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Abstract (249 words)
Purpose: Testosterone (T) plays an important role in men’s health and its deficiency is linked with poorer health. However, the role of nutritional and lifestyle factors in T regulation and production remains unclear. The objectives are to comprehensively test the cross-sectional associations of nutritional and lifestyle factors with T deficiency and to validate the associations in the NHANES survey. 

Methods: We performed weighted multivariable logistic regression analysis to examine the association of 173 nutritional and lifestyle factors with T deficiency (total testosterone ≤ 3.5 ng/mL) in NHANES III as the discovery set (mean age 41). We controlled for multiple comparisons with a false discovery rate (FDR) < 5% and replicated in NHANES 1999-2004 (mean age 44). 
  
Results: We identified seven nutritional factors as being inversely associated with T deficiency in NHANES 1999-2004, namely dietary intake of vitamin A, protein, saturated fatty acids, monounsaturated fatty acids, total fats, saturated fatty acid 16:0, and phosphorus. In a multivariable model, only vitamin A intake remained significantly associated with T deficiency (OR: 0.97, 95% CI: 0.94-0.99). Principal component analysis suggested that the two principal components 1) dietary fats, protein and phosphorous and 2) total vitamin A, may be associated with T deficiency.

Conclusion: Our systematic evaluation provided new insight into the modifiable factors that could play a role in the regulation of T production. This study has the potential to contribute to the current body of literature which seeks to formulate a clinical definition of T deficiency after taking into account nutritional and lifestyle factors. 
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Introduction
While testosterone (T) is linked with many positive physiologic effects, including improved sexual function, physical performance, muscle strength, lean body mass, cognitive function low levels are associated with an increased risk of cardiovascular mortality and morbidities [1-3]. Specifically, low levels of T are associated with cardiovascular diseases [4], cancer [5] and all-cause mortality [6]. In the USA alone, studies have reported that as many as 38.7% of men 45 years or older demonstrate low levels of T [7, 8] or T deficiency (total testosterone ≤ 350 ng/dL)[9], it being projected that by 2025 approximately 6.5 million men will have T deficiency [8, 10]. The obesity epidemic and the aging of the US male population have contributed, in part, to the increasing prevalence of T deficiency [11]. However, the role of other nutritional and environmental factors in the regulation of T production has not been widely investigated.  
Recently, Patel et al. proposed a study design analogous to genome-wide association studies (GWAS), namely “the environment-wide association study (EWAS)” to comprehensively test and analytically validate nutritional and environmental factors associated with chronic diseases and other clinical phenotypes [12]. Similarly to GWAS, EWAS does not test only one or a few associations at a time. Rather, it simultaneously evaluates multiple environmental factors for associations, with proper adjustment for multiple comparisons. Subsequently, the identified significant associations are further validated across independent datasets [12]. Therefore, in this study, we propose to utilize an EWAS approach to comprehensively test nutritional and lifestyle factors in relation to T deficiency in the NHANES III (1988-1994) discovery set and further replicate significant associations in the continuous NHANES 1999-2004.  

Methods 
Study Population
	The National Center for Health Statistics (NCHS) conducted the Third National Health and Nutrition Examination Survey (NHANES III), a cross-sectional study of the US civilian noninstitutionalized population aged 2 months and older, between 1988 and 1994. NHANES III used a multistage, stratified, and clustered probability sampling in which Mexican-Americans, non-Hispanic blacks, the elderly and young children were oversampled to ensure adequate samples sizes [13]. NHANES III was conducted in two phases (1988–1991 and 1991–1994) from which independent, unbiased national estimates of health and nutrition can be calculated. Participants were interviewed at home and asked detailed demographic and health-related questions. Participants also underwent extensive physical and laboratory examinations in a mobile examination center or at a home visit. Trained-personnel collected blood samples from participants after an overnight fast under standardized conditions [13]. For studies on sex steroid hormones, we selected men who participated in the morning session to reduce diurnal variation in serum levels. Men with a self-reported history of cardiovascular disease or prostate cancer were excluded because certain treatments may affect hormone levels. From this population, we selected 1316 male participants aged 20 and older in the first phase of NHANES III as the discovery set, and findings from this data set were replicated in the continuous NHANES 1999-2004 (n = 890). 
	The continuous NHANES 1999-2004 is a program of studies undertaken by the NCHS of the US Centers for Disease Control and Prevention (CDC) to assess the health and nutritional status of adults and children in the USA. This study includes data from 890 male participants in the 1999-2000, 2001-2002 and 2003-2004 NHANES cycles with complete sex hormone data. Similarly to NHANES III, continuous NHANES uses a multistage, stratified and clustered probability sampling strategy in which minority populations and the elderly are oversampled to ensure adequate representativeness of the total US civilian, noninstitutionalized population. Continuous NHANES comprises of an interview and an examination component that includes morning blood collection to reduce diurnal variation of hormones, and men with a history prostate cancer and younger than 20 years of age were excluded for this study. Investigators are allowed to access surplus sera for approved studies. Details of the survey design, methods and data collections are available on the NHANES website (https://www.cdc.gov/nchs/nhanes/index.htm. Accessed May 2018).   
	The NHANES program is approved by the Institutional Review Board of the NCHS at CDC. Informed consent was obtained from all participants. Addressing questions about hormones and men’s health in NHANES was approved by the National Institutes of Health Office of Human Subjects Research and the NCHS Ethics Review Board at CDC.

Assessment of testosterone, estradiol and SHBG
	In NHANES III, serum concentrations of total T, total estradiol, and SHBG were previously measured in Dr. Nader Rifai’s laboratory at Boston Children’s Hospital, MA, by electrochemiluminescence immunoassays on a 2010 Elecsys autoanalyzer (Roche Diagnostics, Indianapolis, IN, USA). The lowest limits (LOD) of detection were 2 ng/mL for T, 5 pg/mL for estradiol and 3 nmol/L for SHBG; no samples had concentrations below LOD for these analytes. Values of total T below or equal to 350 ng/dL [12.15 nmol L−1] are considered T deficiency [9]. 
	Concerning continuous NHANES 1999-2004, details on the blood draw, process, storage and shipping methods are provided elsewhere [14]. As in NHANES III, total T, estradiol and SHBG were measured using the Elecsys 2010 system (Roche Diagnostics, Laval, QC, Canada). The laboratory technicians were blinded to the participant characteristics of the samples. The LOD of the assays were 2 ng/dL for T, 5 pg/mL for estradiol and 3 nmol/L for SHBG. One sample had a concentration below the LOD for T and 10 samples for estradiol, which were assigned to half the limit of detection. T deficiency was also defined as total T below or equal to 350 ng/dL [12.15 nmol L−1] [9]. In this study, the term T deficiency does not imply that a deficit needs to be replaced, therefore, its use is analogous to low T, but we did not use the term to avoid confusion with the business centers using the same words. Twenty-one samples were assayed in duplicate for quality control purposes, and the coefficients of variation were 4.8% for testosterone, 21.4% for estradiol and 5.6% for SHBG. Testosterone deficiency with calculated free testosterone (< 225 pM) was also calculated [9].   

