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ABSTRACT 

Background: The increasing global trends in obesity and its associated burden of disease 

indicate a need to identify modifiable determinants of obesity. 

Methods: A total of 182 nutrition and lifestyles factors were investigated in relation to 

abdominal obesity among 7,403 male and 8,328 female participants of the Third U.S. 

National Health and Examination Survey (NHANES III). We used the first phase (1988-

1991) of the NHANES III to identify factors with a false discovery rate (FDR) of <5%. Of 

these, we tentatively replicated our findings in the second phase (1992-1994) of the survey. 

Principal component analysis was performed to identify unobserved factors underlying the 

association between validated factors and abdominal obesity, defined as waist circumference 

>88 cm for women and >102 cm for men.  

Results: We found 5 tentatively replicated factors showing significant associations with 

abdominal obesity in men: serum α-carotene, -carotene, serum -cryptoxanthin, serum 

vitamin D, and vigorous physical activity. In women, 7 factors were identified: serum α-

carotene, -carotene, serum -cryptoxanthin, serum vitamin C, serum vitamin D, vigorous 

physical activity, and aspartame intake. In contrast to the other factors which showed inverse 

associations with abdominal obesity, aspartame intake displayed a positive relationship with 

this outcome (OR: 1.18, 95% CI: 1.10-1.26 for each log increase in aspartame intake in 

women). Principal component analysis suggested three principal components underlying such 

associations, each comprising: 1) serum antioxidants; 2) serum vitamin D and vigorous 

physical activity; and 3) aspartame intake. All three principal components also displayed 

significant associations with abdominal obesity. 

Conclusion: Our observational investigation that systematically investigates multiple 

modifiable factors simultaneously has enabled the creation of data-driven hypotheses 
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regarding the possible role of determinants of abdominal obesity and has identified potential 

avenues for mechanistic investigations to clarify suitable targets of intervention. 

Introduction 

The obesity pandemic remains a challenging health problem worldwide [1], with 

approximately 2.1 billion individuals estimated to be overweight or obese in 2013. Although 

some countries have shown indications of rate stabilisation during the past decade, the 

prevalence of obesity continues to increase in both developed and developing regions [1–3]. 

High body mass index (BMI), a widely accepted indicator of obesity, is a well-known risk 

factor for diseases with serious implications including cardiovascular disease and several 

cancers [4,5], and accounted for over 33 million disability-adjusted life years (DALYs) lost 

in 2000 [6]. Moreover, obesity-related diseases confer a large economic burden, with an 

estimated rise in total medical costs of $48–66 billion/year in the U.S. and £1.9–2 billion/year 

in the UK by 2030 [7]. Nevertheless, outcomes of public health strategies aimed at reducing 

obesity rates are unsatisfactory. Although interventions based on reduction in energy intake 

lead to weight loss, the lengthy period required for an obese individual to reach their normal 

weight implies limited efficiency [8], which indicates that policies should be directed towards 

obesity prevention rather than its reversal. 

 

Identification of suitable targets of obesity prevention requires an understanding of at least 

two key concepts: 1) clinically relevant definition of obesity and 2) factors involved in 

mechanisms underlying obesity. Although obesity is conventionally defined by high BMI, the 

Third Report of Adult Treatment Panel (ATP III) of the National Cholesterol Education 

Program refers to waist circumference as the recommended measurement since abdominal 

obesity is closely related to metabolic disorders such as abnormal lipid profile, glucose 

©    2016 Macmillan Publishers Limited. All rights reserved.



4 

 

tolerance, and blood pressure [9]. Nevertheless, heterogeneity in other metabolic features has 

been reported within the same obesity categories [10], which underlines the importance of 

taking into account variation in metabolic indicators in assessing determinants of obesity. 

 

Although around 40% of obesity cases are considered heritable [11,12], environmental 

factors such as energy intake and physical activity remain the major driving forces underlying 

obesity [13]. Additionally, environmental factors may indirectly contribute to obesity through 

interaction with susceptibility genes [14]. Many studies have documented correlations 

between these factors and obesity, but most of them focused on individual associations 

without their co-existence, which is in contrast with a real life situation. Recently, Patel and 

colleagues introduced an environment-wide association study approach derived from 

methods used in genome-wide association studies (GWAS) to investigate the association of 

multiple nutrition and environmental factors with clinical phenotypes including blood 

pressure, diabetes, and mortality [15–17]. Here, we utilised this approach to comprehensively 

assess nutrition and lifestyle factors in relation to abdominal obesity in the Third U.S. 

Nutrition Health and Examination Survey (NHANES III). Additionally, we took into account 

other metabolic disorders and unobserved underlying factors while assessing abdominal 

obesity. 

Methods 

Study population 

The National Health and Nutrition Examination Survey (NHANES) is a cross-sectional 

health survey conducted by the National Center for Health Statistics (NCHS) in 

representative samples of the non-institutionalized U.S. population [18]. Participants were 

selected through a multistage stratified, clustered probability sampling. The survey included 
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an interview conducted at home and an extensive physical examination with a blood sample 

taken in a mobile examination center (MEC). Institutional Review Board (IRB) approval was 

obtained for the NHANES and documented consent was obtained from participants. The 

present study was based on data from the Third NHANES (NHANES III) which was 

performed in two phases: 1988-1991 and 1991-1994, each of which provides independent 

unbiased national estimates of health and nutrition characteristics. From this population, we 

selected a total of 15,721 participants (7,403 men and 8,328 women) aged 20 and older with 

measurements of waist circumference. The first phase of NHANES III (N = 7,743) was used 

as a discovery set and findings from this dataset were replicated in the second phase of 

NHANES III (N = 7,988). 

Obesity assessment 

Abdominal obesity referred to waist circumference (WC) of >88 cm in women and >92 cm in 

men as defined by the experts in the Adult Treatment Panel (ATP) under the National 

Cholesterol Education Program (NCEP) [9]. All body measurements were performed using 

standardized methods and equipment [18]. WC was measured at the high point of the iliac 

crest at minimal respiration using a steel measuring tape to the nearest 1 mm [18]. Waist-to-

hip ratio was calculated from WC and hip circumference. Body mass index (BMI) was 

calculated from measured weight and height. Weight was measured with an electronic weight 

scale in pounds and automatically converted to kilograms. Participants only wore underwear, 

disposable paper gowns and foam rubber slippers. Standing height was measured with a fixed 

stadiometer to the nearest 1 mm.  

Assessment of exposures and covariates 

A total of 182 nutrition and lifestyle factors in NHANES III were assessed (Table S1, 

Supplementary Data). Data collected ranged from information obtained through the 
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interview, such as smoking history, as well as physical and laboratory examination, e.g. 

serum vitamin C concentrations. Examples of markers and categories are presented in Table 

1. Excluding reproductive-related factors such as external hormone use, 176 factors were 

equally assessed in both men and women. These factors were assessed either as continuous or 

categorical variables. The majority of continuous variables had a right-skewed distribution. 

