balance score (OBS) assignment scheme 
 

Abbreviations: PUFA = Polyunsaturated fatty acid; NSAID = Non-steroidal anti-inflammatory drug 
† Low, intermediate, and high categories correspond to sex-specific tertile values among participants in the REGARDS cohort. 
*Total intake = Dietary intake + supplemental intake (when available)  

 

 

 
 

Oxidative Balance Score (OBS) Components Assignment Scheme† 
 

1.  PUFA intake 
2.  Total* iron intake 
3.  Total vitamin C intake 
4.  Total lycopene level 
5.  Total α-carotene level 
6.  Total β-carotene level 
7.  Total lutein level 
8.  Total β-cryptoxanthin level 
9.  Total α-tocopherol level 
10.  Selenium level 
11.  Smoking history 
12.  Regular aspirin use 
13.  Regular NSAID use 
14.  Alcohol consumption 

0 = High (3rd tertile), 1 = Intermediate (2nd tertile), 2 = Low (1st tertile) 
0 = High (3rd tertile), 1 =  Intermediate (2nd tertile), 2 = Low (1st tertile) 
0 = Low (1st tertile), 1 =  Intermediate (2nd tertile), 2 = High (3rd tertile) 
0 = Low (1st tertile), 1 =  Intermediate (2nd tertile), 2 = High (3rd tertile) 
0 = Low (1st tertile), 1 =  Intermediate (2nd tertile), 2 = High (3rd tertile) 
0 = Low (1st tertile), 1 =  Intermediate (2nd tertile), 2 = High (3rd tertile) 
0 = Low (1st tertile), 1 =  Intermediate (2nd tertile), 2 = High (3rd tertile) 
0 = Low (1st tertile), 1 =  Intermediate (2nd tertile), 2 = High (3rd tertile) 
0 = Low (1st tertile), 1 =  Intermediate (2nd tertile), 2 = High (3rd tertile) 
0 = Low (1st tertile), 1 =  Intermediate (2nd tertile), 2 = High (3rd tertile) 
0 = Current smoker, 1 = Former smoker, 2 = Never smoker 
0 = No regular use, 1 = Unknown (missing data), 2 = Regular Use  
0 = No regular use, 1 = Unknown (missing data), 2 = Regular Use 
0 = None, 1 = Moderate, 3 = Heavy 
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TABLE 2.2. Oxidative balance score (OBS) Weightings  

 

Abbreviations: OBS=Oxidative Balance Score PUFA=Polyunsaturated fatty acid; NSAID=Non-steroidal anti-inflammatory drug; FOP=fluorescent 
oxidation products; Lit.=literature 

 
 
 

OBS Components 

Weightings 

F2-isoprostanes FOP Lit. Review 

Male Female Male Female Both sex 
1.  PUFA intake 
2.  Total iron intake 
3.  Total vitamin C intake 
4.  Total lycopene level 
5.  Total α-carotene level 
6.  Total β-carotene level 
7.  Total lutein level 
8.  Total β-cryptoxanthin level 
9.  Total α-tocopherol level 
10.  Selenium level 
11.  Smoking history 
12.  Regular aspirin use 
13.  Regular NSAID use 
14.  Alcohol consumption 

0.87 
0.70 
1.81 
1.17 
1.43 
1.45 
1.61 
1.69 
1.79 
1.32 
1.74 
1.28 
1.06 
1.07 

0.91 
0.54 
1.48 
1.35 
1.22 
1.31 
1.73 
1.38 
1.30 
2.18 
1.43 
1.20 
1.04 
0.99 

1.23 
0.88 
1.12 
0.82 
0.85 
0.97 
0.97 
1.16 
0.98 
1.12 
1.60 
0.87 
0.70 
1.35 

1.24 
0.94 
0.85 
0.89 
0.75 
0.83 
0.68 
1.11 
0.91 
1.61 
1.80 
0.91 
0.96 
1.23 

0.98 
1.40 
0.99 
1.22 
1.32 
0.95 
1.20 
1.22 
0.96 
1.11 
1.83 
1.06 
1.00 
1.30 
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TABLE 2.3. Selected baseline characteristics of the REGARDS cohort by OBS     
        quartile 
 

†Values for age, BMI, energy, and follow-up years are mean (+SD) and race, sex, education, income, and 
region are number (percent). 
‡ Based on the ANOVA for continuous variables and chi-square (X²) test for categorical variables. 

 

 

 

 
 
 
 

Characteristic (Units)† 
 

Q1: OBS 3-11 
(n=5,668) 

Q2: OBS 12-14  
(n=5,593) 

Q3: OBS 15-17 
(n=5,523) 

Q4: OBS 18-26 
(n=4,247) 

Age, years  
 
Race  
     White 
     Black 
      
Sex 
     Male 
     Female 
 
BMI* (kg/m²) 
 
Energy (cal) 
 
Education 
     Less than High School 
     High School Graduate 
     Some College 
     College Graduate and 
Above 
  
Income   
     Less than $20k 
     $20k - $34k 
     $35k - $74k 
     $75k and above 
     Refused 
 
Region 
     Stroke Belt 
     Stroke Buckle 
     Non-belt 
 
Follow-up Time*, years    

63.5 (9.3) 
 
 

3,680 (64.9%) 
1,988 (35.1%) 

 
 

2,589 (45.7%) 
3,079 (54.3%) 

 
28.8 (6.0) 

 
1,474.6 (604.5) 

 
 

681 (12.0%) 
1,700 (30.0%) 
1,590 (28.0%) 
1,697 (30.0%) 

 
 

1,001 (17.7%) 
1,458 (25.7%) 
1,680(29.6%) 
891 (15.7%) 
638 (11.3%) 

 
 

2,058 (36.3%) 
1,306 (23.0%) 
2,304 (40.7%) 

 
5.7 (2.0) 

64.7 (9.4) 
 
 

3,654 (65.3%) 
1,939 (34.7%) 

 
 

2,455 (43.9%) 
3,138 (56.1%) 

 
29.1 (6.2) 

 
1,641.6 (669.5) 

 
 

567 (10.1%) 
1,469 (26.3%) 
1,559 (27.9%) 
1,998 (35.7%) 

 
 

878 (15.7%) 
1,370 (24.5%) 
1,718 (30.7%) 
745 (16.9%) 
682 (12.2%) 

 
 

1,969 (35.2%) 
1,234 (22.1%) 
2,390 (42.7%) 

 
5.8 (2.0) 

65.5 (9.1) 
 
 

3,745 (67.8%) 
1,778 (32.2%) 

 
 

2,424 (43.9%) 
3,099 (56.1%) 

 
29.1 (6.0) 

 
1,809.9 (726.8) 

 
 

478 (8.6%) 
1,286 (23.3%) 
1,469 (26.6%) 
2,290 (41.5%) 

 
 

850 (15.4%) 
1,253 (22.7%) 
1,806 (32.7%) 
973 (17.6%) 
641 (11.6%) 

 
 

1,821 (33.0%) 
1,190 (21.5%) 
2,512 (45.5%) 

 
5.9 (1.9) 

66.0 (9.1) 
 
 

2,944 (69.3%) 
1,303 (30.7%) 

 
 

1,785 (42.0%) 
2,462 (58.0%) 

 
29.3 (6.1) 

 
1972.3 (758.5) 

 
 

290 (6.8%) 
9190 (21.6%) 
1,140 (26.9%) 
1,898 (44.7%) 

 
 

576 (13.5%) 
1,002 (23.6%) 
1,379 (32.5%) 
806 (19.0%) 
484 (11.4%) 

 
 

1,378 (32.4%) 
888 (21.0%) 

1,981 (46.6%) 
 

5.9 (1.9) 



57 
 

TABLE 2.4. Individual components of the score by OBS quartile  
  Mean (by OBS Quartile) 

Characteristic (Units) 
Q1 

(n=5,668) 
Q2 

(n=5,593) 
Q3 

(n=5,523) 
Q4 

(n=4,247) 
Daily PUFA from intake (g) 
     Men (n=9,253) 
     Women (n=11,778) 

 
18.1 (9.7) 
15.7 (9.1) 

 
19.7 (10.7) 
16.9 (9.8) 

 
21.1 (11.0) 
18.2 (10.1) 

 
21.7 (11.1) 
19.2 (10.4) 

Total* iron intake (mg) 
     Men 
     Women 

 
17.7 (13.6) 
18.1 (16.5) 

 
23.6 (16.0) 
23.1 (18.9) 

 
27.5 (17.3) 
26.7 (19.0) 

 
30.9 (19.3) 
30.4 (21.2) 

Total vitamin C intake (mg) 
     Men 
     Women 

 
121.1 (177.9) 
148.8 (231.2) 

 
280.9 (356.2) 
284.7 (349.9) 

 
421.9 (467.2) 
433.2 (439.2) 

 
644.8(563.2) 
621.5 (520.7) 

Daily lycopene intake (µg) 
     Men 
     Women 

 
2,918.5 (3,155.0) 
2,292.8 (2,493.0) 

 
4,263.4 (4,646.0) 
3,348.4 (3,752.0) 

 
5,364.0 (5,002.0) 
4,313.1 (4,626.0) 

 
7,431.1 (7,083.0) 
5,849.7 (5,785.0) 

Daily α-carotene intake (µg) 
     Men 
     Women 

 
327.0 (287.8) 
295.6 (239.3) 

 
530.8 (494.2) 
517.4 (556.4) 

 
843.5 (759.9) 
852.8 (901.0) 

 
1,258.5 (1,120.0) 
1,261.0 (1,124.0) 

Total β-carotene intake (µg) 
     Men 
     Women 

 
2,161.6 (1,883.0) 
2,250.2 (1,563.0) 

 
3,806.6 (3,639.0) 
4,075.5 (3,982.0) 

 
9,096.7 (5,701.0) 
6,395.9 (5,496.0) 

 
9,110.9 (7,596.0) 
9,384.6 (7,433.0) 

Daily lutein intake (µg) 
     Men 
     Women 

 
829.2 (602.7) 
964.0 (821.3) 

 
1,327.1 (1,041.0) 
1,527.3 (1,304.0) 

 
1,958.5 (1,624.0) 
2,380.4 (2,201.0) 

 
2,837.8 (2,452.0) 
3,358.1 (2,796.0) 

Daily β-cryptoxanthin intake (µg) 
     Men 
     Women 

 
63.1 (82.6) 
53.6 (71.7) 

 
113.9 (120.4) 
102.2 (111.0) 

 
157.9 (142.7) 
142.9 (140.6) 

 
209.7 (159.2) 
193.1 (157.9) 

Total vitamin E intake (α-TE) 
     Men 
     Women 

 
34.2 (87.9) 
39.7 (93.5) 

 
85.0 (151.1) 
87.0 (155.6) 

 
130.9 (183.5) 
126.4 (171.5) 

 
193.5 (193.6) 
189.3 (193.9) 

Daily selenium supplement (mcg) 
     Men 
     Women 

 
79.4 (35.6) 
66.3 (31.7) 

 
98.4 (48.6) 
81.6 (42.7) 

 
117.7 (61.1) 
97.4 (50.3) 

 
141.5 (75.0) 
118.2 (62.6) 

Smoking 
     Never Smokers 
     Former Smokers 
     Current Smokers           
Alcohol 
     Non-Drinkers      
     Moderate Drinkers           
     Heavy Drinkers 
Regular NSAIDs Use 
Regular Aspirin Use 

 
1,775 (31.3%) 
2,429 (42.9%) 
1,464 (25.8%) 

 
3,030 (53.5%) 
2,198 (38.8%) 

440 (7.7%) 
451 (8.0%) 

1,545 (27.3%) 

 
2,410 (43.1%) 
2,449 (43.8%) 
734 (13.1%) 

 
3,355 (60.0%) 
2,015 (36.0%) 

223 (4.0%) 
698 (12.5%) 

2,327 (41.6%) 

 
2,726 (49.4%) 
2,320 (42.0%) 

477 (8.6%) 
 

3,311 (60.0%) 
2,028 (36.7%) 

184 (3.3%) 
885 (16.1%) 

2,646 (47.9%) 

 
2,615 (61.6%) 
1,445 (34.0%) 

187 (4.4%) 
 

2,858 (67.3%) 
1,310 (30.8%) 

79 (1.9%) 
1,114 (26.3%) 
2,749 (64.8%) 

Total OBS  9.2 (1.6) 13.0 (0.8) 16.0 (0.8)  19.4 (1.4) 
1 Values are presented as mean (SD) or number (%). Abbreviations: PUFA = Polyunsaturated fatty acid; 
NSAID = Non-steroidal anti-inflammatory drug; OBS = Oxidative balance score; SD = Standard deviation 
* Total intake = daily intake from food + average daily intake from supplement 
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TABLE 2.5.  Association between all-cause and cause-specific mortality and OBS in 
                    the REGARDS cohort:  Equal weighing 

 

Abbreviations: OBS=oxidative balance score; HR=hazards ratio; CI=confidence interval; Q=quartile 
† Adjusted for age, sex, race, BMI, and total daily energy, education, exercise, and region 
‡ Adjusted for the same variables as above plus smoking 
*p-trend assessed by X² test for linear trend  
OBS ranges for “with smoking”: Q1=3-11; Q2=12-14; Q3=15-17; Q4=18-26 
OBS ranges for “without smoking” Q1=2-10; Q2=10-13; Q3=13-15.5; Q4=15.5-24

Interval (OBS Range: 3-26) 
Alive 

(n = 18,952) 
Dead 

(n = 2,079) 

With Smoking Without Smoking 

HR (95% CI)† HR (95% CI)‡ 

All Cause-Mortality 
     Q 1   
     Q 2   
     Q 3   
     Q 4   
     p-trend* 
Cancer Mortality 
     Q 1  
     Q 2   
     Q 3   
     Q 4   
     p-trend* 
All Non-Cancer Mortality 
     Q 1  
     Q 2   
     Q 3   
     Q 4   
      p-trend* 
Cardiac Mortality 
     Q 1  
     Q 2   
     Q 3   
     Q 4         
     p-trend* 
Heart Failure Mortality 
     Q 1  
     Q 2   
     Q 3   
     Q 4         
     p-trend* 
Chronic Lung Disease Mortality 
     Q 1  
     Q 2   
     Q 3   
     Q 4         
     p-trend* 

 
5,025 
5,047 
4,999 
3,881 

 
 

5,025 
5,047 
4,999 
3,881 

 
 

5,025 
5,047 
4,999 
3,881 

 
 

5,025 
5,047 
4,999 
3,881 

 
 

5,025 
5,047 
4,999 
3,881 

 
 

5,025 
5,047 
4,999 
3,881 

 

 
643 
546 
524 
366 

 
 

163 
112 
106 
69 

 
 

480 
434 
418 
297 

 
 

48 
36 
34 
27 

 
 

74 
59 
61 
48 

 
 

24 
32 
17 
11 

 
1.0 

0.81 (0.72 – 0.91) 
0.77 (0.68 – 0.87) 
0.70 (0.61 – 0.81) 