Assessment of exposures and covariates
	There was a total of 173 factors, including 133 nutritional and 40 lifestyle factors, in our EWAS in NHANES III (Supplementary Table S1, Supplementary Data). The data collected ranged from information obtained through the interview, such as smoking history to physical and laboratory examination, for example serum vitamin C concentrations. Examples of markers and categories are presented in Table 1. These factors were assessed either as continuous or as categorical variables. The majority of continuous variables had a right-skewed distribution. We transformed these variables into standardized 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, for example ‘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 ≥ 6 for those aged 60 and older, and metabolic equivalent ≥7 for those younger than 60. 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 h smoke exposure at work). All exposure variables were assessed with standard procedures as detailed in the NHANES III documentation [13]. 
	The following variables have been suggested as strongly affect nutritional and environmental factors and T levels and were therefore considered as confounders in our study: age, race/ethnicity, education, body mass index (BMI), estradiol, SHBG, and socioeconomic status (SES). Race/ethnicity was categorized 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. BMI was calculated from measured weight and height (weight in kilograms divided by height in meters squared). 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 categorized PIR into <1, 1-<2, 2-<3, and ≥ 3, indicating the lowest to highest SES as previously described [15]. 
Detailed information on the laboratory methods used and quality measures for metabolic factors/disorders in NHANES III have been reported previously [13, 16]. Briefly, 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 were considered as low. Triglyceridemia 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, USA). Blood lipids were enzymatically measured using the Hitachi 704 Analyzer (Boehringer Mannheim Diagnostics, Indianapolis, IN, USA).

Statistical analysis
Sampling weights specific for each phase were applied to take into account selection probabilities, over-sampling, non-response, and differences between the sample and the total US population. Figure 1 depicts the analytical steps in this study which were similar to previously published nutrient- and environment-wide studies [12, 17]. T deficiency was used in the dichotomized format as the main outcome[9] given that this definition is becoming widely known and accepted due to its clinical relevance with health outcomes, including chronic diseases [9, 18]. We selected factors corresponding to categories of environmental exposures used in previous EWAS studies as summarized in Table 1 [12, 17]. First, each of the 173 nutrition and lifestyle factors was assessed in relation to T deficiency in the discovery set, phase I of NHANES III. Survey-weighted logistic regression was used to examine the association of continuous and dichotomous nutrition and lifestyle factors in men. All models were linearly adjusted for age, race/ethnicity, education, BMI and PIR by adding each term into the regression model. Pearson correlation coefficients were calculated for environmental and nutritional factors visualized with a heatmap, as shown in Supplementary Figure S2.  
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[19]. We estimated FDR using the Benjamini–Hochberg stepdown method to select factors with statistically significant association with T deficiency and FDR < 5% in the discovery set [20]. 
Replicated analysis of assessed nutrition and lifestyle factors was subsequently performed by re-running similar logistic regression models in the second dataset, namely NHANES 1999-2004 for 16 out of 28 factors identified in the discovery dataset (because not all of them were available). 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 adjusted for age, race, PIR, education, SHBG, and estradiol and models incorporating all replicated factors. 
	Finally, we conducted principal components analysis to identify any underlying factors associated with T deficiency based on intercorrelation among tentatively replicated nutrition and lifestyle factors in the overall study population. Principal component analysis was performed with an orthogonal varimax rotation procedure. An eigenvalue of 41 was used to define the number of principal components to be extracted from our data [21]. 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 [22]. We further estimated the value of principal components identified and assessed them in relation to T deficiency using a similar multivariable approach. 
	The NHANES III datasets were prepared with Statistical Analysis Software release 9.3 (Statistical Analysis Software Institute, Cary, NC, USA). All analyses were performed with R version 3.1.2 (R Foundation for Statistical Computing) [23]. The survey package was used to account for sampling weights and the psych package was used to perform principal component analysis. The Circlize package was used to generate the circle plot. 

Results
Descriptive characteristics of the study participants are shown in Table 2 (NHANES III and NHANES 1999-2004), and the means (s.d.) and frequencies of investigated nutrition (n = 133) and lifestyle factors (n = 40) are presented in Supplementary Table S1. Approximately 19% of men with T deficiency were older, non-Hispanic white, had higher BMI, hypertension, diabetes, low-HDL cholesterol and triglyceridemia, but lower poverty-to-income ratio, SHBG and estradiol levels compared to men without deficiency (Table 2). Similar characteristics were observed for men in NHANES 1999-2004 with the exception of SHBG, which was not statistically different between the groups and which showed that poverty-to-income ratio was higher among men with T deficiency (Table 2). The distribution of these characteristics was also observed by calculated free testosterone deficiency, and the differences were similar (Supplementary Table S3).  
	We performed a systematic screening of the relationships of the 173 nutrition and lifestyle factors with T deficiency in men. A total of 28 factors with FDR< 5% in the discovery set were examined for significance (P < 0.05) in the replication set but only 16 were available to replicate (Supplementary Figure S1 and Supplementary Table S2). Supplementary Figure 1 shows the distribution of P-values for each investigated factors and effect sizes in a circle Manhattan plot and the detailed results on these associations are presented in Supplementary Table S2. This resulted in seven tentatively replicated factors showing significant inverse associations for vitamin A intake (OR = 0.64, 95% CI: 0.46-0.89, P value = 0.01), protein intake (OR = 0.60, 95% CI: 0.45-0.81, P value = 0.003), saturated fatty acids intake (OR = 0.67, 95% CI: 0.51-0.89, P value = 0.01), monounsaturated fatty acids intake (OR = 0.68, 95% CI: 0.52-0.88, P value = 0.008), total fat intake (OR = 0.70, 95% CI: 0.54-0.91, P value = 0.01), SFA 16:0 (OR = 0.68, 95% CI: 0.52-0.90, P value = 0.01), and phosphate intake (OR = 0.61, 95% CI: 0.42-0.87, P value = 0.01)  with T deficiency (Table 3). 
	Correlation between replicated factors is displayed as a heatmap in Supplementary Figure S2. The larger the correlation between a pair of variables, the closer in proximity they appear in the heatmap. We performed a principal component factor analysis to assess any structure underlying replicated factors and to identify common underlying factors. Two principal components (PC) were identified. The first PC1 consisted of total fat intake, SFA 16:0, saturated fat, monounsaturated fat, protein, and phosphate intake. The second PC2 mainly comprised of vitamin A intake. The total variance of replicated variables explained by PC1 was 73% (95% CI: 72–75%) and 14% (95% CI: 13-15%) by PC2 (Supplementary Figure S3). For the final analysis, we obtained estimates for replicated nutritional and lifestyle factors in relation to T deficiency in multivariable analysis in the NHANES 1999-2004 dataset (Table 4). The only factor that remained statistically significant associated to T deficiency was Vitamin A (OR = 0.67, 95% CI: 0.49-0.92). 