We transformed these variables into standardised z-scores by subtracting the mean and 

dividing by the standard deviation (SD) of the population. For categorical variables, we 

consistently defined one value as the referent category or the “negative” result, e.g. “never 

smoker” as the reference for “current smoker”. Vigorous physical activity (yes, no) was 

defined as participating three or more times per week in leisure-time physical activities with 

metabolic equivalent (MET) ≥6 for those aged 60 and older, and MET ≥7 for those younger 

than 60 [19]. Secondary exposure to smoking among never smokers (never smoked ≥100 

cigarettes) was defined as exposure to smoke at home (≥1 person smoke at home) or at work 

(≥1 hours smoke exposure at work). All exposure variables were assessed with standard 

procedures as detailed in the NHANES III documentation [18,20].  

 

The following variables have been suggested to strongly affect environmental factors and 

obesity and were therefore considered as confounders in our study: age, sex, race/ethnicity, 

education and socioeconomic status (SES). Race/ethnicity was categorised into Non-Hispanic 

white, Non-Hispanic black, Mexican-American, and other. We classified educational 

attainment as less than high school, high school equivalent, and higher than high school. SES 

was estimated with poverty-to-income ratio (PIR), a ratio of total family income to the 

official poverty threshold at the family level. A PIR <1 indicated that income was less than 

the level of poverty. We categorised PIR into <1, 1-<2, 2-<3, and ≥3, indicating lowest to 

highest SES as previously described [21]. 
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The ATP-III definition of metabolic syndrome apart from waist circumference was used to 

define presence of other metabolic disorders [9]. Hypertension was defined by blood pressure 

of ≥130/≥85 mmHg or any use of antihypertensive drugs. Diabetes was defined as fasting 

glucose ≥110 mg/dL or any use of insulin or glucose-lowering drugs. Any HDL-cholesterol 

levels <40 mg/dL for men or <50 mg/dL for women were considered as low. 

Triglyceridaemia was defined as any levels of triglycerides ≥150 mg/dL. Blood pressure was 

measured with mercury manometer and the average of the second and third blood pressure 

measurements was taken. Fasting plasma glucose levels were measured by using a modified 

hexokinase enzymatic method (Roche Diagnostic Systems, Inc., Montclair, NJ). Blood lipids 

were enzymatically measured using the Hitachi 704 Analyzer (Boehringer Mannheim 

Diagnostics, Indianapolis, IN) [18].  

Statistical analysis 

Sampling weights specific to each phase were included in all analyses. Fig 1 summarises the 

analytical steps in this study which were similar to previously published nutrient- and 

environment-wide studies [15,16,22,23]. WC was used as an outcome instead of BMI, and 

was assessed as a dichotomous instead of a continuous outcome given that this definition of 

abdominal obesity has been widely accepted to be clinically relevant to risk of diabetes and 

cardiovascular disease [24]. We selected factors corresponding to categories of 

environmental exposures used in a previous EWAS study as summarised in Table 1 [16].  

First, each of the 182 nutrition and lifestyle factors was assessed in relation to abdominal 

obesity in the discovery set, phase I of the NHANES III. Survey-weighted logistic regression 

was used to examine the association of continuous and dichotomous nutrition and lifestyle 

factors in men and women separately. All models were linearly adjusted for age, 

race/ethnicity, education and PIR by adding each term into the regression model.  

©    2016 Macmillan Publishers Limited. All rights reserved.



8 

 

 

Next, we estimated the false discovery rate (FDR) among findings in the discovery set. FDR 

is the expected proportion of false discoveries, among all significant findings at a given 

significance level [25]. Using a significance level α of 0.05, we estimated FDR using the 

Benjamini-Hochberg step down method [26] to select factors with statistically significant 

association with obesity status and FDR<5% in the discovery set. A sensitivity analysis was 

performed by selecting all factors with FDR<1%. Because physical activity and smoking 

status classifications were derived from other variables, we performed a sensitivity analysis 

including the four categories of physical activity (vigorous, moderate, light physical activity, 

and sedentary) [19] instead of using it dichotomously. Similarly, for smoking status we 

repeated our analyses by only including the main smoking categorisation (current, former and 

never smokers) [27] and continuous levels of serum cotinine, the primary metabolite of 

nicotine [28], as indicators of smoking exposures. 

 

Replicated analysis of assessed nutrition and lifestyle factors was subsequently performed by 

re-running similar logistic regression models in the second dataset, namely phase II of 

NHANES III (Fig 1). Only nutrition or lifestyle factors with both FDR <5% in the first 

dataset and p value <0.05 in the replication set were considered valid. Furthermore, analysis 

for replicated factors in the overall study population was repeated in additional multivariable 

models adjusting for other metabolic disorders (i.e., hypertension, diabetes, low HDL, and 

hypertriglyceridaemia) and models incorporating all replicated factors. To account for 

potential effects of body type differences, a sensitivity analysis was performed by a further 

adjustment for BMI or waist-to-hip ratio as a continuous variable. 
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Finally, our secondary aim was to understand any underlying factors associated with 

abdominal obesity based on inter-correlation among tentatively replicated nutrition and 

lifestyle factors in the overall study population. For this purpose, we performed a principal 

component analysis with an orthogonal varimax rotation procedure. An eigenvalue of >1 was 

used to define the number of principal components to be extracted from our data [29]. 

Proportion of variance in abdominal obesity explained by each principal component was 

estimated, and 95% confidence intervals of this estimation were obtained using 1000 

bootstrap resampling [30]. We further estimated the value of principal components identified 

and assessed them in relation to abdominal obesity using similar multivariable approach. 

McFadden R
2 

values were computed to estimate variance explained by the model, and the 

variance explained only by replicated nutrition and lifestyle factors or principal components. 

 

The NHANES III datasets were prepared with Statistical Analysis Software (SAS) release 9.3 

(SAS Institute, Cary, NC). All analyses were performed with R version 3.1.2 (R Foundation 

for Statistical Computing). The survey package was used to account for sampling weights and 

the psych package was used to perform principal component analysis. 