<0.001 
 

1.0 
0.64 (0.50 – 0.82) 
0.60 (0.47 – 0.78) 
0.50 (0.37 – 0.67) 

<0.001 
 

1.0 
0.86 (0.75 – 0.98) 
0.84 (0.73 – 0.96) 
0.78 (0.67 – 0.91) 

0.002 
 

1.0  
0.69 (0.45 – 1.08) 
0.66 (0.42 – 1.05) 
0.69 (0.42 – 1.14) 

0.109 
 

1.0 
0.73 (0.51 – 1.04) 
0.81 (0.57 – 1.15) 
0.84 (0.57 – 1.23) 

0.397 
 

1.0 
1.28 (0.75 – 2.19) 
0.66 (0.35 – 1.25) 
0.49 (0.22 – 1.05) 

0.024 

 
1.0 

0.89 (0.79 – 1.00) 
0.94 (0.82 – 1.07) 
0.87 (0.77 – 0.99) 

0.013 
 

1.0 
0.84 (0.66 – 1.06) 
0.79 (0.59 – 1.05) 
0.68 (0.52 – 0.90) 

0.009 
 

1.0 
0.91 (0.80 – 1.03) 
1.00 (0.86 – 1.16) 
0.94 (0.82 – 1.09) 

0.790 
 

1.0 
0.66 (0.42 – 1.03) 
0.78 (0.47 – 1.29) 
0.78 (0.49 – 1.25) 

0.402 
 

1.0 
0.83 (0.47 – 1.46) 
1.20 (0.66 – 2.19) 
1.16 (0.65 – 2.07) 

0.388 
 

1.0 
1.52 (0.88 – 2.61) 
0.96 (0.48 – 1.92) 
0.74 (0.37 – 1.50) 

0.270 
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TABLE 2.6.  Association between all-cause, cancer, and non-cancer mortality and OBS in the REGARDS cohort:  Different  
                    weighting approaches 
 

Abbreviations: OBS=oxidative balance score; HR=hazards ratio; CI=confidence interval; FOP=fluorescent oxidation products; Lit.=literature; Q=quartile 
† Adjusted for age, sex, race, BMI, and total daily energy, education, exercise, and region 
‡ Adjusted for the same variables as above plus smoking 
*p-trend assessed by X² test for linear trend 

 

OBS Weighting 

All-cause Mortality Cancer Mortality Non-cancer Mortality 

With Smoking 
HR (95% CI)† 

Without Smoking 
HR (95% CI)‡ 

With Smoking 
HR (95% CI)† 

Without Smoking 
HR (95% CI)‡ 

With Smoking 
HR (95% CI)† 

Without Smoking 
HR (95% CI)‡ 

Isoprostane weights 
     Q 1   
     Q 2   
     Q 3   
     Q 4   
     p-trend* 
FOP weights 
     Q 1  
     Q 2   
     Q 3   
     Q 4   
     p-trend* 
Lit. Review weights 
     Q 1  
     Q 2   
     Q 3   
     Q 4   
      p-trend* 

 
1.0 

0.84 (0.74 – 0.94) 
0.79 (0.70 – 0.90) 
0.67 (0.59 – 0.77) 

<0.001 
 

1.0 
0.83 (0.73 – 0.92) 
0.76 (0.66 – 0.84) 
0.66 (0.58 – 0.75) 

<0.001 
 

1.0 
0.82 (0.73 – 0.92) 
0.73 (0.65 – 0.83) 
0.65 (0.57 – 0.74) 

<0.001 

 
1.0 

0.91 (0.80 – 1.03) 
0.93 (0.82 – 1.06) 
0.84 (0.73 – 0.96) 

0.078 
 

1.0 
0.92 (0.78 – 1.07) 
1.09 (0.93 – 1.27) 
0.90 (0.76 – 1.06) 

0.886 
 

1.0 
0.94 (0.83 – 1.06) 
0.96 (0.85 – 1.09) 
0.88 (0.77 – 1.00) 

0.151 

 
1.0 

0.71 (0.56 – 0.92) 
0.62 (0.48 – 0.81) 
0.48 (0.36 – 0.64) 

<0.001 
 

1.0 
0.69 (0.54 – 0.87) 
0.52 (0.40 – 0.68) 
 0.45 (0.34 – 0.59) 

<0.001 
 

1.0 
0.66 (0.52 – 0.85) 
0.56 (0.43 – 0.73) 
0.43 (0.32 – 0.57) 

<0.001 

 
1.0 

0.84 (0.65 – 1.09) 
0.82 (0.63 – 1.07) 
 0.66 (0.49 – 0.88) 

0.009 
 

1.0 
0.80 (0.62 – 1.04) 
0.82 (0.63 – 1.07) 
0.67 (0.51 – 0.89) 

0.013 
 

1.0 
0.81 (0.63 – 1.05) 
0.86 (0.66 – 1.11) 
0.66 (0.49 – 0.88) 

0.013 

 
1.0 

0.88 (0.77 – 1.01) 
0.85 (0.74 – 0.98) 
0.73 (0.63 – 0.85) 

<0.001 
 

1.0 
0.88 (0.76 – 1.00) 
0.82 (0.72 – 0.95) 
0.73 (0.63 – 0.85) 

<0.001 
 

1.0 
0.88 (0.76 – 1.00) 
0.79 (0.69 – 0.91) 
0.71 (0.61 – 0.82) 

<0.001 

 
1.0 

0.94 (0.82 – 1.08) 
0.98 (0.85 – 1.13) 
0.89 (0.76 – 1.04) 

0.342 
 

1.0 
0.97 (0.84 – 1.11) 
1.04 (0.90 – 1.20) 
0.98 (0.84 – 1.13) 

0.678 
 

1.0 
0.98 (0.85 – 1.13) 
0.99 (0.86 – 1.14) 
0.95 (0.82 – 1.10) 

0.686 
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TABLE 2.7.  Sensitivity analyses to evaluate the impact of individual OBS components on study results 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Abbreviations: OBS=oxidative balance score; HR=hazards ratio; CI=confidence interval; PUFA=polyunsaturated fatty acid;  
NSAID=non-steroidal anti-inflammatory drug 
† HR represents change in hazards for each additional OBS point.  All results are adjusted for age, sex, race, BMI, and total daily energy, education, 
exercise, and region  

 
 
 
 
 
 

Model 
All-cause Mortality Cancer Mortality Non-Cancer Mortality 

HR (95% CI)† HR (95% CI)† HR (95% CI)† 

Original model (Reference) 
OBS excluding PUFA controlled for PUFA 
OBS excluding iron controlled for iron  
OBS excluding vitamin C controlled for vitamin C 
OBS excluding lycopene controlled for lycopene 
OBS excluding α-carotene controlled for α-carotene 
OBS excluding β-carotene controlled for β-carotene 
OBS excluding lutein controlled for lutein 
OBS excluding β-cryptoxanthin controlled for β-cryptoxanthin 
OBS excluding α-tocopherol controlled for αtocopherol 
OBS excluding selenium controlled for selenium 
OBS excluding smoking controlled for smoking 
OBS excluding aspirin controlled for aspirin 
OBS excluding NSAID controlled for NSAID 
OBS excluding alcohol controlled for alcohol 

0.964 (0.953 – 0.976) 
0.961 (0.949 – 0.973) 
0.963 (0.951 – 0.976) 
0.964 (0.950 – 0.979) 
0.958 (0.946 – 0.971) 
0.961 (0.948 – 0.975) 
0.954 (0.939 – 0.970) 
0.971 (0.957 – 0.985) 
0.964 (0.951 – 0.977) 
0.967 (0.954 – 0.980) 
0.964 (0.951 – 0.976) 
0.989 (0.977 – 1.002) 
0.956 (0.944 – 0.969) 
0.965 (0.953 – 0.977) 
0.961 (0.949 – 0.973) 

0.929 (0.905 – 0.954) 
0.928 (0.903 – 0.953) 
0.933 (0.908 – 0.958) 
0.928 (0.899 – 0.958) 
0.923 (0.897 – 0.949) 
0.928 (0.900 – 0.958) 
0.923 (0.891 – 0.956) 
0.924 (0.896 – 0.954) 
0.916 (0.889 – 0.943) 
0.924 (0.897 – 0.952) 
0.926 (0.900 – 0.952) 
0.966 (0.940 – 0.993) 
0.928 (0.902 – 0.954) 
0.929 (0.904 – 0.954) 
0.931 (0.906 – 0.956) 

0.973 (0.960 – 0.987) 
0.969 (0.956 – 0.983) 
0.971 (0.957 – 0.985) 
0.973 (0.957 – 0.989) 
0.967 (0.952 – 0.981) 
0.969 (0.954 – 0.985) 
0.962 (0.945 – 0.980) 
0.983 (0.967 – 0.999) 
0.976 (0.961 – 0.991) 
0.978 (0.963 – 0.993) 
0.973 (0.959 – 0.987) 
0.995 (0.981 – 1.009) 
0.963 (0.949 – 0.977) 
0.974 (0.960 – 0.988) 
0.968 (0.955 – 0.982) 
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ABSTRACT 

Stroke is one of the leading causes of mortality and morbidity worldwide.  A 

considerable body of evidence indicates that oxidative stress is a fundamental mechanism 

of brain injury in stroke.  However, epidemiologic studies that examined the association 

between individual anti- or pro-oxidant and stroke incidence or mortality had inconsistent 

results.  Recently, we and others proposed oxidative balance score (OBS) as a measure of 

combined pro- and anti-oxidant exposure status, which was used in studies of various 

chronic diseases.  In this study, we use data from a large national prospective cohort 

study to examine the relation of OBS comprised of 14 a priori selected oxidative stress 

related exposures to incident stroke while exploring alternative methods of weighting the 

OBS components.   

Data for individual pro- and anti-oxidant exposure were collected at baseline by 

telephone questionnaire in the Reasons for Geographic and Racial Differences in Stroke 

(REGARDS) cohort participants, who were enrolled in 2003-2007.  The OBS was 

calculated by combining information from a total of 14 a priori selected pro- and anti-

oxidant factors, including intakes of polyunsaturated fatty acid, iron, vitamin C, lycopene, 

α-carotene, β-carotene, lutein, β-crypoxanthin, α-tocopherol, and selenium, smoking 

status, alcohol, and regular use of aspirin and NSAID.  The overall OBS was divided into 

quartiles with the lowest quartile (predominance of pro-oxidants) as reference.  Each 

OBS component was included in the overall score using four weighting methods:  1) 

equal weights; 2) literature-based weights; 3) fluorescent oxidation products (FOP)-based 

weights; and 4) F2-isoprostanes (FIP)-based weights.  The association between OBS and 

stroke incidence was assessed by Cox proportional hazard regression analysis.  
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Over a median follow-up period of 5.8 years, 469 of the 19,632 participants had 

stroke incidence.  Higher OBS had no significant effect on incident stroke or stroke 

mortality in either unadjusted or adjusted analysis. After adjustment for age, sex, race, 

BMI, systolic blood pressure, cholesterol, diabetes, total energy, education, income, 

region, and physical activity, the hazard ratios (95% CI) for stroke incidence and stroke 

mortality for highest quartile were: 0.92 (0.69 – 1.24) and 0.96 (0.48 – 1.91), respectively 

when compared with those with lowest OBS quartile.  Very similar results were observed 

across all weighting methods.  Future researches are warranted to clarify the role of 

different risk factors for stroke. 

 

INTRODUCTION 

Stroke is one of the leading causes of mortality and morbidity worldwide.  In the 

United States stroke is responsible for one of every 19 deaths with approximately 

790,000 new or recurrent stroke events reported per year [189].  This makes primary 

prevention of stroke a major public health priory [190]. 

A considerable body of evidence indicates that oxidative stress is a fundamental 

mechanism of brain injury in stroke [124, 191, 192].  Brain tissue is particularly 

susceptible to free-radical damage because it is very rich in polyunsaturated fatty acids, 

which are vulnerable to free-radical lipid peroxidation, low in protective antioxidants 

enzymes, such as glutathione peroxidase, and possesses high levels of iron, which is a 

potent pro-oxidant [125-128, 190, 193-195].  Reactive oxygen species (ROS) affect both 

cellular and vascular brain function.  Cellular effects of ROS include lipid peroxidation, 

protein denaturation, DNA modification, damage to the cytoskeletal structure, and 

chemotaxis [124].  At the vascular level, ROS exert their effects at very low 
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concentrations, leading to increased vasodilation, platelet aggregation, increased 

endothelial permeability, altered reactivity to vasodilators, and formation of focal lesions 

in endothelial cell membrane [129]. 

Despite biological plausibility, epidemiologic studies that examined the 

association between individual anti- or pro-oxidant exposures and stroke incidence or 

mortality produced inconsistent results [196-201].  One potential explanation for this 

discrepancy is the complex and multi-factorial mechanism by which oxidative stress may 

affect stroke.  The independent effects of individual exposures may not offer complete 

insight into their roles in maintaining the overall oxidative balance because of the likely 

inter-correlations and biological interactions involving multiple pro- and anti-oxidant 

factors [21].  The difficulties of evaluating effects of individual antioxidants may be 

overcome by employing the concept of an integrated antioxidant network, which takes 

into account that antioxidants of differing solubility are residing next to each other in 

cellular structures and tissues, integrating and regenerating each other [157].  This 

situation is somewhat similar to the difficulties encountered in nutrition research, in 

which the pursuit of effects exerted by individual nutrients has been replaced by use of 

dietary pattern analyses, as illustrated by the use of the Mediterranean diet score [202-

206].   

Recently, we [25-27] and others [143, 163] proposed oxidative balance score 

(OBS) as a measure of combined pro- and anti-oxidant exposure status.  The concept of 

OBS was used in studies of various chronic diseases; however, none of those studies has 

examined the association between OBS and stroke.  In the present study, we use data 

from a large national prospective cohort study to examine the relation of OBS comprised 
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of 14 a priori selected oxidative stress related exposures to incident stroke and stroke 

mortality while exploring alternative methods of weighting the OBS components.  We 

hypothesize that higher OBS, which reflects predominance of anti-oxidant exposures, is 

associated with a reduction in risks of stroke and stroke-related death.    

 

METHODS 

Study population and data collection 

The Reasons for Geographic and Racial Differences in Stroke (REGARDS) Study 

is a national, population-based prospective cohort study aimed to examine the reason for 

variation in stroke incidence and mortality in the United States.  Details on recruitment 

and data collection were reported previously [147].  Briefly, between January 2003 and 

October 2007, 30,239 black and white individuals aged 45 years or older were randomly 

selected and recruited through mail and telephone contacts.  The cohort members were 

recruited from across the US with oversampling of blacks and persons from the “stroke 

belt” region of the United States.  The “stroke belt” describes the southeastern region of 

the United States (North Carolina, South Caroline, Georgia, Tennessee, Mississippi, 

Alabama, Louisiana, and Arkansas) with a high incidence and mortality of stroke [145].  