Discussion 
In a systematic screening of 173 nutrition and lifestyle factors, seven factors were identified and validated as being inversely associated with T deficiency after applying the EWAS methodology in a representative sample of the US population. These seven factors included intake of total vitamin A, protein, total saturated fatty acids, total monounsaturated fatty acids, total fats, saturated fatty acid 16:0, and phosphorus. In a multivariable model in NHANES 1999-2004, the seven replicated nutritional and lifestyle factors were investigated in relation to T deficiency and only vitamin A was significantly associated. On the basis of intercorrelation between these factors, two PC were found: (1) total fats, saturated fatty acid 16:0, total saturated fatty acids, total monounsaturated fatty acids, protein and phosphorous; and (2) total vitamin A. The two PCS also displayed significant associations with T deficiency.
To our knowledge, this is the first study that investigates the association of a large number of nutritional and lifestyle factors with T deficiency using a EWAS approach - a study design analogous to GWAS. Although EWAS has previously used with other health outcomes, there was a research gap in studying the role of nutritional and lifestyle factors in the production and secretion of T levels using this method. The seven nutritional factors that were tested and replicated in this study have previously been suggested as being linked with serum T levels. However, the emerging body of literature related to these associations has provided conflicting results.    
Therefore, several aspects of the findings of our investigation merit further discussion. First, in our study all associations between the nutritional factors and T deficiency were inverse, meaning that every unit increase of these nutritional factors had the potential to reduce the likelihood of T deficiency, possibly due to a direct increase in serum T levels. In our study, nutritional factors are dietary intakes that were compared with serum levels from previous papers, as described in the paragraphs below, and although in some instances our sample size was larger compared to previous studies, our dietary intake data are also more prone to recall and selection bias. Second, vitamin A was investigated in an experimental study conducted in guinea pigs and it was reported that low levels of vitamin A are accompanied by corresponding low levels of testosterone [24]. However, a population-based nutrition study, which included 155 male twins, identified an inverse association between vitamin A and T levels [25]. Years later, a review study, mainly conducted in animals, reported that low levels of vitamin A lead to decrease in T production [26]. Further, a more recent experimental study by Yang et al. in 2018 seemed to agree with the latter review, as has our study by reporting that low levels of vitamin A adversely affect T secretion through regulation of the Leydig cell differentiation in mouse and rat models [27]. However, this association should be interpreted with caution because dietary recalls and cross-sectional studies are more prone to recall and selection biases, which could have influenced these findings.    
Third, a number of studies have reported that dietary fats (e.g. total fat, and saturated and unsaturated fats) play a role in the production and secretion of T, although these findings remain inconsistent as dietary fat has been found to have both positive and negative effects on circulating total T [28-32]. Our study observed an inverse association between total fat, saturated fats and unsaturated fats and T deficiency. This observation has plausibility as it has been previously shown that saturated fat intake increased total cholesterol concentration [33], and total cholesterol is a precursor for T [34, 35]. Another plausibility derived from a high-fat diet study, rich in saturated fatty acids, found that this diet caused a decrease in SHBG and consequently an increase in the levels of free T [36]. Yet, an aforementioned male twin study of 155 pairs also investigated the relationship between T levels and total fat and reported an inverse relationship [25]. Similarly, Nagata et al. 2000 found that intake of saturated, monounsaturated, and polyunsaturated fats was inversely correlated with serum total testosterone among Japanese men, but the correlation was statistically significant only for the polyunsaturated fat [37]. However, Key et al. 1990 found a positive correlation only between T and polyunsaturated fat intake among 40 men [29]. Another small population-based study confirmed that 43 healthy men had high concentrations of total T among those men who ate a high-fat diet [36]. Confirming these latter observations, two experimental studies conducted in rat models showed positive associations between T levels and unsaturated fatty acids [32, 38]. 
Fourth, dietary protein levels have been suggested to influence circulating T levels. Yet, the direction of this influence remains unclear due to contradicting results found in the literature. A few experimental studies have reported that a low-protein diet can lead to low levels of T in male rat models [39, 40], but an inverse association was found between protein and T levels in a number of population-based studies [25, 41]. Interestingly, more recent literature has focused mainly trying to compare and assess the effects on T levels by different types of proteins (e.g. soy vs whey protein which is the most common type of protein investigated). For instance, Kraemer et al. 2013 identified lower levels of T among 10 young men following a supplementation with soy protein, but not with whey protein [42]. However, a recent meta-analysis [43, 44] showed that soy protein doesn’t alter T profile, and it is not inferior to the positive effects of whey protein [45]. This finding was recently confirmed by a double-blind randomized clinical trial reporting no alteration in the T profile after soy or whey protein supplementation among young men with resistance exercise training [46].  
Finally, there has been a small number of studies investigating the link between phosphorous and T levels. However, this link merits further scrutiny because high levels of phosphorous has been associated with a high risk of cardiovascular diseases[47], but low levels of T has been linked to a higher risk of cardiovascular disease [4, 48]. A community dwelling study of 1,346 older men reported that high serum T levels were associated with lower serum phosphorus levels in a model adjusted for age, race and estradiol levels [49]. This seems to concur with the aforementioned statements that low T levels increased cardiovascular diseases, but high phosphorous levels has the same effect. Interestingly, a recent cross-sectional study of 1899 Korean men showed a non-significant correlation between serum phosphorus and T [50]. 
	Our study has a number of strengths. NHANES is a program of studies that is representative of the civilian noninstitutionalized US population, which aids in the generalizability of these results. In addition, NHANES follows a rigorous protocol with extensive quality control procedures for the collection of the exposures, outcome of interest and potential confounding factors analyzed and adjusted in this study. We also mutually adjusted for testosterone, SHBG and estradiol. Robustness of the statistical associations between investigated markers and T deficiency was ascertained through replication analysis and adjustment for presence of major confounders. 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 in studies focusing on individual exposures. 
Our findings should be interpreted in the context of the study design due to its inherent limitations. First, both NHANES III and NHANES 1999-2004 are cross-sectional studies; therefore, we cannot infer causality. Further, due to the cross-sectional nature of the data, we cannot rule out the issue of reverse causality between T deficiency and several dietary and lifestyle factors. Second, although in our study we followed a systematic approach that can provide a list of T deficiency correlates with strong statistical power, it will be necessary to conduct other study designs/models (e.g. causal inference modeling and randomized trials) to determine which of these correlates are the most important. Third, even though we took into account potential confounders and intercorrelation between replicated factors, residual confounding may have occurred because the information of these confounders was obtained by self-reporting. 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 genome-wide association studies analysis may be impractical or else requires more rigorous and thorough assessments of nutrition and lifestyle determinants. However, this study has the potential to contribute to the current body of literature which seeks to formulate a clinical definition of T deficiency. 