Results 

Characteristics of study participants are shown in Table 2, whereas means, standard 

deviations and frequencies of investigated nutrition and lifestyle factors are available in Table 

S1 (Supplementary Information).Using the ATP III definition for abdominal obesity, 55.6% 

of women and 28.8% of men were abdominally obese. Prevalence of other metabolic 

disorders was higher in both obese men and women compared to the non-obese counterparts.  
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We performed a systematic screening of the relationships of the 182 nutrition and lifestyle 

factors with abdominal obesity in men and women separately. A total of 30 factors with 

FDR<5% in men and 36 factors in women in the discovery set were examined for 

significance (P<0.05) in the replication set. In men, this resulted in 5 tentatively replicated 

factors showing significant inverse associations for serum α-carotene, -carotene, serum -

cryptoxanthin, serum vitamin D, and vigorous physical activity with abdominal obesity 

(Table 3). A total of 7 factors were replicated in women: serum vitamin C, serum α-carotene, 

-carotene, serum -cryptoxanthin, serum vitamin D, and vigorous physical activity were 

inversely correlated with abdominal obesity, whereas aspartame intake was positively 

associated with abdominal obesity. Replicated findings did not alter when we performed a 

sensitivity analysis including only factors with FDR<1% in the discovery survey or when we 

used the alternative categorisation of physical activity and smoking status (results not 

shown). Fig 2 depicts the distribution of P-values for each investigated factor and effect sizes 

(“Manhattan plot”). As seen in Fig 2, stronger associations between common factors and 

abdominal obesity were observed in women compared to men. Detailed results on 

associations between all factors and abdominal obesity are presented in the Supplementary 

Information (Table S2 and S3). 

 

Correlation between replicated factors is displayed as a heatmap in Fig S1 (Supplementary 

Information). To assess any structure underlying replicated nutrition and lifestyle factors, we 

performed a principal component factor analysis to identify common underlying factors. In 

men, two principal components (PC) were identified. The first PC mainly consisted of serum 

antioxidants (antioxidant PC). The second PC comprised serum vitamin D and vigorous 

physical activity (exercise-related PC). In addition to these two factors, a third factor (food 

additive PC) was identified in women, which only included aspartame intake. The total 
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variance of replicated variables explained by these principal components in men was 36% 

(95% CI: 34-36%) by antioxidant PC and 22% (21-22%) by exercise-related PC. In women, 

29% (95% CI: 29-31%) of total variance was explained by antioxidant PC, 16% (15-16%) by 

exercise-related PC, and 15% (14-15%) by food additive PC). 

 

For the final analysis, we obtained estimates for replicated nutrition and lifestyle factors in 

relation to abdominal obesity in the overall survey (phase I and phase II) for men and women 

(Table 4). In addition to these factors, we calculated estimates for antioxidant PC and 

exercise-related PC from the principal component analysis. We found that these two principal 

components were inversely associated with abdominal obesity in both sexes (Table 4). In a 

sensitivity analysis where we adjusted for BMI, only antioxidant PC was consistently 

associated with abdominal obesity in both men and women (Table S4). Associations remain 

significant for both principal components when models were adjusted for waist-to-hip ratio 

(Table S4). 

 

When we adjusted for other metabolic disorders as denoted by presence of one or more 

components of metabolic syndrome apart from obesity, the results were not altered, and all 

replicated factors remained significantly associated to abdominal obesity in men and women 

(Table 4). In a multivariable model incorporating all replicated factors, a lack of statistically 

significant association with abdominal obesity was observed for serum α-carotene in men and 

women, and for -cryptoxanthin in women. Other factors and all principal components 

identified remained significantly associated with abdominal obesity. The total variance 

explained by the multivariable model including replicated nutrition and lifestyle factors was 

11% and 17% for men and women, respectively. The total variance explained by replicated 
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factors was 2% and 6% in men and women, respectively. Similar contribution to variance 

was found for principal components in the multivariable models 

Discussion 

In a systematic screening of 182 nutrition and lifestyle factors, 5 factors in men and 7 factors 

in women were found to have statistically significant associations with abdominal obesity 

after applying the EWAS methodology among a representative sample of the U.S. 

population. Based on inter-correlation between these factors, three underlying principal 

components were identified. Lower odds of being abdominally obese were seen with higher 

quantities of factors representing serum antioxidants and exercise in both men and women, 

whereas a positive association was observed for aspartame intake in women, but not men.  

 

Circulating levels of common antioxidants including vitamin A metabolites and vitamin C 

have been reported to be inversely associated with general and abdominal obesity [31–35]. 

Recently, using repeated measurements, longitudinal associations between levels of these 

antioxidants and adiposity indicators were observed in postmenopausal women, indicating 

lower serum -carotene and higher γ-tocopherol  to be associated with higher WC [36]. 

However, results from clinical studies have failed to demonstrate benefit of antioxidant 

supplementation in prevention of obesity-related diseases such as cardiovascular disease [37] 

and breast cancer [38], although confounding by fruit and vegetable consumption may be 

implicated. Interestingly, a meta-analysis assessing a total of 78 randomised trials showed 

increased mortality with supplementation of -carotene or vitamin E, and with higher doses 

of vitamin A [39]. Our findings support inverse associations between serum antioxidants and 

abdominal obesity which was robust against variation in BMI and waist-to-hip ratio. The 

contrasting positive association between vitamin A levels and abdominal obesity, albeit not 
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seen in the replication set, may underline the discrepancy between absorbed pro-vitamin A 

and the tightly regulated levels of vitamin A [40,41]. In line with this, different associations 

between carotenoids and vitamin A levels with respect to other health outcomes such as 

mortality have also been noted [42]. Our findings also showed disagreement between dietary 

intake and serum levels of antioxidants in relation to obesity. Nevertheless, it is possible that 

this discrepancy and the lack of associations for dietary antioxidants that we observed was 

due to a lack of precision from measurement error and within-individual variation because 

information was obtained by a single 24-hour dietary recall. Alternatively, such discrepancy 

may also indicate the implication of physiological regulators of antioxidant metabolism rather 

than antioxidant intake on obesity and relevant health outcomes. In support of this, 

experimental evidence indicated that circulating carotenoids reduce adiposity through 

regulation of adipocyte thermogenesis [43]. These findings may indicate an interplay between 

antioxidant metabolism and physiological regulation of adiposity warranting further 

investigations. 

 

The role of physical activity in management of obesity has been well-established [44], as well 

as their opposing effects on health outcomes such as cardiovascular death [45]. Similarly, 

decreased levels of serum vitamin D among individuals with general and abdominal obesity 

have been reported [46–48] but the directionality of this association is unclear. Findings from 

a meta-analysis of vitamin D supplementation [49] and a Mendelian randomisation study [50] 

suggested that levels of vitamin D decrease secondary to increasing adiposity. Our study 

corroborates the inverse relationship between physical activity or serum vitamin D and 

abdominal obesity in both men and women. Additionally, from the principal component 

analysis, we observed a high correlation between physical activity and serum vitamin D. 

Although higher levels of physical activity have been linked to increasing levels of vitamin D 
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[51,52], their mechanistic association is unclear. Adding to the current evidence, we 

identified from the principal component analysis that an unobserved PC, which we denoted as 

„exercise-related‟, drove the associations of physical activity and serum vitamin D with 

abdominal obesity. One possible explanation is that levels of vitamin D may be a proxy for a 

healthier lifestyle which involves outdoor activities. However, it was suggested that sun 

exposure and time spent outdoor do not explain the majority of variation in vitamin D levels 

[53]. On the other hand, the notion that obesity is followed by decreasing vitamin D levels 

[49,50] may indicate a physical activity-obesity-vitamin D regulation axis. Mechanistic 

investigations are needed to confirm these plausible pathways.   