Exclusion criteria were race other than black or white, active treatment for cancer, 

cognitive impairment as judged by the telephone interviewer, medical conditions 

preventing long-term participation, residence in or inclusion on a waiting list for a 

nursing home, or inability to communicate in English.   

After obtaining verbal and written informed consent, demographic and medical 

history data, including information on risk factors, were collected by computer-assisted 

telephone interviewing (CATI).  Variables included age, race, and sex of the participants, 
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use of aspirin and non-steroidal anti-inflammatory drugs (NSAIDs), cigarette smoking, 

alcohol intake, and measures of socioeconomic status (education and income).  Following 

the telephone interview, an in-home visit was completed to obtain blood and urine 

samples and collect information on the presence of risk factors, such as blood pressure, 

height and weight.  Additional information was collected through self-administered 

questionnaires, including the Block 98 food-frequency questionnaire (FFQ).  The Block 

98 FFQ is an 8-page form with more than 150 multiple-choice questions based on 107 

food items, which was used to assess energy intake, dietary fat, and nutritional intakes.  

At every six month interval, each participant was then followed via telephone interview 

to ascertain development of stroke and other outcomes. 

Of the 30,239 participants enrolled in the REGARDS Study, 8,603 who did not 

complete the modified Block 98 FFQ were excluded from the current analysis.  In 

addition, the analytic dataset excluded 1,115 participants with prevalent stroke at 

baseline, 690 participants with missing data on at least one OBS component, and 199 

participants with missing data on key covariates.  After these exclusions, data for 19,632 

participants were available for the final analyses.  

Oxidative Balance Score (Main Exposure Variable) 

The oxidative balance score (OBS) was calculated by combining information 

from a total of 14 a priori selected pro- and anti-oxidant factors, including intakes of 

polyunsaturated fatty acids, iron, vitamin C, lycopene, α-carotene, β-carotene, lutein, β-

crypoxanthin, α-tocopherol, selenium, smoking status, alcohol consumption and regular 

use of aspirin and other NSAIDs (TABLE 3.1).  The continuous variables reflecting pro-

oxidant (unsaturated fat and iron) and antioxidant (vitamin C, lycopene, α-carotene, β-
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carotene, lutein, β-cryptoxanthin, α-tocopherol, and selenium) exposures were divided 

into low, medium, and high categories based on each exposure’s tertile values.  For anti-

oxidants, the first through third tertiles were assigned 0 through 2 points, respectively, 

whereas the corresponding point assignment for pro-oxidants were carried out in reverse 

(0 points for the highest tertile and 2 points for the lowest tertile).  A similar scoring 

approach was used for pro- and anti-oxidant categorical variables.  Smoking status was 

categorized as never (2 points), former (1 point), and current (0 points).  For aspirin and 

NSAIDs use, 0 points were assigned to participants with no regular use, 1 point to those 

with unknown or missing data, and 2 points to those with regular use.  For alcohol 

consumption, non-drinkers, moderate drinkers (1-7 drinks/week for women and 1-14 

drinks/week for men), and heavy drinker (>7 drinks/week for women and >14 

drinks/week for men) received 2, 1 and 0 points respectively. 

OBS Weighting 

Each OBS component was included in the overall score using four weighting 

methods:  1) equal weights; 2) literature-based weights; 3) weights based on the 

magnitude of association between each component and fluorescent oxidation products 

(FOP); and 4) weights based on the magnitude of association between each component 

and F2-isoprostanes (FIP).  The weights for each OBS component are summarized in 

Table 3.2.  

The equal weights approach assumed that all OBS component equally contributed 

to the overall score.  By contrast, the other three methods assigned weights based on the 

presumed magnitude of the pro- and anti-oxidant effects. 
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For the literature-based method each OBS component was weighted according to 

the results of most recent systematic reviews/meta-analysis evaluating the association 

between this component and incident stroke.  In the absence of a recent systematic 

review/meta-analysis for any of the OBS components, a de novo meta-analysis was 

conducted.  For each OBS component, weights were calculated based on the pooled (i.e., 

meta-) risk estimates (meta-RR).  For each pro-oxidant the weights were equal to meta-

RR, while for antioxidants the corresponding weights were calculated as 1/meta-RR.   

The two biomarker (FOP and FIP)-based weighting methods used pooled data 

from two previously completed case-control studies of colorectal adenoma (MAP I and 

MAP II) that employed virtually identical protocols.  The detailed study methods for 

MAP I [164, 165] and MAP II [166, 167] have been previously published.  In both 

studies, a modified 153-item Willett Food Frequency Questionnaire was administered to 

obtain information on dietary intakes and use of nutritional supplements [168, 169].  For 

both studies, blood was collected, handled, and stored in a manner to allow measurements 

of FOP and FIP.  For both FIP- and FOP-based weighting, we used adjusted 

multivariable logistic regression models to quantify the relation between each OBS 

component and each of the two markers of oxidative stress.  The adjusted odds ratio 

estimates from these logistic models were used to assign weights.  

Outcome Measures 

The primary outcome in this study was incident stroke.  Participants or next-of-

kin of the deceased cohort members who reported an incident stroke diagnosis on a 

follow-up questionnaire were asked permission to review relevant medical records.  Two 

committee members reviewed the records independently using accepted criteria for stroke 

diagnosis [207, 208] and sub-classified stroke into ischemic, hemorrhagic, or unknown 
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type.  No further action was taken if the two reviewers agreed on the occurrence of stroke 

and stroke subtype.  In cases of disagreement, a third adjudicator reviewed the potential 

event.  We used three different definitions:  1) WHO-defined stroke – focal neurological 

deficit lasting ≥ 24 hours, confirmed by medical records; 2)  Clinical stroke – focal or 

non-focal neurological deficit with positive imaging that may or may not last 24 hours, 

and confirmed by medical records; and 3) National Death Index (NDI)-confirmed stroke 

as underlying cause of death without medical records.  Only adjudicated first stroke cases 

were included in this analysis.   

The secondary outcome in this study was stroke mortality.  A death of a 

participant was ascertained during telephone follow up or through Web-based restricted-

access database searches (e.g., Lexis-Nexis), and was later confirmed through death 

certificates.  In addition, interviews with next-of-kin or proxies of deceased participants 

were conducted to confirm the death and the date of death.  Information on the cause of 

death was also obtained from death certificates.  Death cases and causes of death were 

reviewed independently by two adjudicators, and disagreements were resolved by 

committee. Adjudicators used baseline participant clinical characteristics, proxy 

interviews, death certificates, and if available, medical records from hospitalizations 

occurring within 30 days of the participant’s death to determine the cause of death. 

 
Statistical analysis 

Each version of OBS (unweighted and weighted using literature-, FOP- and FIP-

based methods) was divided into quartiles, with the lowest quartile (predominance of pro-

oxidant exposures) used as reference.  The total follow-up time for each individual was 

calculated as the time between first visit interview and the date of incident stroke, date of 
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death, the date of the last study visit, the date of withdrawal or loss to follow-up, or 

March 1, 2012, whichever came first.  The Kaplan-Meier survival curves accompanied 

by a log-rank test and the corresponding p-value were used to assess the unadjusted 

association between OBS and incident stroke.  The adjusted associations between OBS 

and both incident stroke and stroke mortality were examined using Cox proportional 

hazard models, that controlled for age, sex, race, SES, region, BMI, total daily energy 

intake, systolic blood pressure, diabetes, cholesterol, and physical activity.  Results of 

multivariable survival analyses were expressed as, adjusted hazard ratios (HR) with 

corresponding 95% confidence intervals (CI).  Proportional hazards assumptions were 

tested by inspecting –ln(ln) survival curves for each variable in the model.  A condition 

index of 30 or greater, coupled with a variance decomposition proportion of 0.5 or greater 

was considered as evidence of collinearity.  Stratified analyses were conducted to 

examine whether the associations between OBS and incident stroke are modified by race, 

gender, region, and stroke subtype.  We further performed sensitivity analyses to evaluate 

the effect of individual OBS component on incident stroke.  A two-sided p-value of less 

than 0.05 was considered as evidence of statistical significance.  All statistical analyses 

were performed with SAS version 9.3 (SAS Institute, Cary, NC) statistical software 

package. 

 

RESULTS 

Baseline characteristics of the study cohort by OBS category are shown in 

TABLE 3.  Compared with those in the lowest OBS quartile, participants in the highest 

quartile were on average three years older (66 vs. 63), included a greater proportion of 

whites (70.2% vs. 65.3%), and had more females (58.4% vs. 54.8%).  There was no 
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difference in BMI, systolic blood pressure, and diabetes status between highest and 

lowest OBS quartile groups.  However, persons in the highest OBS quartile were also 

more likely to have higher cholesterol, daily energy intake, education and income, and 

reside in the non-stroke belt states.  The evaluations of individual OBS components 

according to OBS quartiles are presented in TABLE 4.  Contrary to expectation, intakes 

of daily polyunsaturated fatty acids (PUFA) and iron were higher in higher OBS quartile 

groups.  As expected, the intakes of antioxidants (vitamin C, lycopene, α-carotene, β-

carotene, lutein, β-cryptoxanthin, vitamin E, and selenium) were significantly increased 

among cohort members with higher OBS values.  Participants in the higher OBS quartiles 

were also more likely to be never smokers and non-drinkers, and regularly use aspirin 

and/or NSAIDs.   

During average 5.8 years of follow-up (range 0 – 9.1 years), we ascertained 469 

cases of incident stroke, of which 87% were ischemic strokes.  There were 72 deaths due 

to stroke. Higher OBS was not associated with incident stroke or stroke mortality in 

either unadjusted or adjusted analysis (TABLE 5).  TABLE 6 shows the associations 

between OBS and incident stroke based on different weighting methods.  Similar 

statistically non-significant associations were observed when the analyses were repeated 

with different weights (TABLE 6).  Stratified analysis showed that associations between 

OBS and incident stroke were not modified by race, gender, region, and stroke subtype 

(Supplemental Tables).   

Table 7 presents the sensitivity analyses in which the observed results for the 

original 14-component OBS (treated as a continuous variable) were compared to the 

corresponding results after each OBS component was removed from the score and 
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included in the model as a covariate.  Removal of any single OBS component did not 

produce meaningful changes. 

 

DISCUSSION 

In this population-based large prospective cohort study, we examined a 

comprehensive oxidative balance score (OBS) as predictor of incident stroke with an 

expectation that OBS may better reflect the oxidative balance than any single pro- or anti-

oxidant.  We observed no overall effect of higher OBS on the incidence of stroke.  There 

was also no association between OBS and stroke mortality. 

While basic science evidence implicating oxidative stress in stroke pathogenesis 

is strong, translation of these fundamental concepts into clinical applications has been be 

challenging and so-far disappointing [209].  The Alpha-Tocopherol Beta-Carotene 

Prevention (ATBC) Study [195] investigated the effect of β-carotene, vitamin E, or both, 

on the major cardiac events and lung cancer in a population of middle-aged male 

cigarette smokers in Finland.  The study observed slightly higher rates of stroke incidence 

and mortality in both the vitamin E and the β-carotene groups compared to the placebo 

group.  Nutrition intervention trial in Linxian, China, which is one of the earliest large-

scale randomized trials of vitamins, also examined the effect of multiple 

vitamins/minerals including antioxidants.  In the Linxian study, participants were 

randomized to one of eight groups which received combinations of four supplements: 

retinol and zinc (Factor A); riboflavin and niacin (factor B); vitamin C and molybdenum 

(factor C); and β-carotene, α-tocopherol (vitamin E), and selenium (factor D).  Compared 

to the placebo group, none of the seven randomization groups that received combination 

of nutritional supplements showed statistically significant reduction in stroke mortality 
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[210].  The Heart Protection Study (HPS) [211] also showed that antioxidant 

supplementation has no beneficial effects on the risk of stroke.  After 5 years of daily 

supplementation of high-risk individuals with 600 mg vitamin E, 250 mg vitamin C, and 

20 mg β-carotene, no significant differences in incident stroke were observed between 

treatment and placebo groups (Risk Ratio = 0.99; 95% CI: 0387 – 1.12).  

The results of several observational studies evaluating the association of dietary 

anti-oxidants with stroke were similar to those reported in clinical trials.  In a large 

Danish prospective cohort study, intakes of fruit and vegetables did not significantly 

reduce the risk of ischemic stroke with a risk ratio of 0.72 (95% CI: 0.47-1.12) when a 

persons in the top quintile of fruit and vegetable intake compared to the persons in the 

bottom quintile [212].  In a Dutch cohort study, total and processed fruit and vegetables 

intakes were not associated with incident stroke [213].  After multivariable adjustments, 

neither raw fruit and vegetable intake nor processed fruit and vegetable intake was 

associated with total stroke incidence (HR = 0.70; 95% CI: 0.47 – 1.03 and HR = 1.20; 

95% CI: 0.81 – 1.76, respectively) when comparing the highest and the lowest quartiles.  

Similar results were observed regardless of different stroke subtypes.  Yochum  et al. also 

examined the association between antioxidant vitamin intakes, both dietary and 

supplemental, among postmenopausal women in the Iowa Women’s Health Study [214].  

The study found that total vitamin A, carotenoid, retinol, vitamin C, and vitamin E 

intakes were not associated with death from stroke after multivariate adjustments. 

The null results observed in our and other studies may have several explanations.  

Studies have shown that different stroke types and locations may have distinct causes and 

risk factors [215].  Our stratified analysis demonstrated no difference in results for 
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ischemic and hemorrhagic strokes but this stratification was rather crude and was affected 

by the small number (n=61) of hemorrhagic strokes.  It is also possible that physiologic 

risk factors, such as hypertension and diabetes, all of which strongly affect oxidative 

stress, have much greater impact than modifiable exposures included in the OBS.    For 

example, INTERSTROKE, a large international case-control study found that five risk 

factors – hypertension, current smoking, abdominal obesity, diet, and physical activity – 

accounted for more than 80% of the global risk of all stroke.  [216].   

While OBS was not associated with stroke in the present study, in other studies it 

was found to be associated with several other outcomes including colorectal adenoma, 

cancer, and all-cause mortality.  We others previously reported a substantial decrease in 

risk associated with a high OBS category for both colorectal adenoma and colorectal 

cancer [163, 217].   In another study conducted among male smokers in Belgium, Van 

Hoydonck et al. combined intakes of two dietary antioxidants (vitamin C and β-carotene) 

and one pro-oxidant (iron) to develop their oxidative balance score [143].  Men in the 

highest category OBS, which unlike ours was constructed to reflect a presumably harmful 

effect, had a statistically significant 44% increase in all-cause mortality and an even 

greater (62%) increase in cancer mortality compared with men in the lowest OBS group.   

There are several potential limitations in this study.  We used self-reported intakes 

to assess pro- and anti-oxidant exposure.  It has long been acknowledged that the 

questionnaires may not capture all the possible sources of each nutrient, does not account 

for bioavailability, and is subject to recall bias [183].  Although the validity and 

reliability of the FFQ used in our study has been extensively evaluated [184-186], it is 

possible that some degree of misclassification may still exist.  We hypothesize that such 
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bias is non-differential, thus shift our estimates toward the null value.  Furthermore, we 

only used baseline measurements of OBS components.  Future studies should consider 

use of repeated measurements of OBS components to obtain a better assessment of long-

term overall anti- and pro-oxidant exposures and to reduce measurement error.   