Conclusion
	This is the first study to use a EWAS approach to identify nutritional factors that were robustly associated with T deficiency. This study has the potential to contribute to the current body of literature that aims to formulate a clinical definition of T deficiency after taking into account nutritional and lifestyle factors.














































Table 1. Number and examples of nutrition and lifestyle factors in NHANES III
	Factor category
	Number of variables†
	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 neighbors per week (ordinal)

	   Environmental pollutants
	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)


† This table summarizes the number of variables available for each factor category from the Supplementary Table S1 (e.g. there were 104 available variables under the Nutrition category, and 10 variables to define the Healthy Eating Index). 














Figure 1. Diagram representing environment-wide analysis of nutrition and lifestyle factors in the NHANES III and NHANES 1999-2004.
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Table 2. Descriptive characteristics of study participants in NHANES III (discovery set) and NHANES 1999-2004 
	
	NHANES III
	
	NHANES 1999-2004

	
	Testosterone deficiency (N=243)
	No testosterone deficiency (N=1073)
	P-value
	
	Testosterone deficiency (N=213)
	No testosterone deficiency (N=677)
	P-value

	Age – mean (SD)
	51.40 (1.08)
	41.36 (0.73)
	<0.001
	
	50.50 (1.62)
	41.35 (0.79)
	<0.001

	Race (%)†
	
	
	0.572
	
	
	
	0.060

	Non-Hispanic white
	76.72
	78.89
	
	
	74.95
	71.05
	

	Non-Hispanic black
	9.54
	9.52
	
	
	6.73
	11.37
	

	Mexican-American
	4.03
	4.65
	
	
	12.82
	13.16
	

	Others
	9.71
	6.94
	
	
	5.50
	4.42
	

	Poverty-to-income ratio (PIR) (%)†
	
	
	0.110
	
	
	
	0.984

	<1
	3.94
	10.76
	
	
	10.77
	10.76
	

	1-2
	21.16
	18.30
	
	
	17.30
	22.38
	

	2-3
	32.09
	19.74
	
	
	10.78
	14.62
	

	3
	42.81
	51.20
	
	
	61.16
	52.24
	

	Body mass index (kg/m2) – mean (SD)
	28.70 (0.70)
	25.93 (0.70)
	<0.001
	
	31.82 (0.80)
	26.67 (0.24)
	<0.001

	Metabolic disorder (%)†
	
	
	
	
	
	
	

	Hypertension
	61.69
	37.37
	<0.001
	
	59.25
	40.82
	<0.001

	Diabetes
	19.17
	9.94
	0.023
	
	26.84
	11.59
	0.001

	Low HDL-cholesterol
	40.73
	30.89
	0.040
	
	34.96
	28.71
	0.073

	Triglyceridemia
	49.02
	28.84
	<0.001
	
	44.62
	30.89
	<0.001

	Hormone levels – mean (SD)
	
	
	
	
	
	
	

	Testosterone (ng/mL)
	2.62 (0.10)
	5.92 (0.10)
	<0.001
	
	2.66 (0.07)
	5.82 (0.10)
	<0.001

	SHBG (nmol/L)
	32.30 (1.95)
	39.24 (0.78)
	0.008
	
	23.24 (1.99)
	32.33 (1.17)
	0.133

	Estradiol (ng/mL)
	31.33 (1.64)
	38.22 (0.63)
	<0.001
	
	28.89 (1.75)
	39.24 (1.00)
	<0.001


†These categorical variables are presented as relative frequencies (%). 
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Table 3. Associations between replicated nutrition and lifestyle factors in relation to T deficiency in the discovery and replication datasets. 
	Factors
	Discovery dataset (NHANES III)
	Replication dataset (NHANES 1999-2004)

	
	N = T deficiency
	N = Total
	OR (95% CI)
	N = T deficiency
	N = Total
	OR (95% CI)
	P-value

	Vitamin A intake (g)
	234
	1273
	0.90 (0.71-0.91
	140
	565
	0.64 (0.46– 0.89)
	0.010

	Protein intake (g)
	234
	1273
	0.67 (0.53-0.85
	140
	565
	0.60 (0.45-0.81)
	0.003

	Saturated fatty acids intake (g)
	234
	1273
	0.71 (0.58-0.87)
	140
	565
	0.67 (0.51-0.89)
	0.011

	Monounsaturated fatty acids intake (g)
	234
	1273
	0.76 (0.64-0.89)
	140
	565
	0.68 (0.52-0.88)
	0.008

	Total fat intake (g)
	234
	1273
	0.75 (0.63-0.89)
	140
	565
	0.70 (0.54-0.91)
	0.012

	SFA 16:0 (g)
	234
	1273
	0.71 (0.58-0.88)
	140
	565
	0.68 (0.52-0.90)
	0.014

	Phosphate intake (mg)
	234
	1273
	0.70 (0.56-0.87)
	140
	565
	0.61 (0.42-0.87)
	0.010


 All models were adjusted for age, BMI, race/ethnicity, education, PIR, SHBG and estradiol. Benjamini–Hochberg adjusted P-values for FDR < 5% are presented for the discovery dataset, and P-values from significance testing are presented for replication dataset.