 

Aspartame is a methyl ester of a dipeptide and widely used as a synthetic non-nutritive 

sweetener (NNS) [54]. There is evidence that NNSs may interfere glucose and insulin 

response by disrupting learned physiological response [55,56]. However, a position statement 

by the Academy of Nutrition and Dietetics concluded that aspartame consumption was not 

associated with adverse health effects in humans (Grade I evidence) [57].  In the context of 

obesity, weight loss and maintenance among obese women have been reported following diet 

regimens incorporating aspartame-sweetened food and beverages, which are often part of 

diet-related products such as diet soda, compared to those without [58]. Nevertheless, there is 

a lack of evidence apart from clinical trials including individuals on weight management 

programmes. We found that higher aspartame intake correlated to more prevalent abdominal 

obesity in obese women. Although any obesogenic effect of aspartame intake has not been 

well-documented, our findings are in line with previous studies suggesting higher risks of 

subsequent general and abdominal obesity following use of artificially-sweetened beverages 

[59–61]. On the other hand, the positive association observed between aspartame intake and 

abdominal obesity in women may also signify certain behavioural patterns secondary to 
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obesity, such as efforts to moderate energy intake [56] and a „licensing effect‟, since artificial 

sweeteners are often a part of diets based on calorie restriction. The latter refers to 

disinhibition or „licensing‟ of unhealthy behaviours following commitment to a self-

perceived healthy behaviour [62,63], a phenomenon increasingly recognised in marketing 

research and experimental human studies. Further studies are needed to rule out such reverse 

causality, which is important in clarifying the role of aspartame in obesity and obesity-related 

outcomes. 

 

One of the strengths of this study is its generalisability following the use of nationally 

representative data of the U.S. population. We were able to adjust for major confounders such 

as education and PIR in our analysis. To our knowledge, this is the first study applying 

GWAS-like analytical approaches in studying determinants of obesity. Robustness of the 

statistical associations between investigated markers and obesity was ascertained through 

replication analysis and adjustment for presence of other metabolic factors. The systematic 

screening was able to eliminate factors with small effects which may be more prone to bias. 

Additionally, this method overcomes the limitation of selective reporting, which may be an 

issue with studies focusing on individual exposures. Nevertheless, it is important to address 

limitations of this study. NHANES III was set up as a cross-sectional study, thus our analysis 

was unable to identify any causality. Some nutrition and lifestyle factors were only measured 

in small numbers of the participants and this may have limited statistical power of the 

analysis. Many of investigated factors, such as smoking status and dietary assessment, were 

self-reported. For dietary assessment, only one 24-hour dietary recall was used. Such 

imprecision arising from subjective instruments and potential recall bias [64] may have 

resulted in the discrepancy between findings from dietary intake and serum levels of 

antioxidants. Therefore, it is necessary to confirm these results with objective measurements 
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such as digitalised instruments to monitor energy balance [65]. Nevertheless, these results 

may also indicate a role of physiological factors involved in oxidative stress response 

pathways, which may have greater influence than dietary intake of antioxidants in 

determining their serum levels. Definition of other metabolic disorders was limited by data 

availability in NHANES III. For instance, diabetes was based on fasting glucose and not all 

participants were fasting at time of measurements. Although we took into account potential 

confounders and inter-correlation between replicated factors, residual confounding may have 

occurred. It should also be noted that there were non-replicated factors in this study such as 

fat intake and serum cotinine that were individually correlated to abdominal obesity but did 

not display FDR<5% or significance in the replication set. Similarly, the association between 

aspartame intake and abdominal obesity may not have been gender-specific given a similar 

but weaker estimate in men after adjustment for multiple comparisons. These factors may still 

be associated, albeit weakly, with abdominal obesity. Furthermore, we were unable to 

exclude the potential role of other relevant factors apart from those assessed in NHANES III. 

Therefore, obtaining an equivalent definition of „genome-wide significance‟ as one would be 

able to claim in a GWAS analysis may be impractical or otherwise requires more rigorous 

and thorough assessments of nutrition and lifestyle determinants. 

Conclusion 

Using a comprehensive screening, our study identified nutrition and lifestyle factors 

demonstrating robust associations with abdominal obesity. Future mechanistic investigations 

are necessary in order to draw conclusions which may lead to development of suitable 

behavioural intervention and public policies aimed to reduce the obesity pandemic. 

©    2016 Macmillan Publishers Limited. All rights reserved.



17 

 

Acknowledgement 

The authors would like to thank the Harold Hyam Wingate Foundation for the fellowship 

awarded to the first author to conduct part of this research. The research was also 

funded/supported by Cancer Research UK and the National Institute for Health Research 

(NIHR) Biomedical Research Centre based at Guy's and St Thomas' NHS Foundation Trust 

and King's College London. The views expressed are those of the author(s) and not 

necessarily those of the funding bodies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

©    2016 Macmillan Publishers Limited. All rights reserved.



18 

 

References 

1.  Ng M, Fleming T, Robinson M, Thomson B, Graetz N, et al. (2014) Global, regional, 

and national prevalence of overweight and obesity in children and adults during 1980–

2013: a systematic analysis for the Global Burden of Disease Study 2013. Lancet 

6736: 1–16. doi:10.1016/S0140-6736(14)60460-8. 

2.  Ford ES, Maynard LM, Li C (2014) Trends in mean waist circumference and 

abdominal obesity among US adults, 1999-2012. JAMA 312: 1151–1153. 

doi:10.1001/jama.2014.8362. 

3.  Ford ES, Li C, Zhao G, Tsai J (2011) Trends in obesity and abdominal obesity among 

adults in the United States from 1999-2008. Int J Obes (Lond) 35: 736–743. 

doi:10.1038/ijo.2010.186. 

4.  Wormser D, Kaptoge S, Di Angelantonio E, Wood AM, Pennells L, et al. (2011) 

Separate and combined associations of body-mass index and abdominal adiposity with 

cardiovascular disease: Collaborative analysis of 58 prospective studies. Lancet 377: 

1085–1095. doi:10.1016/S0140-6736(11)60105-0. 

5.  Arnold M, Pandeya N, Byrnes G, Renehan AG, Stevens GA, et al. (2015) Global 

burden of cancer attributable to high body-mass index in 2012 : a population-based 

study. Lancet Oncol 16: 36–46. Available: http://dx.doi.org/10.1016/S1470-

2045(14)71123-4. 

6.  Ezzati M, Lopez AD, Rodgers A, Hoorn S Vander, Murray CJL, et al. (2002) Selected 

major risk factors and global and regional burden of disease. 360: 1347–1360. 