Another limitation of this study is that we did not have participants’ genetic 

information. Twin and family history studies support an important role of genetic factors 

in stroke risk [218-220].  For example, previous twin studies have shown that stroke 

prevalence is about five times higher in monozygotic than in dizygotic twins [218].  

Furthermore, the OBS score in our study is limited to dietary and lifestyle exposures and 

does not include any endogenous factors that influence cellular anti-oxidant defense, 

repair of ROS-induced damage, and other pathophysiologic mechanisms that play a role 

in stroke [221].   

 

CONCLUSION 

This large prospective study shows that higher OBS is not significantly associated 

with lower stroke incidence or mortality.  In 2010, the AHA developed its 2020 impact 

goal to reduce deaths from cardiovascular disease and stroke by 20% [222].  To help 

achieve this goal, future researches are warranted to clarify the role of oxidative stress in 

stroke by focusing on factors that were included in the OBS and by examining different 

pathophysiologic and anatomic subtypes of stroke. 
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TABLE 3.1. Oxidative balance score (OBS) assignment scheme 

 

Abbreviations: PUFA = Polyunsaturated fatty acid; NSAID = Non-steroidal anti-inflammatory drug 
† Low, intermediate, and high categories correspond to sex-specific tertile values among participants in the 
REGARDS cohort. 
*Total intake = Dietary intake + supplemental intake (when available)  

 

 

 
 

Oxidative Balance Score (OBS) 
Components 

Assignment Scheme† 
 

1.  PUFA intake 
2.  Total* iron intake 
3.  Total vitamin C intake 
4.  Total lycopene level 
5.  Total α-carotene level 
6.  Total β-carotene level 
7.  Total lutein level 
8.  Total β-cryptoxanthin level 
9.  Total α-tocopherol level 
10.  Selenium level 
11.  Smoking history 
12.  Regular aspirin use 
13.  Regular NSAID use 
14.  Alcohol consumption 

0 = High (3rd tertile), 1 = Intermediate (2nd tertile), 2 = Low (1st tertile) 
0 = High (3rd tertile), 1 =  Intermediate (2nd tertile), 2 = Low (1st tertile) 
0 = Low (1st tertile), 1 =  Intermediate (2nd tertile), 2 = High (3rd tertile) 
0 = Low (1st tertile), 1 =  Intermediate (2nd tertile), 2 = High (3rd tertile) 
0 = Low (1st tertile), 1 =  Intermediate (2nd tertile), 2 = High (3rd tertile) 
0 = Low (1st tertile), 1 =  Intermediate (2nd tertile), 2 = High (3rd tertile) 
0 = Low (1st tertile), 1 =  Intermediate (2nd tertile), 2 = High (3rd tertile) 
0 = Low (1st tertile), 1 =  Intermediate (2nd tertile), 2 = High (3rd tertile) 
0 = Low (1st tertile), 1 =  Intermediate (2nd tertile), 2 = High (3rd tertile) 
0 = Low (1st tertile), 1 =  Intermediate (2nd tertile), 2 = High (3rd tertile) 
0 = Current smoker, 1 = Former smoker, 2 = Never smoker 
0 = No regular use, 1 = Unknown (missing data), 2 = Regular Use  
0 = No regular use, 1 = Unknown (missing data), 2 = Regular Use 
0 = None, 1 = Moderate, 3 = Heavy 
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TABLE 3.2. Oxidative balance score (OBS):  Weights assigned to individual 
components  

 

Abbreviations: OBS=Oxidative Balance Score PUFA=Polyunsaturated fatty acid; NSAID=Non-steroidal 
anti-inflammatory drug; FOP=fluorescent oxidation products; Lit.=literature 
 
 
 

 

 

 

 

 

 

OBS Components 

Weightings 

F2-isoprostanes FOP Lit. Review 

Male Female Male Female Both sex 
1.  PUFA intake 
2.  Total iron intake 
3.  Total vitamin C intake 
4.  Total lycopene level 
5.  Total α-carotene level 
6.  Total β-carotene level 
7.  Total lutein level 
8.  Total β-cryptoxanthin level 
9.  Total α-tocopherol level 
10.  Selenium level 
11.  Smoking history 
12.  Regular aspirin use 
13.  Regular NSAID use 
14.  Alcohol consumption 

0.87 
0.70 
1.81 
1.17 
1.43 
1.45 
1.61 
1.69 
1.79 
1.32 
1.74 
1.28 
1.06 
1.07 

0.91 
0.54 
1.48 
1.35 
1.22 
1.31 
1.73 
1.38 
1.30 
2.18 
1.43 
1.20 
1.04 
0.99 

1.23 
0.88 
1.12 
0.82 
0.85 
0.97 
0.97 
1.16 
0.98 
1.12 
1.60 
0.87 
0.70 
1.35 

1.24 
0.94 
0.85 
0.89 
0.75 
0.83 
0.68 
1.11 
0.91 
1.61 
1.80 
0.91 
0.96 
1.23 

0.91 
1.52 
1.27 
1.06 
1.06 
1.11 
1.43 
1.00 
0.98 
0.98 
2.60 
1.06 
0.64 
1.02 
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TABLE 3.3. Selected baseline characteristics of the REGARDS cohort by OBS  
           quartile 
 

Abbreviations:  BMI = body mass index; SBP = systolic blood pressure 
†Values for age, BMI, energy, and follow-up years are mean (+SD) and race, sex, education, income, and 
region are number (percent). 
‡ Based on the ANOVA for continuous variables and chi-square (X²) test for categorical variables. 

 

Characteristic (Units)† 
 

Q1: OBS 3-11 
(n=5,322) 

Q2: OBS 12-14 
(n=5,211) 

Q3: OBS 15-17 
(n=5,148) 

Q4: OBS 18-26 
(n=3,951) 

Age, years  
 
Race  
     White 
     Black 
      
Sex 
     Male 
     Female 
 
BMI* (kg/m²) 
 
SBP (mmHg) 
 
Cholesterol (mg/dL) 
 
Diabetes  
     Yes 
     No 
 
Energy (cal) 
 
Education 
     Less than High School 
     High School Graduate 
     Some College 
     College Graduate and 
Above 
  
Income   
     Less than $20k 
     $20k - $34k 
     $35k - $74k 
     $75k and above 
     Refused 
 
Region 
     Stroke Belt 
     Stroke Buckle 
     Non-belt 
 
Follow-up Time*, years    

63.5 (9.2) 
 
 

3,475 (65.3) 
1,847 (34.7) 

 
 

2,404 (45.2) 
2,918 (54.8) 

 
28.8 (6.0) 

 
126.5 (16.5) 

 
188.7 (118.8) 

 
 

980 (18.4) 
4,342 (81.6) 

 
1,477.8 (604.5) 

 
 

606 (11.4) 
1,587 (29.8) 
1,506 (28.3) 
1,623 (30.5) 

 
 

887 (16.7) 
1,344 (25.2) 
1,615 (30.3) 
871 (16.4) 
605 (11.4) 

 
 

1,925 (36.2) 
1,225 (23.0) 
2,172 (40.8) 

 
5.6 (1.9) 

64.5 (9.4) 
 
 

3,444 (66.1) 
1,767 (33.9) 

 
 

2,282 (43.8) 
2,929 (56.2) 

 
29.1 (6.1) 

 
126.6 (15.9) 

 
204.9 (125.9) 

 
 

1,011 (19.4) 
4,200 (80.6) 

 
1,645.9 (669.1) 

 
 

501 (9.6) 
1,368 (26.3%) 
1,438 (27.6) 
1,904 (36.5) 

 
 

786 (15.1) 
1,262 (24.2) 
1,632 (31.3) 
912 (17.5) 
619 (11.9) 

 
 

1,838 (35.3) 
1,147 (22.0) 
2,226 (42.7) 

 
5.7 (1.9) 

65.4 (9.1) 
 
 

3,528 (68.5) 
1,620 (31.5) 

 
 

2,250 (43.7) 
2,898 (56.3) 

 
29.0 (6.0) 

 
126.5 (16.1) 

 
220.9 (134.3) 

 
 

983 (19.1) 
4,165 (80.9) 

 
1,812.5 (724.7) 

 
 

419 (8.1) 
1,167 (22.7) 
1,360 (26.4) 
2,202 (42.8) 

 
 

753 (14.6) 
1,148 (22.3) 
1,714 (33.3) 
935 (18.2) 
598 (11.6) 

 
 

1,699 (33.0) 
1,126 (21.9) 
2,323 (45.1) 

 
5.8 (1.9) 

65.9 (9.0) 
 
 

2,774 (70.2) 
1,177 (29.8) 

 
 

1,644 (41.6) 
2,307 (58.4) 

 
29.3 (6.1) 

 
126.6 (16.0) 

 
229.8 (135.3) 

 
 

782 (19.8) 
3,169 (80.2) 

 
1,966.3 (750.8) 

 
 

253 (6.4) 
853 (21.6) 

1,053 (26.6) 
1,792 (45.4) 

 
 

519 (13.1) 
928 (23.5) 

1,288 (32.6) 
777 (19.7) 
439 (11.1) 

 
 

1,292 (32.7) 
825 (20.9) 

1,834 (46.4) 
 

5.9 (1.9) 
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TABLE 3.4. Individual components of the score by OBS quartile  

Characteristics (Units) 
Mean (by OBS Quartile) 

Quartile 1 
(n=5,322) 

Quartile 2 
(n=5,211 ) 

Quartile 3 
(n=5,148) 

Quartile 4 
(n=3,951) 

Daily PUFA from intake (g) 
     Men (n=8,580) 
     Women (n=11,052) 

 
18.3 (9.7) 
15.7 (9.2) 

 
19.8 (10.8) 
17.0 (6.7) 

 
21.2 (11.0) 
18.3 (10.2) 

 
21.7 (11.0) 
19.2 (10.4) 

Total* iron intake (mg) 
     Men 
     Women 

 
17.8 (13.5) 
18.1 (16.5) 

 
23.6 (15.8) 
23.1 (18.7) 

 
27.8 (17.3) 
26.7 (18.9) 

 
30.7 (19.1) 
30.5 (21.1) 

Total vitamin C intake (mg) 
     Men 
     Women 

 
122.6 (178.7) 
148.1 (226.9) 

 
279.5 (351.2) 
285.7 (349.3) 

 
427.4 (476.1) 
437.1 (442.5) 

 
647.9 (559.1) 
625.8 (526.9) 

Daily lycopene intake (µg) 
     Men 
     Women 

 
2,960.3 (3,177.3) 
2324.2 (2,523.6) 

 
4,300.4 (4,638.5) 
3,349.2 (3,733.3) 

 
5,397.8 (5,037.8) 
4,294.0 (4,476.3) 

 
7,326.0 (6,898.4) 
5,796.3 (5,443.0) 

Daily α-carotene intake (µg) 
     Men 
     Women 

 
328.7 (291.9) 
298.0 (241.1) 

 
527.9 (493.2) 
521.3 (561.4) 

 
857.9 (784.6) 
853.5 (884.3) 

 
1,239.3 (1,099.9) 
1,246.9 (1,087.8) 

Total β-carotene intake (µg) 
     Men 
     Women 

 
2,165.9 (1,822.8) 
2,264.5 (1,574.1) 

 
3,783.3 (3,579.1) 
4,107.1 (3,999.6) 

 
6,208.2 (5,797.8) 
6,431.5 (5,485.5) 

 
8,987.3 (7,497.0) 
9,402.0 (7,454.6) 

Daily lutein intake (µg) 
     Men 
     Women 

 
830.5 (596.7) 
976.9 (834.0) 

 
1,322.4 (1,011.9) 
1,545.0 (1,408.8) 

 
1,969.1 (1,649.5) 
2,395.3 (2,176.0) 

 
2,827.7 (2,441.4) 
3,358.7 (2,809.9) 

Daily β-cryptoxanthin intake (µg) 
     Men 
     Women 

 
63.3 (83.2) 
53.2 (69.7) 

 
115.7 (122.2) 
102.9 (109.9) 

 
156.3 (137.8) 
142.4 (141.0) 

 
208.1 (161.2) 
191.6 (157.0) 

Total vitamin E intake (α-TE) 
     Men 
     Women 

 
35.4 (90.3) 
38.7 (89.9) 

 
83.8 (148.7) 
88.6 (156.5) 

 
131.9 (184.6) 
127.7 (172.2) 

 
195.9 (192.5) 
191.9 (194.3) 

Daily selenium supplement (mcg) 
     Men 
     Women 

 
79.8 (35.4) 
66.3 (31.3) 

 
98.7 (48.6) 
82.0 (42.4) 

 
118.5 (61.6) 
98.1 (50.8) 

 
141.0 (73.9) 
118.6 (62.8) 

Smoking 
     Never smokers 
     Former smokers 
     Current smokers 

 
1,708 (32.1) 
2,258 (42.4) 
1,356 (25.5) 

 
2,297 (44.1) 
2,247 (43.1) 
667 (12.8) 

 
2,568 (49.9) 
2,147 (41.7) 

433 (8.4) 

 
2,248 (61.9) 
1,339 (33.9) 

164 (4.1) 
Alcohol intake 
     Non-drinkers 
     Moderate drinkers 
     Heavy drinkers 

 
2,813 (52.9) 
2,089 (39.2) 

420 (7.9) 

 
3,087 (59.2) 
1,908 (36.6) 

216 (4.2) 

 
3,059 (59.4) 
1,914 (37.2) 

175 (3.4) 

 
2,635 (66.7) 
1,239 (31.4) 

77 (1.9) 
Regular aspirin use 1,414 (26.6) 2,096 (40.2) 2,427 (47.2) 2,537 (64.2) 
Regular NSAIDs use 432 (8.1) 659 (12.7) 835 (16.3) 1,055 (26.8) 
Total OBS 9.2 (1.6) 13.0 (0.8) 16.0 (0.8) 19.4 (1.4) 

1 Values are presented as mean (SD) or number (%). Abbreviations: PUFA = Polyunsaturated fatty acid; 
NSAID = Non-steroidal anti-inflammatory drug; OBS = Oxidative balance score; SD = Standard deviation 
* Total intake = daily intake from food + average daily intake from supplement 
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TABLE 3.5.  Association between incident stroke and stroke mortality and OBS in  
            the REGARDS cohort:  Equal weighting 

 

Abbreviations: OBS=oxidative balance score; HR=hazards ratio; CI=confidence interval; Q=quartile 
† Adjusted for age, sex, race, BMI, and total daily energy, systolic blood pressure, cholesterol, diabetes, 
education, income, exercise, and region 
*p-trend assessed by X² test for linear trend  
OBS ranges: Q1=3-11; Q2=12-14; Q3=15-17; Q4=18-26 

 

Interval  
(OBS Range: 3-26) 