Table 4. Multivariable† analysis of replicated factors and T deficiency in NHANES 1999-2004
	
	Weighted mean (SD)
	OR (95% CI) per SD change
	P-value

	Vitamin A intake (g)
	0.18 (0.05)
	0.67 (0.49-0.92)
	0.012

	Protein intake (g)
	0.67 (0.05)
	0.71 (0.39-1.29)
	0.127

	Saturated fatty acids intake (g)
	0.49 (0.06)
	0.55 (0.18-1.73)
	0.307

	Monounsaturated fatty acids intake (g)
	0.61 (0.05)
	0.38 (0.11-1.37)
	  0.133

	Total fat intake (g)
	0.62 (0.05)
	2.48 (0.54-11.42)
	0.245

	SFA 16:0 (g)
	0.55 (0.06)
	1.49 (0.38-5.83)
	0.580

	Phosphate intake (mg)
	0.60 (0.05)
	1.08 (0.55-2.13)
	0.828


†Adjusted for age, race, PIR, BMI, SHBG, and estradiol

















Supplementary Table S1. Distribution of nutrition and lifestyle factors in men
	Variable
	Categories
	Description
	N
	Weigted mean (SE) or proportion

	alc2day
	alcohol
	2 or more drink per day (yes,no)
	1316
	 95.61, 4.39

	Hpylori
	bacterial infection
	Helicobacter pylori Ab  (yes,no)
	1276
	 66.46, 33.54

	tetanus
	bacterial infection
	Tetanus Ab (U/mL)
	1316
	1.098763 (0.06446)

	caf2day
	caffeinated beverages
	2 or more caffeinated drink per day  (yes,no)
	1316
	 43.96, 56.04

	aspi_mo
	drug use
	# aspirin taken in the past month  (yes,no)
	510
	<10: 68.39, 10-20: 12.67, ≥20: 18.94

	aspirin
	drug use
	Taken aspirin in past month  (yes,no)
	1311
	 54.03, 45.97

	nsa_mo
	drug use
	# NSAIDs taken in the past month  (yes,no)
	171
	 <10: 85.22, 10-20: 7.3, ≥20: 7.47

	nsaid
	drug use
	Taken NSAIDs in past month  (yes,no)
	1310
	 84.11, 15.89

	pct
	drug use
	Taken paracetamol in past month  (yes,no)
	1310
	 69.96, 30.04

	pct_mo
	drug use
	# paracetamol taken in the past month (yes,no)
	376
	 <10: 86.79, 10-20:  4.9, ≥20: 8.31

	a_toco_g
	food nutrient recall
	Alpha-tocopherol (mg)
	1273
	9.249197 (0.258172)

	alan_g
	food nutrient recall
	Alanine (gm)
	1273
	4.751602 (0.155424)

	alco_g
	food nutrient recall
	Alcohol (gm)
	1273
	16.75585 (2.492959)

	anprot_g
	food nutrient recall
	Animal Protein (gm)
	1273
	68.897855 (2.783329)

	argin_g
	food nutrient recall
	Arginine (gm)
	1273
	5.460872 (0.168145)

	ash_g
	food nutrient recall
	Ash (gm)
	1273
	21.194439 (0.514409)

	aspac_g
	food nutrient recall
	Aspartic Acid (gm)
	1273
	8.40544 (0.254058)

	aspar_g
	food nutrient recall
	Aspartame (mg)
	1273
	53.338189 (4.633019)

	b_toco_g
	food nutrient recall
	Beta-tocopherol (mg)
	1273
	0.337651 (0.020467)

	bcaro_g
	food nutrient recall
	Beta-carotene (mcg)
	1273
	3042.437793 (244.585966)

	cafe_g
	food nutrient recall
	Caffeine (mg)
	1273
	289.121669 (16.012104)

	calc_g
	food nutrient recall
	Calcium (mg)
	1273
	918.402049 (26.892269)

	carb_g
	food nutrient recall
	Total carbohydrates (gm)
	1273
	310.152982 (7.470697)

	cfiber_g
	food nutrient recall
	Crude Fiber (gm)
	1273
	4.987894 (0.101506)

	chol_g
	food nutrient recall
	Cholesterol (mg)
	1273
	354.037954 (14.952323)

	copp_g
	food nutrient recall
	Copper (mg)
	1273
	1.685249 (0.0443)

	cyst_g
	food nutrient recall
	Cystine (gm)
	1273
	1.283291 (0.037427)

	d_toco_g
	food nutrient recall
	Delta-tocopherol (mg)
	1273
	5.632767 (0.259652)

	fiber_g
	food nutrient recall
	Dietary fiber (gm)
	1273
	19.833665 (0.40439)

	fola_g
	food nutrient recall
	Folic acid (mcg)
	1273
	324.56759 (9.570629)

	fruc_g
	food nutrient recall
	Fructose (gm)
	1272
	32.048955 (1.137372)

	g_toco_g
	food nutrient recall
	Gamma-tocopherol (mg)
	1273
	22.809025 (0.871755)

	gala_g
	food nutrient recall
	Galactose (gm)
	1273
	0.19319 (0.022902)

	gluc_g
	food nutrient recall
	Glucose (gm)
	1273
	34.001043 (1.281204)

	glutac_g
	food nutrient recall
	Glutamic Acid (gm)
	1273
	19.163247 (0.573767)

	glyc_g
	food nutrient recall
	Glycine (gm)
	1273
	4.274716 (0.142044)

	histi_g
	food nutrient recall
	Histidine (gm)
	1273
	2.819857 (0.107981)

	ifiber_g
	food nutrient recall
	Water insoluble dietary fiber (gm)
	1273
	12.742525 (0.271874)

	iron_g
	food nutrient recall
	Iron (mg)
	1273
	18.446977 (0.324852)

	isoleu_g
	food nutrient recall
	Isoleucine (gm)
	1273
	4.467264 (0.134656)

	kcal
	food nutrient recall
	Calories (kcal)
	1273
	2670.24349 (78.181559)

	lact_g
	food nutrient recall
	Lactose (gm)
	1273
	15.458487 (0.97768)

	leuc_g
	food nutrient recall
	Leucine (gm)
	1273
	7.694177 (0.251869)

	lysin_g
	food nutrient recall
	Lysine(gm)
	1273
	6.776958 (0.228592)

	magn_g
	food nutrient recall
	Magnesium (mg)
	1273
	350.029025 (7.781465)

	malt_g
	food nutrient recall
	Maltose (gm)
	1273
	3.931091 (0.214201)

	meth_g
	food nutrient recall
	Methionine (gm)
	1273
	2.257171 (0.072023)

	mfa141_g
	food nutrient recall
	MFA 14:1 (gm)
	1273
	0.075431 (0.008828)

	mfa161_g
	food nutrient recall
	MFA 16:1 (gm)
	1273
	2.06091 (0.103387)

	mfa181_g
	food nutrient recall
	Oleic acid (MFA 18:1) (gm)
	1273
	38.339921 (1.527623)

	mfa201_g
	food nutrient recall
	MFA 20:1 (gm)
	1273
	0.168113 (0.013458)

	mfa221_g
	food nutrient recall
	MFA 22:1 (gm)
	1273
	0.015057 (0.00441)

	mufat_g
	food nutrient recall
	Total monounsaturated fatty acids (gm)
	1273
	41.044001 (1.64217)

	niac_g
	food nutrient recall
	Niacin (mg)
	1273
	29.668338 (0.807561)