7.  Wang YC, Mcpherson K, Marsh T, Gortmaker SL, Brown M (2011) Obesity 2 Health 

and economic burden of the projected obesity trends in the USA and the UK. Lancet 

378: 815–825. Available: http://dx.doi.org/10.1016/S0140-6736(11)60814-3. 

8.  Hall KD, Sacks G, Chandramohan D, Chow CC, Wang YC, et al. (2011) 

Quantification of the effect of energy imbalance on bodyweight. Lancet 378: 826–837. 

doi:10.1016/S0140-6736(11)60812-X. 

9.  Detection EP on, Evaluation, Adults  and T of HBC in (2001) EXecutive summary of 

the third report of the national cholesterol education program (ncep) expert panel on 

detection, evaluation, and treatment of high blood cholesterol in adults (adult treatment 

panel iii). Jama 285: 2486–2497. Available: 

http://dx.doi.org/10.1001/jama.285.19.2486. 

10.  Ruderman NB, Schneider SH, Berchtold P (1981) The “metabolically-obese,” normal-

weight individual. Am J Clin Nutr 34: 1617–1621. 

11.  Farooqi IS, O‟Rahilly S (2006) Genetics of obesity in humans. Endocr Rev 27: 710–

718. doi:10.1210/er.2006-0040. 

12.  Association analyses of 249 , 796 individuals reveal 18 new loci associated with body 

mass index (2010). 42. doi:10.1038/ng.686. 

13.  Swinburn BA, Sacks G, Hall KD, Mcpherson K, Finegood DT, et al. (2011) Obesity 1 

The global obesity pandemic : shaped by global drivers and local environments. Lancet 

378: 804–814. Available: http://dx.doi.org/10.1016/S0140-6736(11)60813-1. 

14.  Qi L, Cho YA (2008) Gene-environment interaction and obesity. 66: 684–694. 

©    2016 Macmillan Publishers Limited. All rights reserved.



19 

 

doi:10.1111/j.1753-4887.2008.00128.x. 

15.  Patel CJ, Bhattacharya J, Butte AJ (2010) An Environment-Wide Association Study 

(EWAS) on type 2 diabetes mellitus. PLoS One 5: e10746. 

doi:10.1371/journal.pone.0010746. 

16.  Patel CJ, Rehkopf DH, Leppert JT, Bortz WM, Cullen MR, et al. (2013) Systematic 

evaluation of environmental and behavioural factors associated with all-cause 

mortality in the United States National Health and Nutrition Examination Survey: 

1795–1810. doi:10.1093/ije/dyt208. 

17.  Tzoulaki I, Patel C, Okamura T, Chan Q (2012) A nutrient-wide association study on 

blood pressure. Circulation 126: 2456–2464. Available: 

http://circ.ahajournals.org/content/early/2012/10/23/CIRCULATIONAHA.112.114058

.short. Accessed 21 September 2014. 

18.  Centers for Disease Control and Prevention (2015) National Health and Nutrition 

Examination Survey. 

19.  Ford ES (1994) Does Exercise Reduce Inflammation? Physical Activity and C-

Reactive Protein Among U.S. Adults. doi:10.1097/01.EDE.0000023965.92535.C0. 

20.  U.S. National Center for Health Statistics (1994) Plan and operation of the Third 

National Health and Nutrition Examination Survey, 1988-94. Series 1: programs and 

collection procedures. Vital Health Stat 1: 1–407. 

21.  Loucks EB, Rehkopf DH, Thurston RC, Kawachi I (2006) Socioeconomic Disparities 

in Metabolic Syndrome Differ by Gender : Evidence from NHANES III. 

doi:10.1016/j.annepidem.2006.07.002. 

22.  Tzoulaki I, Patel CJ, Okamura T, Chan Q, Brown IJ, et al. (2012) A Nutrient-Wide 

Association Study on Blood Pressure: 1–20. 

doi:10.1161/CIRCULATIONAHA.112.114058. 

23.  Merritt MA, Tzoulaki I, Tworoger SS, De Vivo I, Hankinson SE, et al. (2015) 

Investigation of dietary factors and endometrial cancer risk using a nutrient-wide 

association study approach in the EPIC and Nurses‟ Health Study (NHS) and NHSII. 

Cancer Epidemiol Biomarkers Prev 24: 466–471. doi:10.1158/1055-9965.EPI-14-

0970. 

24.  National Cholesterol Education Program (NCEP) Expert Panel on Detection 

Evaluation and Treatment of High Blood Cholesterol in Adults (Adult Treatment Panel 

III) (2002) Third Report of the National Cholesterol Education Program (NCEP) 

Expert Panel on Detection, Evaluation, and Treatment of High Blood Cholesterol in 

Adults (Adult Treatment Panel III) final report. Circulation 106: 3143–3421. 

doi:10.1161/01.CIR.0000048067.86569. 

25.  Storey JD, Tibshirani R (2003) Statistical significance for genomewide studies. Proc 

Natl Acad Sci U S A 100: 9440–9445. doi:10.1073/pnas.1530509100. 

26.  Benjamini Y, Hochberg Y (1995) Controlling the false discovery rate: a practical and 

powerful approach to multiple testing. J R Statisitical Soc Ser B 57: 289–300. 

27.  Needham BL, Adler N, Gregorich S, Rehkopf D, Lin J, et al. (2013) Socioeconomic 

status, health behavior, and leukocyte telomere length in the National Health and 

Nutrition Examination Survey, 1999-2002. Soc Sci Med 85: 1–8. 

©    2016 Macmillan Publishers Limited. All rights reserved.



20 

 

doi:10.1016/j.socscimed.2013.02.023. 

28.  Hukkanen J, Iii PJ, Benowitz NL (2005) Metabolism and Disposition Kinetics of 

Nicotine. 57: 79–115. doi:10.1124/pr.57.1.3.79. 

29.  Lee JYK, Chen HI, Urban C, Hojat A, Church E, et al. (2010) Development of and 

psychometric testing for the Brief Pain Inventory-Facial in patients with facial pain 

syndromes. J Neurosurg 113: 516–523. doi:10.3171/2010.1.JNS09669. 

30.  Timmerman ME, Kiers H a L, Smilde AK (2007) Estimating confidence intervals for 

principal component loadings: a comparison between the bootstrap and asymptotic 

results. Br J Math Stat Psychol 60: 295–314. doi:10.1348/000711006X109636. 

31.  Ohrvall M, Tengblad S, Vessby B (1993) Lower tocopherol serum levels in subjects 

with abdominal adiposity. J Intern Med 234: 53–60. 

32.  Suzuki K, Inoue T, Hioki R, Ochiai J (2006) Association of abdominal obesity with 

decreased serum levels of carotenoids in a healthy Japanese population: 780–789. 

doi:10.1016/j.clnu.2006.01.025. 