Stroke  
Incidence/ Mortality 

No Stroke 
 Incidence/ Mortality 

Crude  
HR (95% CI) 

Multivariate 
HR (95% CI)† 

Stroke Incidence 
     Q 1   
     Q 2   
     Q 3   
     Q 4   
     p-trend* 
Stroke Mortality 
     Q 1  
     Q 2   
     Q 3   
     Q 4   
     p-trend* 

(n = 469) 
136 
115 
120 
98 
 

(n=72) 
21 
12 
22 
17 

(n = 19,163) 
5,186 
5,096 
5,028 
3,853 

 
(n = 17,814) 

4,759 
4,749 
4,682 
3,624 

 
1.0 

0.85 (0.67 – 1.10) 
0.89 (0.69 – 1.13) 
0.94 (0.72 – 1.21) 

0.84 
 

1.0 
0.57 (0.28 – 1.17) 
1.05 (0.58 – 1.90) 
 1.04 (0.55 – 1.98) 

0.52 

 
1.0 

0.80 (0.61 – 1.05) 
0.86 (0.65 – 1.12) 
0.92 (0.69 – 1.24) 

0.84 
 

1.0 
0.54 (0.26 – 1.12) 
0.99 (0.53 – 1.86) 
0.96 (0.48 – 1.91) 

0.73 
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TABLE 3.6.  Association between incident stroke and OBS in the REGARDS   
                            cohort:  Different weighting approaches 
 

Abbreviations: OBS=oxidative balance score; FIP=F2-isoprostanes; FOP=fluorescent oxidation 
products; Lit.=literature HR=hazards ratio; CI=confidence interval 
† Adjusted for age, sex, race, BMI, and total daily energy, systolic blood pressure, cholesterol, diabetes, 
education, income, exercise, and region 

     *p-trend assessed by X² test for linear trend  
 
 
 
 
 

OBS Weighting 
FIP FOP Lit. Review 

HR (95% CI) † HR (95% CI)† HR (95% CI)† 

     Quartile 1   
     Quartile 2   
     Quartile 3   
     Quartile 4   
     p-trend* 

1.0 
0.77 (0.58 – 1.02) 
0.86 (0.65 – 1.13) 
0.91 (0.68 – 1.22) 

0.92 

1.0 
0.81 (0.61 – 1.07) 
0.97 (0.74 – 1.27) 
0.85 (0.64 – 1.14) 

0.76 

1.0 
0.74 (0.56 – 0.98) 
0.80 (0.61 – 1.06) 
0.82 (0.62 – 1.10) 

0.49 
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        TABLE 3.7.  Sensitivity analyses to evaluate the impact of individual OBS  
                             components on study results 
 

Abbreviations: OBS=oxidative balance score; HR=hazards ratio; CI=confidence interval; 
PUFA=polyunsaturated fatty acid; NSAID=non-steroidal anti-inflammatory drug 
† HR represents change in hazards for each additional OBS point.  All results are adjusted for age, 
sex, race, BMI, cholesterol, systolic blood pressure, diabetes, total daily energy, education, 
income, exercise, and region  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Model 
Incident Stroke  

HR (95% CI)† 

Original model (Reference) 
OBS excluding PUFA controlled for PUFA 
OBS excluding iron controlled for iron  
OBS excluding vitamin C controlled for vitamin C 
OBS excluding lycopene controlled for lycopene 
OBS excluding α-carotene controlled for α-carotene 
OBS excluding β-carotene controlled for β-carotene 
OBS excluding lutein controlled for lutein 
OBS excluding β-cryptoxanthin controlled for β-cryptoxanthin 
OBS excluding α-tocopherol controlled for αtocopherol 
OBS excluding selenium controlled for selenium 
OBS excluding smoking controlled for smoking 
OBS excluding aspirin controlled for aspirin 
OBS excluding NSAID controlled for NSAID 
OBS excluding alcohol controlled for alcohol 

1.00 (0.97 – 1.02) 
1.00 (0.98 – 1.02) 
1.00 (0.97 – 1.02) 
1.00 (0.97 – 1.04) 
0.99 (0.96 – 1.02) 
0.99 (0.96 – 1.02) 
0.99 (0.96 – 1.02) 
0.99 (0.96 – 1.02) 
1.00 (0.97 – 1.03) 
1.00 (0.97 – 1.03) 
1.00 (0.97 – 1.03) 
1.01 (0.98 – 1.04) 
0.99 (0.96 – 1.02) 
0.99 (0.97 – 1.02) 
1.01 (0.97 – 1.02) 
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SUPPLEMENTAL TABLES 
 
TABLE S.3.1. Stratified analysis on sex 
 
 
 
 
 
 
 
 
 
 
 
 
TABLE S.3.2. Stratified analysis on race 
 
 
 
 
 
 
 
 
 
 
TABLE S.3.3. Stratified analysis on region 
 

 
TABLE S.3.4. Stratified analysis on stroke type 
 
 

 

 

 

 

OBS Weighting 
Sex = Male Sex = Female 

HR (95% CI) † HR (95% CI)† 

     Quartile 1   
     Quartile 2   
     Quartile 3   
     Quartile 4   
     p-trend* 

1.0 
0.92 (0.63 – 1.32) 
0.99 (0.69 – 1.43) 
1.11 (0.75 – 1.67) 

0.45 

1.0 
0.66 (0.45 – 0.996) 
0.77 (0.47 – 1.04) 
0.70 (0.45 – 1.08) 

0.18 

OBS Weighting 
Race = White Race = Black 

HR (95% CI) † HR (95% CI)† 

     Quartile 1   
     Quartile 2   
     Quartile 3   
     Quartile 4   
     p-trend* 

1.0 
0.71 (0.51 – 0.995) 
0.76 (0.54 – 1.06) 
0.90 (0.64 – 1.28) 

0.74 

1.0 
0.98 (0.62 – 1.55) 
1.08 (0.68 – 1.71) 
0.93 (0.54 – 1.61) 

0.94 

OBS Weighting 
Region = Belt Region = Buckle Region = Non-belt

HR (95% CI) † HR (95% CI)† HR (95% CI)† 

     Quartile 1   
     Quartile 2   
     Quartile 3   
     Quartile 4   
     p-trend* 

1.0 
0.75 (0.48 – 1.16) 
0.80 (0.51 – 1.26) 
0.83 (0.51 – 1.37) 

0.57 

1.0 
0.81 (0.44 – 1.50) 
0.82 (0.45 – 1.52) 
1.01 (0.53 – 1.94) 

0.84 

1.0 
0.86 (0.57 – 1.29) 
0.92 (0.61 – 1.39) 
0.93 (0.60 – 1.45) 

0.96 

OBS Weighting 
Type = Ischemic 

Type = 
Hemorrhagic 

HR (95% CI) † HR (95% CI)† 

     Quartile 1   
     Quartile 2   
     Quartile 3   
     Quartile 4   
     p-trend* 

1.0 
0.48 (0.23 – 1.00) 
0.74 (0.38 – 1.42) 
0.75 (0.37 – 1.54) 

0.89 

1.0 
0.82 (0.61 – 1.09) 
0.85 (0.64 – 1.14) 
0.97 (0.71 – 1.32) 

0.94 
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ABSTRACT  

We previously proposed an oxidative balance score (OBS) as a measure of 

combined pro- and anti-oxidant exposure status and used this approach in studies of 

incident sporadic colorectal adenoma.  We extend the previous analyses by assessing 

three types of associations:  1) OBS and colorectal adenoma; 2) OBS and biomarkers of 

oxidative stress (F2-isoprostanes [FIP] and fluorescent oxidation products [FOP]) or 

inflammation (C-reactive protein [CRP]); and 3) the same biomarkers and adenoma. 

Using a pooled data from two previously conducted colonoscopy-based case-

control studies of incident, sporadic colorectal adenoma (n=365), the OBS was 

constructed and divided into three approximately equal intervals, with the lowest interval 

used as reference.  Biomarker levels were dichotomized as “high” versus “low” based on 

sex-specific median values among controls.  The analyses used multivariable logistic 

regression models with results expressed as odds ratios (ORs) and 95% confidence 

intervals (CIs). 

For the association between OBS and adenoma the ORs (95% CIs) for the middle 

and the highest intervals were 0.81 (0.46-1.43) and 0.39 (0.17-0.89), respectively (p for 

trend = 0.04).  The ORs (95% CIs) comparing the highest to the lowest OBS intervals in 

relation to biomarkers were 0.25 (0.10-0.65), 3.48 (1.51-8.02), and 0.21 (0.09-0.49) for 

FIP, FOP and CRP, respectively (all p for trend <0.01).  All three biomarkers were 

positively associated with adenoma with ORs (95% CIs) of 1.89 (1.08-3.30) for FIP, 1.82 

(1.11-2.99) for FOP, and 1.45 (0.88-2.40) for CRP.   

  As hypothesized, OBS was inversely associated with colorectal adenoma, 

plasma FIP, and serum CRP.  All three biomarkers (FIP, FOP and CRP) were directly 
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related to adenoma risk.  The direct relation of OBS to FOP is unexpected and is difficult 

to explain.   

 

INTRODUCTION 

Oxidative stress has been described as “a disturbance in the pro-oxidant-

antioxidant balance in favor of the former, leading to potential damage[223].”  Under 

normal physiologic conditions, cells respond to oxidative stress by up-regulating 

antioxidant defense mechanisms and other protective systems to restore the balance [6].  

However, when these mechanisms are overwhelmed, oxidative stress can damage DNA, 

proteins, and lipids and lead to cell injury and death [7, 8].  Oxidative stress has long 

been thought to play an important role in the development of age-related diseases, 

including cancer [224, 225].  While a considerable body of evidence from basic science 

and animal studies supports the role of oxidative stress as both an initiator and promoter 

of carcinogenesis, epidemiological studies of the associations between individual 

determinants of oxidative stress and cancer are conflicting [16-20].  One potential 

explanation for this discrepancy is the complex and multi-factorial nature of mechanisms 

by which oxidative stress may affect cancer risk.  The independent effects of individual 

oxidant exposures are difficult to ascertain because these effects may be highly correlated 

and because of the likely biological interactions involving multiple pro- and anti-oxidant 

factors [21].  Therefore, it was suggested that a combined measure that takes into account 

a multiple pro- and anti-oxidant exposures might be a more accurate indicator of overall 

oxidative stress burden of an individual [143, 144].  We previously proposed an oxidative 

balance score (OBS) as a measure of combined pro- and anti-oxidant exposure status.  
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We illustrated this approach using data from previously conducted case-control studies of 

incident sporadic colorectal adenoma [26].   

Another methodological issue affecting studies evaluating the relation between 

oxidative stress and disease outcomes in humans is the relative paucity of validated and 

reliable biomarkers of oxidation.  Currently, F2-isoprostanes (FIP) are considered to be 

the best available biomarkers of oxidative stress in vivo [226-228].  However, FIP 

measure only lipid peroxidation and may not reflect oxidative damage of proteins and 

DNA.  Moreover, measuring FIP is expensive and requires careful handling and rapid 

processing of samples.  Thus, the use of FIP may not be practical in very large 

epidemiological studies and is probably not suitable for the analyses of archived samples 

that may have been affected by in vitro oxidation [148, 229].   

A possible alternative to FIP as biomarkers of oxidative stress is plasma 

fluorescent oxidation products (FOP).  FOP measure oxidation products from several 

sources, including lipids, proteins, and DNA, and thus may serve as a more global 

indicator of oxidative stress [148, 230].  Previously, FOP have been used in the food 

industry, in animals, and in vitro studies to detect oxidation [170, 231, 232].  At present, 

however, FOP are gaining increased recognition as potential biomarkers of oxidative 

stress that can be used in clinical and epidemiologic studies.  An additional advantage of 

FOP is that they are relatively easy to measure, stable, and can be assessed in samples 

with variable handling and storage protocols [171].  Recently, a nested case-control study 

[230] and a small prospective study [233] reported that plasma FOP significantly and 

independently predicted risk of coronary heart disease.  Yet, there have been no reported 

studies that measured plasma FOP in relation to cancer risk.  Moreover, no previous 
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studies assessed the relation of FOP to measures of pro- and antioxidant exposures and 

the correlation between FOP and FIP. 

It is important to emphasize that oxidative stress is closely related to inflammation 

and these two processes can probably be assessed together.  Chronic inflammation is 

associated with elevated oxidative stress levels, and conversely, oxidative stress has pro-

inflammatory effects through activation of nuclear factor-kappa B (NF-kB), a 

transcription factor that increases expression of cytokines, chemokines, and cell adhesion 

molecules [234-236].  Thus, inflammation may be seen as both the cause and the 

consequence of oxidative stress.  For all of the above reasons an examination of the 

relation between oxidative stress-modifying exposures and biomarkers of oxidative stress 

can also take into consideration the level of inflammation, which is most commonly 

measured by serum C-reactive protein (CRP).  While the link between oxidative stress 

and inflammation is undisputable [11, 67], the association between markers of oxidative 

stress and CRP has not been fully evaluated [237].  

In this study, we extend our previous analysis of OBS and adenoma [26] by 

examining whether OBS is associated with FIP and FOP and by assessing the relation of 

OBS to inflammation as measured by serum CRP.  We further explore the relation of 

these three markers (FIP, FOP and CRP) to the risk of incident sporadic colorectal 

adenoma.   
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MATERIALS AND METHODS 

Study Population 

We used pooled data from two previously conducted colonoscopy-based case-

control studies of incident, sporadic colorectal adenoma in 2 different US states by the 

same principal investigator (RMB).  The first study, Markers of Adenomatous Polyps I 

(MAP I), was conducted in community gastroenterology practices in Winston-Salem and 

Charlotte, North Carolina.  The second study, Markers of Adenomatous Polyps II (MAP 

II), was identical in design to MAP I and was conducted at Consultants in 

Gastroenterology, PA, a large, private practice in Columbia, South Carolina.  Participants 

for these two case-control studies included patients who were 30-74 years of age with no 

prior history of colorectal neoplasms who were scheduled to undergo outpatient, elective 

colonoscopy at one of the study sites.  Assessment of initial participant eligibility was 

identical in both studies.  Cases (n=235) were first incident cases of colon or rectal 

adenomatous polyps at the time of elective outpatient colonoscopy and controls (n=391) 

were free of all polyps at colonoscopy.  The detailed study methods for MAP I [164, 165] 

and MAP II [166, 167] have been previously published.   

Data Collection 

Questionnaire-based Data  

In both the MAP I and the MAP II studies, a modified 153-item Willett Food 

Frequency Questionnaire was administered to obtain information on dietary intakes and 

use of nutritional supplements [168, 169].  Additional data included demographics and 

use of medications, such as aspirin and other non-steroidal anti-inflammatory drugs 

(NSAIDs).  Total intakes for micronutrients (iron, vitamin C, β-carotene, and α-
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tocopherol) were calculated based on the sum of total daily dietary intake and total 

supplementary dose.   