	oxal_g
	food nutrient recall
	Oxalic Acid (mg)
	1273
	359.406367 (14.39432)

	p_alc
	food nutrient recall
	Energy from alcohol (%kcal)
	1273
	4.055785 (0.408062)

	p_carb
	food nutrient recall
	Energy from carbohydrate (%kcal)
	1273
	47.274056 (0.5871)

	p_msfat
	food nutrient recall
	Energy from monosaturated fat (%kcal)
	1273
	13.395245 (0.181296)

	p_prot
	food nutrient recall
	Energy from protein (%kcal)
	1273
	15.248454 (0.19076)

	p_psfat
	food nutrient recall
	Energy from polysaturated fat (%kcal)
	1273
	6.753288 (0.186041)

	p_sfat
	food nutrient recall
	Energy from saturated fat (%kcal)
	1273
	11.899081 (0.227194)

	p_tfat
	food nutrient recall
	Energy from total fat (%kcal)
	1273
	34.711743 (0.35868)

	pantho_g
	food nutrient recall
	Pantothenic acid (mg)
	1273
	5.705518 (0.167879)

	pect_g
	food nutrient recall
	Pectin (gm)
	1273
	2.199385 (0.076521)

	pfa182_g
	food nutrient recall
	Linoleic acid (PFA 18:2) (gm)
	1273
	18.079663 (0.570601)

	pfa183_g
	food nutrient recall
	Linolenic acid (PFA 18:3) (gm)
	1273
	1.682609 (0.048901)

	pfa184_g
	food nutrient recall
	PFA 18:4 (gm)
	1273
	0.004451 (0.001625)

	pfa204_g
	food nutrient recall
	PFA 20:4 (gm)
	1273
	0.175944 (0.007247)

	pfa205_g
	food nutrient recall
	PFA 20:5 (gm)
	1273
	0.055391 (0.007491)

	pfa225_g
	food nutrient recall
	PFA 22:5 (gm)
	1273
	0.022222 (0.004543)

	pfa226_g
	food nutrient recall
	PFA 22:6 (gm)
	1273
	0.121006 (0.019992)

	phen_g
	food nutrient recall
	Phenylalanine (gm)
	1273
	4.292742 (0.133368)

	phos_g
	food nutrient recall
	Phosphorous (mg)
	1273
	1532.653562 (43.764485)

	phyt_g
	food nutrient recall
	Phytic Acid (mg)
	1273
	757.515328 (22.282383)

	pots_g
	food nutrient recall
	Potassium (mg)
	1273
	3197.403488 (71.01591)

	proli_g
	food nutrient recall
	Proline (gm)
	1273
	6.440663 (0.214495)

	prot_g
	food nutrient recall
	Protein (gm)
	1273
	99.104249 (3.093264)

	pufat_g
	food nutrient recall
	Total polyunsaturated fatty acids (gm)
	1273
	20.29242 (0.601323)

	retino_g
	food nutrient recall
	Retinol (mcg)
	1273
	629.028869 (56.332475)

	ribo_g
	food nutrient recall
	Riboflavin (mg)
	1273
	2.385787 (0.07973)

	sacch_g
	food nutrient recall
	Saccharin (mg)
	1273
	5.459063 (0.981623)

	satfat_g
	food nutrient recall
	Total saturated fatty acids (gm)
	1273
	36.171417 (1.48297)

	sele_g
	food nutrient recall
	Selenium (mcg)
	1273
	147.678733 (3.503391)

	serin_g
	food nutrient recall
	Serine (gm)
	1273
	4.402773 (0.136669)

	sfa100_g
	food nutrient recall
	SFA 10:0 (gm)
	1273
	0.56396 (0.022099)

	sfa120_g
	food nutrient recall
	SFA 12:0 (gm)
	1273
	1.300459 (0.066651)

	sfa140_g
	food nutrient recall
	SFA 14:0 (gm)
	1273
	3.039299 (0.12636)

	sfa160_g
	food nutrient recall
	SFA 16:0 (gm)
	1273
	19.438326 (0.826895)

	sfa170_g
	food nutrient recall
	SFA 17:0 (gm)
	1273
	0.00102 (0.000305)

	sfa180_g
	food nutrient recall
	SFA 18:0 (gm)
	1273
	9.705042 (0.414024)

	sfa200_g
	food nutrient recall
	SFA 20:0 (gm)
	1273
	0.027588 (0.005434)

	sfa220_g
	food nutrient recall
	SFA 22:0 (gm)
	1273
	0.047146 (0.009417)

	sfa40_g
	food nutrient recall
	SFA 4:0 (gm)
	1273
	0.621466 (0.029625)

	sfa60_g
	food nutrient recall
	SFA 6:0 (gm)
	1273
	0.309018 (0.015594)

	sfa80_g
	food nutrient recall
	SFA 8:0 (gm)
	1273
	0.303436 (0.013216)

	sfiber_g
	food nutrient recall
	Water soluble dietary fiber (gm)
	1273
	6.88882 (0.142873)

	sodi_g
	food nutrient recall
	Sodium (mg)
	1273
	4274.007199 (110.451375)

	star_g
	food nutrient recall
	Starch (gm)	
	1273
	136.053812 (4.006875)

	sucr_g
	food nutrient recall
	Sucrose (gm)
	1273
	59.443801 (2.800659)

	thia_g
	food nutrient recall
	Thiamin (mg)
	1273
	2.084366 (0.059003)

	thre_g
	food nutrient recall
	Threonine (gm)
	1273
	1.147221 (0.032231)

	totfat_g
	food nutrient recall
	Total fats (gm)
	1273
	105.451527 (3.682274)

	tryp_g
	food nutrient recall
	Tryptophan (gm)
	1273
	1.147221 (0.032231)

	tyro_g
	food nutrient recall
	Tyrosine (gm)
	1273
	3.527363 (0.119926)

	valin_g
	food nutrient recall
	Valine (gm)
	1273
	5.021192 (0.153526)

	vit_a_g
	food nutrient recall
	Total vitamin A (IU)
	1273
	7174.651052 (490.078152)

	vit_b6_g
	food nutrient recall
	Vitamin B6 (mg)
	1273
	2.217218 (0.048083)

	vit_c_g
	food nutrient recall
	Vitamin C (mg)
	1273
	100.189626 (4.637102)

	vit_d_g
	food nutrient recall
	Vitamin D (mcg)
	1273
	5.484227 (0.220845)

	vit_e_g
	food nutrient recall
	Total alpha-tocopherol equivalents (mg)
	1273
	11.728389 (0.329232)

	vitb12_g
	food nutrient recall
	Vitamin B12 (mcg)
	1273
	7.215981 (0.454379)

	vprot_g
	food nutrient recall
	Vegetable Protein (gm)
	1273
	28.622574 (0.739136)

	water_g
	food nutrient recall
	Water (gm)
	1273
	2424.499226 (69.51972)

	zinc_g
	food nutrient recall
	Zinc (mg)
	1273
	14.462347 (0.537058)

	cho_hei
	healthy eating index
	Cholesterol, HEI Score
	1273
	6.398321 (0.223666)

	dai_hei
	healthy eating index
	Dairy, HEI Score
	1273
	6.668739 (0.196456)

	fat_hei
	healthy eating index
	Fats, HEI Score
	1273
	6.110421 (0.140767)

	fru_hei
	healthy eating index
	Fruits, HEI Score
	1273
	3.513191 (0.179638)

	gra_hei
	healthy eating index
	Grains, HEI Score
	1273
	6.691145 (0.110348)