33.  Galan P, Viteri FE, Bertrais S, Czernichow S, Faure H, et al. (2005) Serum 

concentrations of b -carotene , vitamins C and E , zinc and selenium are influenced by 

sex , age , diet , smoking status , alcohol consumption and corpulence in a general 

French adult population: 1181–1190. doi:10.1038/sj.ejcn.1602230. 

34.  Coyne T, Ibiebele TI, Baade PD, Mcclintock CS, Shaw JE (2009) Metabolic syndrome 

and serum carotenoids : findings of a cross-sectional study in Queensland , Australia 

British Journal of Nutrition: 1668–1677. doi:10.1017/S000711450999081X. 

35.  Wallström P, Wirfält E, Lahmann PH, Gullberg B, Janzon L, et al. (2001) Serum 

concentrations of β-carotene and α-tocopherol are associated with diet, smoking, and 

general and central adiposity. Am J Clin Nutr 73: 777–785. 

36.  Kabat GC, Heo M, Ochs-balcom HM, Leboff MS, Adams-campbell LL, et al. (2015) 

Longitudinal association of measures of adiposity with serum antioxidant 

concentrations in postmenopausal women: 1–7. Available: 

http://dx.doi.org/10.1038/ejcn.2015.74. 

37.  Myung S-K, Ju W, Cho B, Oh S-W, Park SM, et al. (2013) Efficacy of vitamin and 

antioxidant supplements in prevention of cardiovascular disease: systematic review 

and meta-analysis of randomised controlled trials. BMJ 346: f10. doi:10.1136/bmj.f10. 

38.  Misotti AM, Gnagnarella P (n.d.) Vitamin supplement consumption and breast cancer 

risk : a review: 1–14. doi:10.3332/ecancer.2013.365. 

39.  Bjelakovic G, Gluud LL, Nikolova D, Whitfield K, Wetterslev J, et al. (2011) Vitamin 

D supplementation for prevention of mortality in adults. Cochrane Database Syst Rev: 

CD007470. doi:10.1002/14651858.CD007470.pub2. 

40.  D‟Ambrosio DN, Clugston RD, Blaner WS (2011) Vitamin A metabolism: An update. 

Nutrients 3: 63–103. doi:10.3390/nu3010063. 

41.  Widjaja-Adhi MAK, Lobo GP, Golczak M, Von Lintig J (2015) A genetic dissection 

of intestinal fat-soluble vitamin and carotenoid absorption. Hum Mol Genet 24: 3206–

3219. doi:10.1093/hmg/ddv072. 

42.  Goyal A, Terry MB, Siegel AB (2013) Serum antioxidant nutrients, vitamin A, and 

©    2016 Macmillan Publishers Limited. All rights reserved.



21 

 

mortality in U.S. adults. Cancer Epidemiol Biomarkers Prev 22: 2202–2211. 

doi:10.1158/1055-9965.EPI-13-0381. 

43.  Bonet ML, Canas JA, Ribot J, Palou A (2015) Carotenoids and their conversion 

products in the control of adipocyte function , adiposity and obesity. Arch Biochem 

Biophys 572: 112–125. Available: http://dx.doi.org/10.1016/j.abb.2015.02.022. 

44.  Ka S, Hc G, Rourke OP, C DM (2009) Exercise for overweight or obesity ( Review ). 

45.  Lim SS, Vos T, Flaxman AD, Danaei G, Shibuya K, et al. (2012) A comparative risk 

assessment of burden of disease and injury attributable to 67 risk factors and risk factor 

clusters in 21 regions, 1990-2010: A systematic analysis for the Global Burden of 

Disease Study 2010. Lancet 380: 2224–2260. doi:10.1016/S0140-6736(12)61766-8. 

46.  Wortsman J, Matsuoka LY, Chen T, Lu Z, Holick MF (200AD) Decreased 

bioavailability of vitamin D in obesity. Am J Clin Nutr 2000 72: 690–694. 

47.  Costa PRF, Assis AMO, Santos CAST, Santos DB (2015) Obesity and vitamin D 

deficiency : a systematic review and meta-analysis: 341–349. doi:10.1111/obr.12239. 

48.  Hannemann A, Thuesen BH, Friedrich N, Völzke H, Steveling A, et al. (2015) 

Adiposity measures and vitamin D concentrations in Northeast Germany and 

Denmark. Nutr Metab (Lond) 12: 24. doi:10.1186/s12986-015-0019-0. 

49.  Chandler PD, Wang L, Zhang X, Sesso HD, Moorthy M V, et al. (2015) Effect of 

vitamin D supplementation alone or with calcium on adiposity measures : a systematic 

review and meta-analysis of randomized controlled trials. 73: 577–593. 

doi:10.1093/nutrit/nuv012. 

50.  Vimaleswaran KS, Berry DJ, Lu C, Tikkanen E, Pilz S, et al. (2013) Causal 

Relationship between Obesity and Vitamin D Status: Bi-Directional Mendelian 

Randomization Analysis of Multiple Cohorts. PLoS Med 10. 

doi:10.1371/journal.pmed.1001383. 

51.  Skaaby T, Husemoen LLN, Thuesen BH, Pisinger C, Hannemann A, et al. (2015) 

Longitudinal associations between lifestyle and vitamin D: A general population study 

with repeated vitamin D measurements. Endocrine. doi:10.1007/s12020-015-0641-7. 

52.  Hansen JG, Tang W, Hootman KC, Brannon PM, Houston DK, et al. (2015) Genetic 

and environmental factors are associated with serum 25-hydroxyvitamin D 

concentrations in older African Americans. J Nutr 145: 799–805. 

doi:10.3945/jn.114.202093. 

53.  Freedman DM, Cahoon EK, Rajaraman P, Major JM, Doody MM, et al. (2013) 

Original Contribution Sunlight and Other Determinants of Circulating 25-

Hydroxyvitamin D Levels in Black and White Participants in a Nationwide US Study. 

177: 180–192. doi:10.1093/aje/kws223. 

54.  Magnuson BA, Burdock GA, Doull J, Kroes RM, Marsh GM, et al. (2007) Aspartame: 

A Safety Evaluation Based on Current Use Levels, Regulations, and Toxicological and 

Epidemiological Studies. Crit Rev Toxicol 37: 629–727. 

doi:10.1080/10408440701516184. 

55.  Pepino MY (2015) Metabolic effects of non-nutritive sweeteners. Physiol Behav 152: 

450–455. doi:10.1016/j.physbeh.2015.06.024. 

56.  Swithers SE (2013) Artificial sweeteners produce the counterintuitive effect of 

©    2016 Macmillan Publishers Limited. All rights reserved.



22 

 

inducing metabolic derangements. Trends Endocrinol Metab 24: 431–441. Available: 

http://dx.doi.org/10.1016/j.tem.2013.05.005. 