Blood Samples 

 For both studies, blood was collected, handled, and stored in a manner to allow 

measurements of pro-/anti-oxidants, FIP, FOP, and CRP.  The samples were drawn into 

red-coated, pre-chilled Vacutainer tubes, plunged into ice and shielded from light and 

immediately delivered to the laboratory where the blood was centrifuged in a refrigerated 

centrifuge.  Plasma and serum were separated; aliquotted into O-ring-capped amber-

colored cryopreservation vials; the air in the vials was displaced with inert gas (nitrogen 

in MAP I and argon in MAP II); and then immediately frozen at -70o C until analysis.  

Plasma lycopene, α-carotene, β-carotene, lutein, β-cryptoxanthin, and α-tocopherol levels 

from both studies were measured using high-performance liquid chromatography (HPLC) 

[150, 151].  The plasma free FIP were measured by a gas chromatography-mass 

spectrometry (GCMS) method [152] by the Molecular Epidemiology and Biomarker 

Research Laboratory (MEBRL) at the University of Minnesota (Minneapolis, MN).  This 

method, considered the gold standard for the measurement of FIP, measures a well-

defined set of F2-isoprostane isomers.  The FIP were extracted from the participant’s 

sample using deuterium (4)-labeled 8-iso-prostaglandin F2 alpha as an internal standard.  

Unlabeled, purified F2-isoprostane was used as a calibration standard.   

 The modified method from Shimasaki [170] was used to measure FOP.  The 

procedures have been described in detail previously [171].  Briefly, 0.2 mL of plasma 

was extracted with ethanol/ether (3:1 v/v) and vigorously mixed on a vortex mixer.  The 

mixed solution was centrifuged for 10 minutes at 3,000 rpm, and 1 mL of supernatant 
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was added to cuvettes for spectrofluormetric readings.  The fluorescent was determined 

as relative fluorescence intensity units per milliliter of plasma at 360/430 nm wavelength 

(excitation/emission) by a spectrofluorometer.  Quinine sulfate diluted in 0.1 N H2SO4 

was used for calibration.  Due to limited amount of plasma samples available, about 22% 

of the population’s FOP were measured using serum samples instead of plasma; however 

analyses for subset of patients with both types of samples available indicated that the two 

sets of values were closely correlated (r = 0.9; p < 0.001).   

Serum CRP was measured by latex-enhanced immunonephelometry, a high-

sensitivity method, on the Behring nephelometer II (BN-II) analyzer (inter-assay CV 4%; 

Behring Diagnostics, San Jose, CA).   

Oxidative Balance Score 

 The oxidative balance score (OBS) was calculated by combining information 

from a priori selected pro- and anti-oxidant factors, which are summarized in Table 4.1.  

The blood levels of pro-oxidant (iron) and antioxidant (lycopene, α-carotene, β-carotene, 

lutein, β-cryptoxanthin, and α-tocopherol) nutrients were divided into low, medium, and 

high categories based on study-specific tertile values among controls.  The tertile cutoffs 

for FFQ-derived variables (polyunsaturated fat, vitamin C, and alcohol) were both study- 

and sex-specific.  The participants with low (1st tertile) pro-oxidant exposures were 

awarded 2 points, those with medium (2nd tertile) exposures received 1 point, and those 

with high (3rd tertile) exposures received 0 points.  For alcohol consumption, non-

drinkers, moderate drinkers (below median), and heavy drinker (above median) received 

2, 1 and 0 points respectively  For antioxidants, low, medium, and high levels were 

assigned 0, 1, and 2 points, respectively.  A similar scoring approach was used for 
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categorical variables (selenium supplements, smoking, and use of aspirin and NSAIDs).  

Smoking status was categorized as never (2 points), former (1 point), and current (0 

points).  For selenium supplements, aspirin, and NSAID use, 0 points were assigned to 

participants with no regular use, 1 point to those with unknown or missing data, and 2 

points to those with regular use.  The overall OBS was then calculated by adding up the 

points assigned to each participant.   

Statistical Analyses 

The overall OBS was treated as either a continuous or an ordinal variable with all 

categories representing an approximately equal interval, with the lowest interval used as 

reference.  The use of equal intervals instead of quantiles (e.g., tertiles or quartiles) 

allows comparing extremes of the distribution.  Logistic regression analyses examined 

three types of associations.  First we examined the relation between the OBS and incident 

sporadic colorectal adenoma, adjusting for age, race, sex, total energy intake, BMI, 

plasma cholesterol, hormone replacement therapy (among women), physical activity, 

fiber, study, and family history of colorectal cancer.  Next, we examined the associations 

between OBS and the markers of oxidative stress (FIP and FOP) and inflammation 

(CRP), which were dichotomized based on study- and sex-specific median among 

controls, adjusting for the same potential confounding factors as in the first analysis.  

Finally, we examined the associations between dichotomized markers of oxidative stress 

and inflammation and incident sporadic colorectal adenoma.  The models for the third 

analysis included the same covariates as in the analysis of association between OBS and 

adenoma.  The correlation of FIP, FOP, and CRP was also assessed using Pearson 

correlation coefficients.  
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We also conducted several sensitivity analyses to evaluate 1) the change in results 

when quartiles were used instead of equal intervals for OBS; 2) the associations between 

adenoma and biomarkers using biomarker quartiles and 3) the association between OBS 

and each biomarker when both former and never smokers were assigned 2 points while 

current smokers were assigned 0 points to consider the possibility that biomarkers may 

only be affected by current smoking status.    

The results of the logistic regression analyses were expressed as adjusted odds 

ratios (ORs) with corresponding 95% confidence intervals (CIs).  All models were 

assessed for collinearity and goodness of fit.  A two-sided p-value of less than 0.05 was 

considered to be statistically significant.  Statistical analyses were performed with SAS 

version 9.2 (SAS Institute, Cary, NC) statistical software package.   

 

RESULTS 

 A total of 150 (64%) cases and 215 (69%) controls in the pooled MAP studies had 

sufficient information to calculate the OBS.  Selected characteristics of cases and controls 

by study are shown in Table 4.2.  Cases and controls did not differ considerably with 

regard to most risk factors; however, in MAP I, there were more males and current 

smokers in the case group than in the control group, and controls were more likely to 

have a history of a first-degree relative with colorectal cancer.  In the pooled analysis, 

mean plasma concentrations of α-carotene and β-cryptoxanthin were statistically 

significantly higher in controls than in adenoma cases.   

The OBS ranged between 2 and 24 points.  When the OBS was treated as a 

continuous variable, a statistically significant inverse association was observed between 
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incident colorectal adenoma and each additional score point with ORs (95% CIs) of 0.93 

(0.88 – 0.99).  The results for OBS categorized into three equal intervals, using the lowest 

interval as reference, are summarized in Table 4.3.  The adjusted ORs (95% CIs) for the 

middle and the highest intervals were 0.81 (0.46 – 1.43) and 0.39 (0.17 – 0.89), 

respectively (p-trend = 0.04).   

 The associations of OBS with different markers of oxidative stress and 

inflammation are shown in Table 4.4.  There was significant inverse association between 

higher OBS and elevated levels of FIP.  After adjusting for confounding factors, the ORs 

(95% CIs) for the middle and the highest OBS intervals (again using first interval as 

reference) were 0.50 (0.25 – 1.01) and 0.25 (0.10 – 0.65), respectively. The 

corresponding results for FOP were in the opposite direction.  Compared to the reference 

category, those in the middle and highest OBS intervals had adjusted ORs (95% CIs) of 

2.01 (1.13 – 3.75) and 3.48 (1.51 – 8.02), respectively.     

The results for CRP were similar to those observed for FIP.  Both middle and 

highest intervals of OBS demonstrated statistically significant inverse associations with 

elevated levels of CRP (p-trend < 0.01).  The middle and highest OBS interval groups 

were estimated about 40% and 80% reduction in the likelihood of having elevated CRP 

levels (Table 4.4).     

We further examined the associations of markers of oxidative stress and 

inflammation with incident, sporadic colorectal adenoma (Table 4.5).  All three markers 

(FIP, FOP, and CRP) were positively associated with the risk of colorectal adenoma.  For 

both markers of oxidative stress (FIP and FOP), elevated levels of markers were 

statistically significantly associated with about 80% increase in the risk of colorectal 
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adenoma with adjusted ORs of 1.89 (95% CIs 1.08 – 3.30) for FIP and 1.82 (95% CI: 

1.11 – 2.99) for FOP.  There was no statistically significant association between levels of 

CRP and risk of colorectal adenoma (OR = 1.45; 95% CI:  0.88 – 2.40).   

We also assessed correlations between markers of FIP, FOP, and CRP using 

Pearson correlation coefficients.  None of the markers were correlated with each other 

with the Pearson correlation coefficients of 0.06, 0.09, and 0.08 between FOP and FIP, 

FOP and CRP, and FIP and CRP, respectively (p > 0.05 for all).   

Results of all sensitivity analyses were generally similar to the main findings, 

although the use of biomarker quartiles resulted in less stable estimates with wide 

confidence intervals.  All sensitivity analyses are presented in supplementary tables. 

 

DISCUSSION 

While oxidative stress is thought to play a prominent role in many human 

diseases, there is no definitive evidence linking pro- and antioxidants to specific human 

health outcomes [198].  This discrepancy between biological plausibility and lack of 

established epidemiological associations is likely explained by inadequate methods of 

assessing oxidative stress in humans.   

Previously, we and others used an oxidative balance score (OBS) as a composite 

measure of combined pro- and anti-oxidant exposure status in relation to risk of several 

cancers including colorectal, prostate, and lung [21, 25, 27, 143, 144, 182].  The current 

study extends our previous analyses by assessing associations between OBS and markers 

of oxidative stress and inflammation and by assessing the relation of various biomarkers 

to each other and to colorectal adenoma risk.  Our analyses demonstrated a rather strong 
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and statistically significant inverse association between OBS and plasma FIP, and a 

significant direct association between elevated FIP and colorectal adenoma risk.  These 

associations were in the hypothesized direction and are in agreement with evidence from 

other studies. 

FIP are prostaglandin-like compounds formed non-enzymatically as products of 

the free radical-mediated lipid peroxidation [226].  Among various markers that are 

currently available to measure oxidative stress, FIP are considered the “gold-standard” 

measure in humans [152, 228].  An extensive body of literature also supports the use of 

FIP in studies of human diseases [149, 226].  Elevated levels of FIP were found to be 

associated with a wide variety of conditions, including cardiovascular, pulmonary, 

neurological, and renal diseases [238-241].  Previously reported associations between FIP 

and individual anti- or pro-oxidant factors have been inconsistent with one another.  

Block et al. examined several physiologic and behavioral factors, including diet, for their 

individual contribution to oxidative damage, as measured by plasma FIP [242].  While 

they found significant inverse correlations between plasma FIP and plasma ascorbic acid 

and several carotenoids (p < 0.05 for all), there were no associations with α-tocopherol, 

alcohol, or smoking.  By contrast, Morrow et al. found significantly higher circulating 

plasma FIP in smokers than in the nonsmokers [243].   

Upritchard et al. conducted a randomized placebo-controlled trial to investigate 

the effect of a combination of vitamin E and carotenoids on markers of antioxidant status 

and lipid peroxidation, including plasma FIP [221] in healthy persons.  They found that in 

the group consuming a supplement that provided 111 mg α-tocopherol and 1.24 mg 

carotenoids daily had a 15% reduction in plasma total F2α-isoprostanes concentrations 
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during the 11 weeks of intervention.  In our study, we observed approximately 70% lower 

levels of plasma FIP in those with highest compared to the lowest OBS, suggesting that 

the composite measure of OBS is more strongly associated with FIP than are individual 

anti- or pro-oxidant factors. 

Plasma FOP were relatively recently introduced into human population-based 

studies as biomarkers of oxidative stress, but no reported studies have used FOP in 

relation to neoplasia outcomes.  Measurement of FOP was first developed by Dillard and 

Tappel [244] in 1971, and was later modified by Shimasaki in 1994 [170].  FOP are 

thought to measure oxidation products from several sources, including lipids, proteins, 

and DNA, and thus may be a more global indicator of oxidative balance than are 

currently available other markers of oxidative balance [230].  The main practical 

advantage of FOP is that they are relatively unaffected by specimen quality and storage 

conditions, which makes them particularly useful for epidemiologic field studies.   

Two previous studies used plasma FOP as biomarkers of systemic oxidative 

balance and evaluated whether FOP can predict future risk for cardiovascular [245] or 

coronary heart diseases [230].  In these studies, high levels of FOP were statistically 

significantly associated with incidence of both cardiovascular and coronary heart 

diseases.  In another recent study, Wu et al. [148] also found levels of FOP statistically 

significantly, positively associated with variables linked to systemic oxidative balance, 

including smoking, hypertension, and reduced renal function.   

The findings for FOP in this study are unexpected.  On the one hand, elevated 

FOP, like FIP, were associated with higher risk for colorectal adenoma.  On the other 

hand, unlike FIP, higher OBS was significantly associated with higher FOP 
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concentrations.  Moreover, although both FOP and FIP are presumed to reflect oxidative 

damage there was no correlation between the two markers.  Taken together, these results 

suggest that different components of OBS may be affect 3 different, though related 

processes.  Figure 4.1 depicts a hypothetical directed acyclic graph (DAG) showing 

possible inter-relation of OBS, FIP, FOP, CRP, and colorectal adenoma.  Assume that 3 

subsets of the components of OBS each primarily affect a different process:  lipid 

peroxidation, inflammation, and some other process that is independent of lipid 

peroxidation, but is related to oxidative stress.  The degree of lipid peroxidation is 

reflected by FIP, inflammation by CRP, and non-lipid peroxidation component(s) of 

oxidative stress by FOP.  If we assume that different components of OBS exerts different 

effects on lipid peroxidation and on other oxidative stress mechanisms then it is plausible 

that the associations of OBS with FOP and FIP will be in the opposite directions.  As 

shown in supplementary Table S.4.4 this explanation is plausible because several of OBS 

components exerted opposite effects on FOP and FIP concentrations.  

In addition, we included an inflammation marker, CRP, in our oxidative stress-

related biomarker analysis.  While the oxidative stress pathway is closely related to 

inflammation, most studies of biomarkers of oxidative stress do not consider 

inflammatory markers.  The role of inflammation as both cause and result of oxidative 

stress is supported by a considerable body of evidence.  Oxidative stress may play a role 

in inflammation by up-regulating production of pro-inflammatory cytokines such as 

interleukin (IL)-6 and acute phase proteins such as C-reactive protein (CRP) through 

activation of redox-sensitive transcription factors such as nuclear factor κB (NF- κB) 

[246, 247].  In our study, we found statistically significant inverse associations between 
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OBS and CRP, and these associations were even stronger than the associations between 

OSB and FIP.  Therefore, inclusion of an inflammation marker will strengthen the 

understanding of biomarkers of oxidative stress as a whole.   