	HEISCORE
	healthy eating index
	Healthy Eating Index Score
	1273
	61.825724 (0.647717)

	mea_hei
	healthy eating index
	Meats, HEI Score
	1273
	7.779143 (0.081918)

	sfa_hei
	healthy eating index
	Saturated Fat, HEI Score
	1273
	5.858953 (0.252637)

	sod_hei
	healthy eating index
	Sodium, HEI Score
	1273
	4.634559 (0.150713)

	veg_hei
	healthy eating index
	Vegetables, HEI Score
	1273
	6.082206 (0.141065)

	a_carot
	nutrients/mineral
	Serum alpha carotene (umol/L)
	1307
	0.073402 (0.003387)

	b_carot
	nutrients/mineral
	Serum beta carotene (umol/L)
	1307
	0.296075 (0.013846)

	b_crypto
	nutrients/mineral
	Serum beta cryptoxanthin (umol/L)
	1307
	0.147939 (0.004687)

	ca_norm
	nutrients/mineral
	Serum normalized calcium (mmol/L)
	1157
	1.233416 (0.003035)

	ca_tot
	nutrients/mineral
	Serum total calcium  (mmol/L)
	1304
	2.294228 (0.006598)

	cadmium
	nutrients/mineral
	Urine cadmium (umol/L)
	1294
	6.528018 (0.25601)

	folate_r
	nutrients/mineral
	RBC folate (nmol/L)
	1308
	419.486708 (9.823217)

	folate_s
	nutrients/mineral
	Serum folate (nmol/L)
	1316
	12.605811 (0.451136)

	iodine
	nutrients/mineral
	Urine iodine (ug/dL)
	1279
	27.929832 (8.010699)

	lead
	nutrients/mineral
	Serum lead (umol/L)
	1316
	0.251097 (0.012118)

	lut_zea
	nutrients/mineral
	Serum lutein/zeaxanthin (umol/L)
	1307
	0.408457 (0.013083)

	lycopene
	nutrients/mineral
	Serum lycopene  (umol/L)
	1307
	0.46946 (0.011235)

	phosp
	nutrients/mineral
	Serum phosphorus (mmol/L)
	1310
	1.040831 (0.004768)

	selenium
	nutrients/mineral
	Serum selenium (mmol/L)
	1314
	1.592166 (0.014396)

	sum_ret
	nutrients/mineral
	Serum sum retinyl esters (umol/L)
	1307
	0.198827 (0.008189)

	vit_a
	nutrients/mineral
	Serum vit A (umol/L)
	1307
	2.211591 (0.019225)

	vit_c
	nutrients/mineral
	Serum vit C (mmol/L)
	1302
	37.54998 (1.307739)

	vit_d
	nutrients/mineral
	Serum vitamin D (nmol/L)
	1315
	78.31879 (1.849005)

	vit_e
	nutrients/mineral
	Serum vit E (umol/L)
	1307
	25.452745 (0.329354)

	toxo
	parasite infection
	Toxoplasmosis Ab (yes,no)
	1211
	22.421784 (2.859353)

	vig
	physical activity
	Vigorous physical activity (no, yes)
	1316
	 88.81, 11.19

	age_stop
	smoking
	Age last smoke cigarettes regularly (years)
	226
	 <25: 34.81, 25-35:  39.03, ≥35: 26.16

	chewsnuf
	smoking
	Ever used chewing tobacco or snuff (yes,no)
	1316
	 81.45, 18.55

	cig_100
	smoking
	Smoked 100+ cigarettes in life (yes,no)
	1316
	 34.37, 65.63

	cig_age
	smoking
	Age first smoked cigarette regularly (yes,no)
	836
	 <30: 99.23, 30-40: 0.69, 40-50: 0.03, ≥50: 0.05

	cig_day
	smoking
	# cigarettes smoked per day 
	377
	<2: 0.85, 2-10: 14.43, 10-20: 21.27, ≥ 20: 63.46

	cig_dmax
	smoking
	# cigarettes per day when smoking most 
	140
	<10: 3.15, 10-20: 10.22, 20-50: 64.96, ≥50: 21.67

	cig_form
	smoking
	Former smoking (vs never smoking)
	901
	 51.96, 48.04

	cig_now
	smoking
	Current smoking (vs never smoking)
	872
	 50.38, 49.62

	cigar_20
	smoking
	Ever smoked at least 20 cigars in life (yes,no)
	1316
	 70.71, 29.29

	COP
	smoking
	Cotinine (ng/mL)
	1309
	98.594524 (6.392028)

	fcig_day
	smoking
	# cigarettes smoked per day before quitting 
	421
	<2: 0.25, 2-10: 14.77, 10-20: 16.18, ≥20: 68.8

	pipe_20
	smoking
	Ever smoked 20 pipes of tobacco in life (yes,no)
	1315
	 76.27, 23.73

	SHS
	smoking
	Secondhand smoking (vs no secondhand smoking)
	457
	 7.13, 92.87

	SHS_home
	smoking
	Does anyone smoke in the home (yes,no)
	1316
	 59.27, 40.73

	SHS_work
	smoking
	Can smell smoking in the office  (yes,no)
	858
	 44.99, 55.01

	smoke_hm
	smoking
	# persons who smoke cigarettes in home
	1316
	<2: 81.46, 2-4: 17.65, ≥4: 0.89

	smoke_ofc
	smoking
	At work, hours per day can smell smoking (yes,no)
	427
	1-3: 36.35, 3-5: 10.53, ≥5: 53.12

	y_cig
	smoking
	Years smoked this amount (years)
	395
	<5: 21.06, 5-10: 15.33, 10-20: 35.44, ≥20: 28.17

	meet_yr
	social support
	# get together with friends or relatives or neighbours per year
	1316
	<12: 5.24, 12-48: 12.77, ≥48: 81.99

	phone_wk
	social support
	# talk on the phone with family, friends or neighbours per week
	1243
	<2: 24.9, 2-7: 33.74, ≥7: 41.36