57.  Fitch C, Keim KS (2012) Position of the Academy of Nutrition and Dietetics: Use of 

Nutritive and Nonnutritive Sweeteners. J Acad Nutr Diet 112: 739–758. 

doi:10.1016/j.jand.2012.03.009. 

58.  Blackburn GL, Kanders BS, Lavin PT, Keller SD, Whatley J (1997) The effect of 

aspartame as part of a multidisciplinary weight-control program on short- and long-

term control of body weight. Am J Clin Nutr 65: 409–418. 

59.  Fowler SP, Williams K, Resendez RG, Hunt KJ, Hazuda HP, et al. (2008) Fueling the 

Obesity Epidemic ? Artificially Sweetened Beverage Use and Long-term Weight Gain. 

16. doi:10.1038/oby.2008.284. 

60.  Fowler SPG, Williams K, Hazuda HP (2015) Diet Soda Intake Is Associated with 

Long-Term Increases in Waist Circumference in a Biethnic Cohort of Older Adults : 

The San Antonio Longitudinal Study of Aging: 708–715. doi:10.1111/jgs.13376. 

61.  Pereira MA (2013) Diet beverages and the risk of obesity , diabetes , and 

cardiovascular disease : a review of the evidence. 71: 433–440. 

doi:10.1111/nure.12038. 

62.  Khan U, Dhar R (2006) Licensing Effect in Consumer Choice. XLIII: 259–266. 

63.  Hui SK, Bradlow ET, Fader PS (2009) Testing Behavioral Hypotheses Using an 

Integrated Model of Grocery Store Shopping Path and Purchase Behavior. J Consum 

Res 36: 478–493. doi:10.1086/599046. 

64.  Archer E, Pavela G, Lavie CJ (2015) The Inadmissibility of What We Eat in America 

and NHANES Dietary Data in Nutrition and Obesity Research and the Scientific 

Formulation of National Dietary Guidelines. Mayo Clin Proc 90: 911–926. 

doi:10.1016/j.mayocp.2015.04.009. 

65.  Dhurandhar N V, Schoeller D, Brown AW, Heymsfield SB, Thomas D, et al. (2015) 

Energy balance measurement: when something is not better than nothing. Int J Obes 

(Lond) 39: 1109–1113. doi:10.1038/ijo.2014.199. 

 

 

 

 

 

 

 

 

 

©    2016 Macmillan Publishers Limited. All rights reserved.



23 

 

List of Tables 1 

Table 1.Number and examples of nutrition and lifestyle factors in NHANES III 2 

Table 2. Descriptive characteristics of study participants 3 

Table 3. Associations between replicated nutrition and lifestyle factors in relation to 4 

abdominal obesity in discovery and replication datasets. All models were adjusted for age, 5 

race/ethnicity, education, and PIR. Benjamini-Hochberg adjusted P-values for FDR<5% are 6 

presented for the discovery survey, and P-values from significance testing are presented for 7 

replication survey. 8 

Table 4. Associations between replicated nutrition and lifestyle factors, identified principal 9 

components (PC), and abdominal obesity in overall study population  10 

 11 

List of Figures 12 

 13 

Fig 1. Diagram representing environment-wide analysis of nutrition and lifestyle factors in 14 

the NHANES III. 15 

Fig 2. Manhattan plots depicting the associations between nutrition and lifestyle factors and 16 

abdominal obesity. Factors were ordered based on the size of effects (odds ratio). Validated 17 

factors were grouped based on results from principal component analysis. For abbreviations 18 

of investigated factors, see Table S1. 19 

 20 

Supporting Information 21 

Table S1. Distribution of nutrition and lifestyle factors in men and women 22 

Table S2. Associations between nutrition and lifestyle factors and abdominal obesity in men 23 

in the discovery set. All models were adjusted for age, race/ethnicity, education, and PIR. P-24 

values for trend are shown for ordinal variables. Benjamini-Hochberg adjusted P-values for 25 

FDR<5% are shown. 26 

Table S3. Associations between nutrition and lifestyle factors and abdominal obesity in 27 

women in the discovery set. All models were adjusted for age, race/ethnicity, education, and 28 

PIR. P-values for trend are shown for ordinal variables. Benjamini-Hochberg adjusted P-29 

values for FDR<5% are shown. 30 

Table S4. Associations between replicated nutrition and lifestyle factors, identified principal 31 

components (PC), and abdominal obesity in overall study population. All models were 32 

adjusted for age, race/ethnicity, education, and PIR. 33 

Fig S1. Correlation and hierarchical clustering of replicated nutrition and lifestyle factors. 34 

©    2016 Macmillan Publishers Limited. All rights reserved.



Table 1.Number and examples of nutrition and lifestyle factors in NHANES III 

Factor category No Examples 

Nutrition   

Food nutrient recall 104 Dietary fibre (continuous) 

  Aspartame (continuous) 

  Energy from protein (continuous) 

Healthy Eating Index (HEI) 10 Total HEI score (continuous) 

Nutrients and minerals (serum and 

urine) 

17 Serum vitamin A (continuous) 

  Serum selenium (continuous) 

Alcohol use 1 Drink alcohol twice or more a day (yes/no) 

Caffeinated beverages 1 Drink caffeinated beverages twice or more a day 

(yes/no) 

Lifestyle factors   

Personal smoking 14 Current smoker (reference: never smoker) 

  Ever smoked 20 cigars in life (yes/no) 

  Serum cotinine (continuous) 

Environmental smoking 4 Does anyone smoke in the home (yes/no) 

  At work, hours per day can smell smoking 

(ordinal) 

Physical activity 1 Vigorous physical activity (yes/no) 

Social support 2 How many times talking on the phone with 

family, friends or neighbours per week (ordinal) 

Environmental pollutants (serum 

and urine) 

2 Serum lead (continuous) 

  Urine cadmium (continuous) 

Bacterial infection 2 Helicobacter pylory antibody (continuous) 

Viral infection 8 Herpes Simplex Virus I antibody 

(positive/negative) 

  Hepatitis A antibody (positive/negative) 

Parasite infection 1 Toxoplasma antibody (continuous) 

Painkiller use 6 Taken aspirin in the past month (yes/no) 

  # NSAIDs taken in the past month (ordinal) 

External hormone use (females) 9 Age first taking birth control pills (ordinal) 

  Ever taken estrogen or female hormone pills 

other than birth control pills 
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1 
 

Table 2. Descriptive characteristics of study participants 

 

 

Characteristic 

Weighted mean or proportion 

Men Women 

 Not obese 

(N=5,272) 
Obese 

(N=2,131) 
Not obese 

(N=3,694) 
Obese 

(N=4,634) 

Age – mean (SE) 40.48 (0.45) 50.60 (0.53) 40.18 (0.58) 50.08 (0.54) 