One of the main strengths of this study is the use of biomarker-based 

measurements for most OBS components.  Food frequency questionnaires may not 

capture all sources of each nutrient, do not account for bioavailability, and are subject to 

recall bias, particularly in case-control studies in which exposure is assessed 

retrospectively [183].  For these reasons, the use of biochemical indicators is being used 

with increasing frequency.  Unlike questionnaires, biomarkers are independent of recall 

and social desirability, and because blood levels reflect an individual’s absorption and 

delivery to the circulation, they may be provide better estimates of the relevant tissue 

doses [248, 249].  On the other hand, biomarker-based measurements represent relatively 

recent exposures that may not reflect long term patterns. 

In addition to the general problems that are applicable to most case-control 

studies, our study has several limitations that are specific to the current analyses.  First, 

the OBS is limited to dietary/lifestyle exposures and does not include any endogenous 

measures of antioxidant cell function.  Although oxidative balance is affected by 

modifiable factors, such as those included in the OBS, oxidative balance is also 

determined by enzymatic mechanisms [250].  Endogenous factors that influence DNA 

damage, cell growth, and cell death contribute to the development of carcinogenesis 

through modulating gene expression [12].  Another limitation of the analysis presented 

herein is that our scoring method assumed that individual pro- and anti-oxidant exposures 

have equal weights.  An equal weighting approach might not represent the real relative 
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biological contributions of the individual oxidative stress-related exposures.  It has been 

shown, for example, that ascorbate (vitamin C) has a lower redox potential than α-

tocopherol and, thus, relative contributions of vitamin C and vitamin E may be different 

[251].  Therefore, future studies should consider different weighing methods when 

constructing the OBS.  Finally, due to limited amount of plasma samples available, serum 

was used for FOP measurements instead of plasma in about 22% of total population in 

the study.        

In summary, we found that 1) higher OBS was associated with lower risk of 

colorectal adenomatous polyps; 2) higher OBS was inversely related to FIP and CRP, but 

was positively associated with FOP; 3) both oxidative stress markers, FIP and FOP, were 

significantly associated with risk of colorectal adenoma with very similar magnitude, but 

were not related to each other; and 4) the associations of OBS with CRP and of CRP with 

adenoma were in the hypothesized directions, but weaker than the corresponding 

associations with FIP.  The above findings suggest that OBS may serve as a composite 

measure of oxidative stress- and inflammation-related exposures.  It is, however, unclear 

whether or how these exposures affect FOP, and what biochemical processes are 

reflected by plasma FOP concentrations.  The lack of correlation between FOP and FIP 

also requires further study.    
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Table 4.1.  Example of Oxidative Balance Score (OBS) Assignment Scheme  
 

Oxidative Balance Score (OBS) 
Components 

Assignment Scheme† 

1.  PUFA intake 
2.  Serum ferritin  
3.  Total* vitamin C intake 
4.  Plasma lycopene 
5.  Plasma α-carotene  
6.  Plasma β-carotene  
7.  Plasma lutein 
8.  Plasma β-cryptoxanthin  
9.  Plasma α-tocopherol 
10.  Selenium supplements 
11.  Smoking history 
12.  Regular aspirin use 
13.  Regular NSAID use 
14. Alcohol consumption 

0 = High (3rd tertile), 1 = Medium (2nd tertile), 2 = Low (1st tertile) 
0 = High (3rd tertile), 1 = Medium (2nd tertile), 2 = Low (1st tertile) 
0 = Low (1st tertile), 1 = Medium (2nd tertile), 2 = High (3rd tertile) 
0 = Low (1st tertile), 1 = Medium (2nd tertile), 2 = High (3rd tertile) 
0 = Low (1st tertile), 1 = Medium (2nd tertile), 2 = High (3rd tertile) 
0 = Low (1st tertile), 1 = Medium (2nd tertile), 2 = High (3rd tertile) 
0 = Low (1st tertile), 1 = Medium (2nd tertile), 2 = High (3rd tertile) 
0 = Low (1st tertile), 1 = Medium (2nd tertile), 2 = High (3rd tertile) 
0 = Low (1st tertile), 1 = Medium (2nd tertile), 2 = High (3rd tertile) 
0 = No supplement, 1 = Unknown (missing data), 2 = Supplement 
0 = Current smoker, 1 = Former smoker, 2 = Never smoker 
0 = No regular use, 1 = Unknown, 2 = Regular Use  
0 = No regular use, 1 = Unknown, 2 = Regular Use 
0 = Non-drinker 1 = Below median 2 = Above median 

Abbreviations:  PUFA = polyunsaturated fatty acid; NSAID = non-steroidal anti-inflammatory drug 
†Low, intermediate, and high categories correspond to study-specific tertile values among controls  
*Total intake = dietary intake + supplemental intake   
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Table 4.2. Selected Baseline Characteristics of Participants in the MAP I & II Studies of Incident, Sporadic Colorectal Adenomas      
Characteristic MAP I MAP II Pooled Analysis 

 Cases (n=106) 
mean (SD) 

Controls (n=106) 
mean (SD) 

Cases (n=33) 
mean (SD) 

Controls (n=92) 
mean (SD) 

Cases (n=139) 
mean (SD) 

Controls (n=201) 
mean (SD) 

Age, years  57.4 (8.9) 56.1 (10.2) 55.4 (7.3) 55.5 (7.9) 56.9 (8.6) 55.9 (9.2) 
Male (%) 54.7 32.1b 57.6 44.6 55.4 37.8a 
Body mass index, kg/m2 27.8 (6.1) 27.1 (5.7) 28.5 (5.2) 28.6 (6.7) 27.9 (5.9) 27.8 (6.2) 
Physical activity, MET-hours/week 216.8 (143.4) 196.1 (127.3) 163.7 (116.9) 176.5 (125.2) 204.2 (139.1) 187.1 (126.4) 
Family history of colorectal cancer (%) 17.0 33.0b 21.1 19.6 18.0 26.9 
HRT user (women only) (%) 62.5 54.1 78.6 70.6 66.1 60.8 
Regularly take an NSAID (%) 21.2 32.1 33.3 34.8 24.1 33.3 
Regularly take aspirin (%) 34.9 35.8 45.5 41.3 37.4 38.3 
Current smoker (%) 34.0 20.2b 24.2 13.0 31.7 16.9b

Alcohol, drinks per week 20.8 (25.6) 14.6 (20.2) 9.4 (9.1) 13.4 (16.3) 16.3 (21.4) 13.9 (17.8) 
Dietary intake per day       
     Total energy, kcal 2,061.3 (851.8) 2,172.6 (2493.7) 1,831.3 (765.3) 1,648.0 (647.8) 2,006.7 (835.1) 1,932.5 (1902.0) 
     Total PUFA, gm  14.0 (6.3) 14.4 (14.5) 15.5 (8.9) 14.1 (10.4) 14.3 (7.0) 14.2 (12.8) 
     Dietary fiber, gm 22.8 (9.4) 25.5 (26.6) 16.6 (6.7) 15.3 (6.7) 21.3 (9.2) 20.9 (20.7) 
     Total vitamin C, mg 286.6 (388.5) 302.1 (354.6) 237.5 (273.6) 298.9 (369.4) 275.0 (364.2) 300.7 (360.6) 
Plasma levels       
     Plasma lycopene, µg/dL 26.3 (14.3) 25.8 (13.3) 21.7 (11.4) 24.6 (10.8) 25.2 (13.8) 25.2 (12.2) 
     Plasma α-carotene, µg/dL 2.7 (2.9) 3.6 (4.8) 2.6 (2.6) 3.5 (3.1) 2.7 (2.8) 3.5 (4.1)a 
     Plasma β-carotene, µg/dL 15.3 (22.5) 16.4 (15.5) 12.6 (11.4) 16.3 (13.0) 14.6 (20.4) 16.4 (14.4) 
     Plasma lutein, µg/dL 16.8 (7.2) 18.1 (10.3) 17.7 (6.2) 15.7 (6.3) 17.0 (6.9) 17.0 (8.7) 
     Plasma β-cryptoxanthin, µg/dL 6.0 (4.7) 6.9 (5.8) 6.1 (4.1) 8.1 (7.2) 6.0 (4.5) 7.5 (6.5)a 
     Plasma α-tocopherol, mg/dL 1.2 (0.5) 1.1 (0.5) 1.1 (0.3) 1.2 (0.6) 1.1 (0.5) 1.2 (0.5) 
     Plasma ferritin, mg/dL 146.1 (135.2) 148.8 (185.9) 144.5 (108.3) 130.8 (127.5) 145.7 (129.0) 140.6 (161.7) 
     Plasma cholesterol, mg/dL 203.4 (35.8) 206.3 (39.5) 194.8 (32.4) 199.3 (39.5) 201.4 (35.1) 203.1 (39.6) 
Biomarker levels       
     FIP, pg/mL 94.0 (41.8) 88.8 (38.4) 76.0 (25.0) 78.0 (28.9) 90.1 (39.3) 84.4 (35.1) 
     FOP, avg. std. ref. adj.‡   0.06 (0.03) 0.05 (0.02) 0.03 (0.01) 0.04 (0.01) 0.05 (0.11) 0.05 (0.13) 
     CRP, µg/mL  6.1 (6.1) 7.5 (23.8) 3.7 (5.0) 4.6 (6.2) 5.5 (6.0) 6.2 (18.0) 

Abbreviations:  SD = standard deviation; PUFA = polyunsaturated fatty acid; NSAID = non-steroidal anti-inflammatory drug; FIP = F2-isoprostanes; FOP = fluorescent oxidation 
products; CRP = C-reactive protein a P < 0.05 based on t-test for continuous variable and chi-square test for categorical variables b P < 0.01 based on t-test for continuous variable and 
chi-square test for categorical variables  
‡unit for FOP measurement is “average standard reference adjusted”, which samples were calculated against a 1 ppm fluorescent reference standard quinine in 0.1 N sulfuric acid 
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Table 4.3.  Associations of the OBS with incident, sporadic colorectal adenoma 
 

OBS (Range 2 – 24) Cases (n)* Controls (n)* OR (95% CI)† p-trend
Interval 1 (OBS 2 – 9) 
Interval 2 (OBS 10 – 16) 
Interval 3 (OBS 17 – 24) 

44 
81 
14 

43 
114 
44 

1.0  
0.81 (0.46 – 1.43) 
0.39 (0.17 – 0.89) 

0.04 

 
OBS as continuous variable 

 
139 

 
201 

 
0.93 (0.87 – 0.99) 

 

Abbreviations:  OBS = oxidative balance score; OR = odds ratio; CI = confidence interval 
† Adjusted for age, race, BMI, total energy intake, plasma cholesterol, family history of colorectal cancer, 
physical activity, sex, hormone replacement therapy (among women), study (MAP I or MAP II) 
*Total number of subjects in the model is lower due to missing covariate data. 
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Table 4.4.  Associations of OBS with Markers of Oxidative Stress (FIP and FOP)  
       and Inflammation (CRP)  

 

OBS  
Biomarkers‡ 

OR (95% CI) p-trend High Low 
FIP  
Interval 1 (OBS 2 – 9) 51 20 1.0 < 0.01 
Interval 2 (OBS 10 – 16) 91 68 0.50 (0.25 – 1.01)  
Interval 3 (OBS 17 – 24) 17 27 0.25 (0.10 – 0.65)  
     
Continuous 159 115 0.87 (0.81 – 0.94)  
FOP    
Interval 1 (OBS 2 – 9) 33 45 1.0 < 0.01 
Interval 2 (OBS 10 – 16) 107 77 2.01 (1.13 – 3.75)  
Interval 3 (OBS 17 – 24) 36 19 3.48 (1.51 – 8.02)  
     
Continuous 176 141 1.10 (1.03 – 1.17)  
CRP    
Interval 1 (OBS 2 – 9) 56 31 1.0 < 0.01 
Interval 2 (OBS 10 – 16) 108 87 0.57 (0.31 – 1.04)  
Interval 3 (OBS 17 – 24) 19 39 0.21 (0.09 – 0.49)  
     
Continuous 183 157 0.88 (0.82 – 0.94)  

Abbreviations:  OBS = oxidative balance score; OR = odds ratio; CI = confidence interval; FIP = F2-
isoprostanes; FOP = fluorescent oxidation products; CRP = C-reactive protein 
†Adjusted for age, race, BMI, total energy intake, plasma cholesterol, and family history of colorectal 
cancer, sex and hormone replacement therapy (among women), fiber, physical activity, and study (MAP 
I or MAP II). 
*Total number of subjects in the model is lower due to missing covariate data. 
‡ Each biomarker was dichotomized into “high” and “low” based on study- and sex-specific median 
values among controls. 
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Table 4.5.  Associations of Markers of Oxidative Stress (FIP and FOP) and    
                   Inflammation (CRP) with incident, sporadic colorectal adenoma  

 

Biomarker‡ Cases Controls OR (95% CI) p-value 
FIP  
Low 39 76 1.0 0.03 
High 80 79 1.89 (1.08 – 3.30)  
     
Log (continuous) 119 155 1.38 (0.79 – 2.38)  
FOP     
Low 44 97 1.0 0.02 
High 82 94 1.82 (1.11 – 2.99) 

 
 

Log (continuous) 126 191 1.32 (0.94 – 1.87)  
CRP     
Low 55 102 1.0 0.14 
High 84 99 1.45 (0.88 – 2.40)  
     
Log (continuous) 139 201 1.14 (0.97 – 1.33)  

Abbreviations:  OBS = oxidative balance score; OR = odds ratio; CI = confidence interval; FIP = 
F2-isoprostanes;  
FOP = fluorescent oxidation products; CRP = C reactive protein 
† Adjusted for age, race, BMI, total energy intake, plasma cholesterol, and family history of 
colorectal cancer, sex and hormone replacement therapy (among women), fiber, study (MAP I or 
MAP II). 
*Total number of subjects in the model is lower due to missing covariate data. 
‡ Each biomarker was dichotomized into “high” and “low” based on sex-specific median values 
among controls. 
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Figure 4.1.  A hypothetical directed acyclic graph (DAG) showing possible inter-relation 
of OBS, biomarkers of oxidative stress (FIP and FOP) and inflammation (CRP), and 
colorectal adenoma.  We first assume that OBS affects three main processes:  lipid 
peroxidation (a component of oxidative stress), inflammation, and some other oxidative 
stress-related process that is independent of lipid peroxidation.  Second, we also assume 
that each component affects the level of a biomarker:  lipid peroxidation is mainly 
associated with FIP, inflammation with CRP, and non-lipid peroxidation components of 
oxidative stress with FOP (dotted arrows are weak effects).  All effects are positive, 
except that indicated by a “-”. 
Abbreviations:  FIP = F2-isoprostanes, FOP = fluorescent oxidation products, CRP= C-
reactive protein. 
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Supplementary Tables 
 
Table S.4.1. Associations of the OBS (in quartiles) with incident, sporadic colorectal  

          adenoma 
 

OBS Cases 
(n=139)* 

Controls 
(n=201)* 

OR (95% CI)† p-trend 

Quartile 1 (OBS 2 – 9) 
Quartile 2 (OBS 10 – 13) 
Quartile 3 (OBS 14 – 16) 

44 
47 
34 

43 
64 
50 

1.0  
0.84 (0.46 – 1.56) 
0.76 (0.38 – 1.51) 

0.04 

Quartile 4 (OBS 17-24) 14  44  0.38 (0.17 – 0.88)  

Abbreviations:  OBS = oxidative balance score; OR = odds ratio; CI = confidence interval 
† Adjusted for age, race, BMI, total energy intake, plasma cholesterol, family history of colorectal cancer, 
physical activity, sex, hormone replacement therapy (among women), study (MAP I or MAP II) 
*Total number of subjects in the model is lower due to missing covariate data. 
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Table S.4.2. Associations of the biomarkers (divided into quartiles) with incident,  
     sporadic colorectal adenoma 

 

Biomarker‡ Cases Controls OR (95% CI) p-value 
FIP  
Quartile 1 
Quartile 2 
Quartile 3 
Quartile 4 

23 
16 
44 
36 

37 
40 
40 
38 

1.0 
0.55 (0.24 – 1.27) 
1.50 (0.72 – 3.12) 
1.34 (0.60 – 3.02) 

0.14 

FOP     
Quartile 1 25 50 1.0 0.02 
Quartile 2 
Quartile 3 
Quartile 4 

19 
30 
52 

47 
48 
46 

0.83 (0.39 – 1.75) 
1.39 (0.69 – 2.80) 
1.96 (1.00 – 3.83) 

 

CRP     
Quartile 1 
Quartile 2 

22 
33 

49 
53 

1.0 
1.71 (0.84 – 3.50) 

0.07 

Quartile 3 
Quartile 4 

37 
47 

45 
54 

1.94 (0.93 – 4.06) 
2.06 (0.98 – 4.30) 

 

Abbreviations:  OBS = oxidative balance score; OR = odds ratio; CI = confidence interval; FIP = F2-
isoprostanes; FOP = fluorescent oxidation products; CRP = C-reactive protein 
† Adjusted for age, race, BMI, total energy intake, plasma cholesterol, and family history of colorectal 
cancer, sex and hormone replacement therapy (among women), fiber, study (MAP I or MAP II). 