Race (%)     

Non-Hispanic white 74.65 81.84 78.75 72.95 

Non-Hispanic black 10.84 7.73 89.57 14.44 

Mexican-American 5.97 4.64 3.75 5.81 

Others 8.54 5.79 8.54 6.80 

Education (%)     

Less than high school 9.91 14.83 7.67 14.30 

High school equivalent 43.59 47.59 44.47 54.94 

Higher than high school 46.49 37.58 47.86 30.76 

Poverty-to-income ratio (PIR) (%)     

<1 11.09 9.52 11.25 17.61 

1-2 19.88 19.93 20.06 24.09 

2-3 20.61 24.57 20.37 20.59 

≥3 48.42 45.76 48.32 37.70 

Body mass index (kg/m
2
) – mean (SE) 24.53 (0.08) 31.87 (0.14) 22.38 (0.07) 31.17 (0.21) 

Metabolic disorder (%)     

Hypertension  15.01 36.61 8.86 25.97 

Diabetes 8.05 20.30 3.10 15.78 

Low HDL-cholesterol 27.21 49.78 26.84 47.77 

Triglyceridaemia 27.89 55.88 12.22 39.39 
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Table 3. Associations between replicated nutrition and lifestyle factors in relation to abdominal obesity in discovery and validation datasets. All 

models were adjusted for age, race/ethnicity, education, and PIR. Benjamini-Hochberg adjusted P-values for FDR<5% are presented for the 

discovery survey, and P-values from significance testing are presented for replication survey. 

 

 Discovery survey (Phase I) Replication survey (Phase II) 

Factors N obese/ 

N total 

OR (95% CI) P-value N obese/ 

N total 

OR (95% CI) P-value 

Men         

Serum α-carotene 1044 3673 0.61 (0.52-0.74) 0.002 1012 3389 0.63 (0.47-0.83) 0.005 

Serum -carotene 1044 3673 0.53 (0.40-0.70) 0.01 1012 3389 0.66 (0.46-0.94) 0.03 

Serum -cryptoxanthin 1044 3673 0.72 (0.61-0.84) 0.02 1012 3389 0.69 (0.58-0.82) 0.0004 

Serum vitamin D 1057 3712 0.85 (0.62-0.78) 0.001 1016 3413 0.84 (0.73-0.96) 0.02 

Vigorous physical activity 1098 3916 0.44 (0.31-0.64) 0.02 1033 3487 0.53 (0.35-0.82) 0.009 

Women         

Serum vitamin C 1887 3468 0.80 (0.72-0.89) 0.01 2389 4215 0.74 (0.65-0.84) 0.0002 

Serum α-carotene 1923 3534 0.65 (0.54-0.80) 0.02 2467 4355 0.66 (0.56-0.78) 0.0001 

Serum -carotene 1923 3534 0.60 (0.50-0.73) 0.003 2467 4355 0.58 (0.46-0.73) 0.0002 

Serum -cryptoxanthin 1923 3534 0.76 (0.65-0.89) 0.04 2467 4355 0.74 (0.64-0.83) 0.0001 

Serum vitamin D 1941 3567 0.63 (0.54-0.73) 0.003 2501 4401 0.72 (0.65-0.80) <0.0001 

Vigorous physical activity 2083 3827 0.40 (0.28-0.56) 0.003 2551 4501 0.62 (0.40-0.97) 0.04 

Aspartame intake 2028 3732 1.25 (1.15-1.37) 0.003 2481 4364 1.13 (1.01-1.26) 0.03 
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Table 4. Associations between replicated nutrition and lifestyle factors, identified principal components (PC), and abdominal obesity in overall 

study population  
 

N obese/N total
 OR (95% CI) 

 Model 1
a 

Model 2
a,b

 Model 3
a,c 

Model 4
a,c

 

Men       

Serum α-carotene 2056 7062 0.63 (0.52-0.75) 0.69 (0.58-0.82) 0.98 (0.96-1.01) - 

Serum -carotene 2056 7062 0.61 (0.47-0.78) 0.68 (0.56-0.85) 0.96 (0.94-0.99) - 

Serum -cryptoxanthin 2056 7062 0.71 (0.62-0.81) 0.73 (0.65-0.83) 0.97 (0.95-0.99) - 

Antioxidant PC
d 

2056 7062 0.76 (0.70-0.82) 0.79 (0.74-0.86) - 0.97 (0.96-0.98) 

Serum vitamin D 2073 7125 0.78 (0.69-0.89) 0.80 (0.71-0.91) 0.96 (0.94-0.98) - 

Vigorous physical activity
 

2131 7403 0.49 (0.36-0.68) 0.56 (0.41-0.76) 0.91 (0.86-0.97) - 

Exercise-related PC
d
 2073 7125 0.68 (0.59-0.79) 0.73 (0.63-0.83) - 0.94 (0.92-0.96) 

McFadden R
2
 full model     0.11 0.11 

McFadden R
2
 reduced model

e 
    0.02 0.02 

Women       

Serum vitamin C 4276 7683 0.77 (0.71-0.84) 0.82 (0.76-0.89) 0.98 (0.96-0.99) - 

Serum α-carotene 4389 7888 0.66 (0.58-0.75) 0.73 (0.65-0.82) 0.99 (0.97-1.01) - 

Serum -carotene 4389 7888 0.59 (0.52-0.67) 0.66 (0.58-0.74) 0.94 (0.92-0.96) - 

Serum -cryptoxanthin 4389 7888 0.75 (0.67-0.84) 0.79 (0.72-0.87) 0.99 (0.97-1.02) - 

Antioxidant PC
d 

4266 7660 0.79 (0.74-0.82) 0.82 (0.78-0.87) - 0.96 (0.95-0.97) 

Serum vitamin D 4442 7968 0.68 (0.62-0.74) 0.67 (0.62-0.73) 0.94 (0.92-0.95) - 

Vigorous physical activity 4634 8328 0.50 (0.38-0.66) 0.48 (0.36-0.65) 0.90 (0.85-0.96) - 

Exercise-related PC
d 

4442 7968 0.56 (0.50-0.63) 0.56 (0.49-0.62) - 0.91 (0.89-0.93) 

Aspartame intake 4509 8096 1.18 (1.10-1.26) 1.16 (1.08-1.24) 1.04 (1.02-1.06) 1.04 (1.02-1.05) 

McFadden R
2 
full model     0.19 0.17 

McFadden R
2
 reduced model

e 
    0.07 0.06 

a
Adjusted for age (continuous), race/ethnicity, education, PIR 

b
Adjusted for presence (yes, no) of other components of metabolic syndrome: hypertension, diabetes, low HDL, hypertrigliceridaemia 

c
All variables were included in the same model 

d
Extracted from principal component analysis 

e
Not adjusted for age (continuous), race/ethnicity, education, PIR 
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