      *Total number of subjects in the model is lower due to missing covariate data. 
      ‡ Quartile based on study- and sex-specific median values among controls. 
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Table S.4.3.  Associations of OBS with Markers of Oxidative Stress (FIP and FOP)  
          and Inflammation (CRP) using “former smokers = 2” assignment 

 

OBS  
Biomarkers‡ 

OR (95% CI) p-trend High Low 
FIP  
Interval 1 (OBS 2 – 9) 51 20 1.0 <0.01 
Interval 2 (OBS 10 – 16) 101 68 0.61 (0.30 – 1.25)  
Interval 3 (OBS 17 – 24) 11 27 0.26 (0.09 – 0.72)  
     
Continuous 159 115 0.87 (0.81 – 0.94)  
FOP    
Interval 1 (OBS 2 – 9) 33 45 1.0 <0.01 
Interval 2 (OBS 10 – 16) 107 77 2.06 (1.13 – 3.75)  
Interval 3 (OBS 17 – 24) 36 19 3.48 (1.51 – 8.02)  
     
Continuous 176 141 1.10 (1.03 – 1.17)  
CRP    
Interval 1 (OBS 2 – 9) 56 31 1.0 < 0.01 
Interval 2 (OBS 10 – 16) 108 87 0.57 (0.31 – 1.04)  
Interval 3 (OBS 17 – 24) 19 39 0.21 (0.09 – 0.49)  
     
Continuous 183 157 0.88 (0.82 – 0.94)  

Abbreviations:  OBS = oxidative balance score; OR = odds ratio; CI = confidence interval; FIP = F2-
isoprostanes; FOP = fluorescent oxidation products; CRP = C-reactive protein 
†Adjusted for age, race, BMI, total energy intake, plasma cholesterol, and family history of colorectal 
cancer, sex and hormone replacement therapy (among women), fiber, physical activity, and study (MAP I 
or MAP II). 
*Total number of subjects in the model is lower due to missing covariate data. 
‡ Each biomarker was dichotomized into “high” and “low” based on study- and sex-specific median values 
among controls 
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TABLE S.4.4. Association of individual OBS components with each biomarker  
 

Abbreviations: OBS=Oxidative Balance Score PUFA=Polyunsaturated fatty acid; NSAID=Non-steroidal anti-inflammatory drug; FIP= F2-isoprostanes; 
FOP=fluorescent oxidation products; CRP=C-reactive protein 

OBS Components 

FIP FOP CRP 

OR (95% CI) OR (95% CI) OR (95% CI) 

Male Female Male Female Male Female 
1.  PUFA intake 
2.  Serum ferritin  
3.  Total vitamin C intake 
4.  Plasma lycopene 
5.  Plasma α-carotene  
6.  Plasma β-carotene  
7.  Plasma lutein 
8.  Plasma β-cryptoxanthin  
9.  Plasma α- tocopherol 
10.  Selenium supplements 
11.  Smoking history 
12.  Regular aspirin use 
13.  Regular NSAID use 
14. Alcohol consumption 

1.15 (0.63 – 2.09) 
1.13 (0.65 – 1.96) 
0.52 (0.28 – 0.95) 
0.93 (0.55 – 1.57) 
0.90 (0.50 – 1.64) 
0.81 (0.47 – 1.41) 
0.98 (0.57 – 1.67) 
0.70 (0.40 – 1.24) 
0.59 (0.31 – 1.09) 
0.62 (0.23 – 1.63) 
0.35 (0.18 – 0.69) 
0.82 (0.51 – 1.33) 
0.60 (0.33 – 1.07) 
0.77 (0.47 – 1.26) 

1.35 (0.73 – 2.48) 
1.00 (0.63 – 1.60) 
0.66 (0.40 – 1.10) 
1.08 (0.65 – 1.79) 
0.82 (0.50 – 1.35) 
0.61 (0.37 – 1.00) 
0.69 (0.43 – 1.09) 
0.76 (0.48 – 1.20) 
0.46 (0.26 – 0.82) 
0.80 (0.35 – 1.82) 
0.75 (0.46 – 1.22) 
0.97 (0.63 – 1.49) 
0.99 (0.67 – 1.48) 
0.75 (0.44 – 1.30) 

1.01 (0.60 – 1.72) 
1.25 (0.77 – 2.04) 
1.11 (0.66 – 1.87) 
2.33 (1.40 – 3.88) 
2.06 (1.19 – 3.54) 
2.32 (1.34 – 4.02) 
1.42 (0.86 – 2.35) 
1.33 (0.81 – 2.17) 
1.45 (0.86 – 2.43) 
0.52 (0.23 – 1.17) 
0.71 (0.41 – 1.21) 
1.01 (0.67 – 1.54) 
0.86 (0.54 – 1.36) 
0.68 (0.43 – 1.09) 

0.88 (0.52 – 1.47) 
0.91 (0.60 – 1.38) 
1.09 (0.71 – 1.69) 
3.48 (2.10 – 5.77) 
1.77 (1.11 – 2.84) 
1.42 (0.93 – 2.19) 
1.34 (0.88 – 2.02) 
1.15 (0.77 – 1.72) 
1.04 (0.64 – 1.70) 
1.31 (0.64 – 2.65) 
0.59 (0.39 – 0.90) 
1.09 (0.76 – 1.55) 
0.98 (0.71 – 1.40) 
0.95 (0.59 – 1.51) 

0.73 (0.44 – 1.22) 
0.83 (0.50 – 1.37) 
0.60 (0.36 – 1.01) 
1.17 (0.73 – 1.88) 
0.74 (0.45 – 1.23) 
0.67 (0.41 – 1.11) 
0.92 (0.57 – 1.49) 
0.69 (0.42 – 1.13) 
1.04 (0.62 – 1.76) 
0.31 (0.09 – 1.06) 
0.55 (0.32 – 0.95) 
0.76 (0.49 – 1.17) 
0.93 (0.57 – 1.50) 
0.90 (0.58 – 1.41) 

0.68 (0.39 – 1.19) 
0.96 (0.62 – 1.49) 
0.66 (0.41 – 1.07) 
1.39 (0.88 – 2.21) 
0.49 (0.30 – 0.81) 
0.54 (0.33 – 0.86) 
0.73 (0.47 – 1.15) 
0.60 (0.39 – 0.93) 
0.72 (0.43 – 1.21) 
1.38 (0.64 – 2.95) 
0.88 (0.57 – 1.36) 
0.79 (0.54 – 1.15) 
1.08 (0.76 – 1.54) 
1.07 (0.66 – 1.75) 
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CHAPTER 5.  DISCUSSION AND FUTURE DIRECTIONS 

Overview of Findings 

The goal of this dissertation was to investigate associations of oxidative balance 

score (OBS), which is a measure of combined pro- and anti-oxidant exposure status, with 

selected age-related diseases and mortality, and to further investigate the association 

between OBS and two markers of oxidative stress, F2-isoprostanes (FIP) and fluorescent 

oxidation products (FOP), and one commonly used biomarker of inflammation, C-

reactive protein (CRP).   

In the first dissertation project, data from a large national prospective cohort 

study, Reasons for Geographic and Racial Differences in Stroke (REGARDS), were used 

to examine the relation of OBS to all-cause and cause-specific mortality while exploring 

alternative methods of weighting the OBS components.  Our results suggested that higher 

OBS, which indicates predominance of anti-oxidant exposures, was significantly 

associated with reduced risk of all-cause, and in particular cancer-related mortality.  

Similar significant associations were observed regardless weighting methods used.   

In the second dissertation project, associations between OBS and stroke incidence 

and mortality were examined using the same REGARDS cohort.  Contrary to 

expectations we found no association between OBS and either incident stroke or stroke 

mortality.  Similar non-significant associations were observed regardless of different 

weighting methods used and the results did not differ by race, sex, geographic region, or 

type of stroke (ischemic or hemorrhagic).   

 The third dissertation project used pooled data from two previously conducted 

colonoscopy-based case-control studies of incident, sporadic colorectal adenoma.  We 
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extended our previous analysis by substituting questionnaire-derived OBS components 

with the corresponding plasma or serum measures of nutrients, by examining whether 

OBS is associated with markers of oxidative stress (FIP and FOP) and by assessing the 

relation of OBS to inflammation as measured by serum CRP.  We further explored the 

relation of these three markers to the risk of incident colorectal adenoma.  We confirmed 

the statistically significant inverse association between incident colorectal adenoma and 

OBS.  There were also significant inverse associations between OBS and levels of FIP 

and CRP.  However, the corresponding results for FOP were unexpectedly in the opposite 

direction.  We further examined the associations of markers of oxidative stress and 

inflammation with incident, sporadic colorectal adenoma.  All three markers were 

positively associated with the risk of colorectal adenoma.     

Overall, the results of this dissertation supported the first hypothesis that higher 

OBS is associated with a reduction in mortality.  However, our findings did not support 

the second hypothesis that higher OBS is associated with a reduction in stroke incidence 

or risk of stroke-related death.  Furthermore, while we confirmed that higher OBS was 

associated with lower levels of FIP and CRP, the findings for FOP in this study cannot be 

readily explained.  While elevated FOP, like FIP and CRP, was associated with higher 

risk for colorectal adenoma; higher OBS was associated with higher FOP concentrations 

and lower levels of FIP and CRP.  Moreover, although both FOP and FIP are presumed to 

reflect oxidative damage there was no correlation between the two markers.  Taken 

together, these results suggest that different components of OBS may affect different 

aspects of oxidative stress processes that still need to be understood.   
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Implications Future Research 

Although the idea of combining individual pro- and anti-oxidants into a single 

score is not new, to our knowledge, the OBS used in this dissertation project is the most 

comprehensive version of the score constructed to date.  Moreover, this dissertation study 

is one of the first to evaluate whether OBS is associated with all-cause and cause-specific 

mortality and stroke incidence in the US population.   

Although oxidative balance is affected by modifiable factors, such as those 

included in the OBS, it is also determined by enzymatic mechanisms.  Endogenous 

factors that influence cellular damage, cell function and ROS-induced damage repair to 

the development of multiple diseases.  In addition, genetic factors play an important role 

in human lifespan.  For example, previous genetic studies have shown that common 

polymorphisms in apolipoprotein E (APOE) influence human mortality, mainly through 

their association with diseases.  Twin and family history studies support an important role 

of genetic factors in stroke risk.  Based on these considerations, future studies should aim 

to construct OBS with both endogenous and exogenous factors. 

 In this dissertation project, we used different weighting schemes for combining 

pro- and anti-oxidant exposures into a single score.  Previous studies combined different 

OBS components using equal weights, which raised a concern that the resulting score did 

not represent the true biological contributions of the individual pro- or anti-oxidant 

exposures.  Dash et al, reported the first attempt of weighting the OBS components by 

using three novel methods that were based on literature review-, study data, and a 

Bayesian approach, which combined the first two methods. [217].  Using somewhat 

different data (only partially overlapping with ours) they also observed a substantial 
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inverse association between OBS and colorectal adenoma with little discernible 

difference across the weighting methods.  In this dissertation, I further extended the 

weighting methodology by introducing oxidative stress biomarker-based weights.  

It is important to point out that for the biomarker (FIP, FOP, and CRP)-based 

weighting methods, relatively small dataset was used to create the weights.  Similarly, the 

literature review-based weights were largely similar across OBS components and close to 

1.0 because summaries of published studies on the relation of pro- and anti-oxidant 

components to mortality and stroke incidence in most cases (except smoking) showed 

modest departures from the null.  Thus future studies of OBS, should explore other 

methods.  For example weights could be derived from other biomarkers of oxidative 

stress such as sulfur-containing amino acids and peptides, notably cysteine and cysteine-

containing tripeptide glutathione, which undergo reversible oxidation-reduction (redox) 

changes under physiologic conditions.  The redox states of glutathione/glutathione 

disulfide (GSH/GSSG) and cysteine/cystine (Cys/CySS) are oxidized in association with 

several known oxidative stress-related exposures, health conditions, and measures of 

physiologic function, including age, cigarette smoking, type 2 diabetes, and 

atherosclerosis [244, 252-254].    

In the last dissertation study, I investigated whether OBS is associated with 

markers of oxidative stress and inflammation, including FOP.  Currently, F2-isoprostanes 

(FIP) are considered to be the best available biomarkers of oxidative stress in vivo.  

However, FIP measure only lipid peroxidation and may not reflect oxidative damage of 

proteins and DNA.  Moreover, measuring FIP is expensive and requires careful handling 

and rapid processing of samples.  Thus, the use of FIP may not be practical in very large 



 
 
 

116 
 

epidemiological studies and is probably not suitable for the analyses of archived samples 

that may have been affected by in vitro oxidation.  Although FOP are stable and could be 

useful in field research our findings indicate that FOP cannot serve as substitute for FIP 

because the two markers are not correlated and because the associations of OBS with FIP 

and FOP appear to be in the opposite directions.  Further studies are warranted to 

examine what biochemical processes are reflected by plasma FOP concentrations using 

prospective study design and perhaps several measures over time and under different 

conditions.  
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