	HA_ab
	viral infection
	Hepatitis A Ab (yes,no)
	1313
	 63.89, 36.11

	HBc_ab
	viral infection
	Hepatitis B core Ab (yes,no)
	1314
	 92.75, 7.25

	HBs_ab
	viral infection
	Hepatitis B surface Ab (yes,no)
	101
	 11.9, 88.1

	HC_ab
	viral infection
	Hepatitis C Ab (yes,no)
	1310
	 98.57, 1.43

	HSV1
	viral infection
	HSVI Ab (yes,no)
	1310
	 32.65, 67.35

	HSV2
	viral infection
	HSVII Ab (yes,no)
	1304
	 79.84, 20.16

	rubella
	viral infection
	Rubella Ab (yes,no)
	1313
	119.801564 (3.802838)

	vcella
	viral infection
	Varicella Ab  (yes,no)
	1313
	13.747675 (0.400698)





Supplementary Table S2. Associations between nutrition and lifestyle factors and T deficiency in the discovery set. All models were adjusted for age, race/ethnicity, education, and PIR. P-values for trend are shown for ordinal variables. Benjamin—Hochberg adjusted P-values for FDR < 5% are shown. 
	Variable
	Description
	nTotal
	nLowTesto
	OR
	lowerCI
	upperCI
	P-value

	cig_100
	Smoked 100+ cigarettes in life (yes,no)
	1316
	243
	0.798
	0.3682
	1.7295
	0.753

	cig_age
	Age first smoked cigarette regularly (yes,no)
	836
	162
	1.975
	0.3351
	11.641
	0.670

	cig_now
	Current smoking (vs never smoking)
	872
	112
	0.447
	0.1687
	1.1866
	0.355

	cig_form
	Former smoking (vs never smoking)
	901
	208
	1.017
	0.4608
	2.2466
	0.990

	SHS
	Secondhand smoking (vs no secondhand smoking)
	457
	77
	0.328
	0.0882
	1.2189
	0.337

	cig_day
	# cigarettes smoked per day 
	377
	33
	0.821
	0.4877
	1.3827
	0.673

	y_cig
	Years smoked this amount (years)
	395
	34
	0.806
	0.5103
	1.2738
	0.625

	cig_dmax
	# cigarettes per day when smoking most 
	140
	14
	1.397
	0.4732
	4.1259
	0.74

	age_stop
	Age last smoke cigarettes regularly (years)
	226
	54
	0.724
	0.3699
	1.4186
	0.621

	fcig_day
	# cigarettes smoked per day before quitting 
	421
	127
	0.889
	0.6172
	1.2816
	0.740

	chewsnuf
	Ever used chewing tobacco or snuff (yes,no)
	1316
	243
	1.121
	0.6885
	1.8265
	0.789

	cigar_20
	Ever smoked at least 20 cigars in life (yes,no)
	1316
	243
	0.682
	0.4197
	1.1079
	0.362

	pipe_20
	Ever smoked 20 pipes of tobacco in life (yes,no)
	1315
	243
	0.693
	0.4392
	1.0946
	0.365

	SHS_home
	Does anyone smoke in the home (yes,no)
	1316
	243
	0.745
	0.3762
	1.4755
	0.647

	smoke_hm
	# persons who smoke cigarettes in home
	1316
	243
	1.123
	0.4827
	2.611
	0.871

	SHS_work
	Can smell smoking in the office  (yes,no)
	858
	130
	1.037
	0.4653
	2.3095
	0.968

	smoke_ofc
	At work, hours per day can smell smoking (yes,no)
	427
	62
	0.701
	0.4191
	1.1723
	0.430

	COP
	Cotinine (ng/mL)
	1309
	242
	0.97
	0.7035
	1.3386
	0.928

	alc2day
	2 or more drink per day (yes,no)
	1316
	243
	0.884
	0.409
	1.9122
	0.864

	caf2day
	2 or more caffeinated drink per day  (yes,no)
	1316
	243
	0.835
	0.5567
	1.2509
	0.640

	vig
	Vigorous physical activity (no, yes)
	1316
	243
	0.849
	0.3185
	2.2616
	0.862

	tetanus
	Tetanus Ab (U/mL)
	1316
	243
	1.103
	0.7521
	1.6174
	0.770

	Hpylori
	Helicobacter pylori Ab  (yes,no)
	1276
	237
	1.144
	0.7818
	1.673
	0.732

	toxo
	Toxoplasmosis Ab (yes,no)
	1211
	221
	0.965
	0.7062
	1.3175
	0.896

	HSV1
	HSVI Ab (yes,no)
	1310
	243
	1.169
	0.746
	1.8311
	0.712

	HSV2
	HSVII Ab (yes,no)
	1304
	242
	0.693
	0.3987
	1.2059
	0.458

	HA_ab
	Hepatitis A Ab (yes,no)
	1313
	242
	0.874
	0.5002
	1.5268
	0.782

	HBc_ab
	Hepatitis B core Ab (yes,no)
	1314
	243
	0.899
	0.3332
	2.4231
	0.89

	HBs_ab
	Hepatitis B surface Ab (yes,no)
	101
	22
	4.571
	0.5411
	38.616
	0.543

	HC_ab
	Hepatitis C Ab (yes,no)
	1310
	242
	0.373
	0.0692
	2.0047
	0.517

	rubella
	Rubella Ab (yes,no)
	1313
	242
	1.011
	0.8311
	1.2306
	0.952

	vcella
	Varicella Ab  (yes,no)
	1313
	242
	0.964
	0.849
	1.0955
	0.761

	ca_norm
	Serum normalized calcium (mmol/L)
	1157
	215
	0.795
	0.6132
	1.0314
	0.323

	ca_tot
	Serum total calcium  (mmol/L)
	1304
	242
	1.039
	0.869
	1.2425
	0.818

	selenium
	Serum selenium (mmol/L)
	1314
	243
	0.959
	0.7888
	1.1666
	0.813

	folate_s
	Serum folate (nmol/L)
	1316
	243
	1.175
	0.9099
	1.5172
	0.470

	folate_r
	RBC folate (nmol/L)
	1308
	240
	1.124
	0.8622
	1.4651
	0.640

	vit_c
	Serum vit C (mmol/L)
	1302
	240
	0.996
	0.757
	1.3095
	0.991

	vit_a
	Serum vit A (umol/L)
	1307
	243
	0.832
	0.6395
	1.0818
	0.433

	vit_e
	Serum vit E (umol/L)
	1307
	243
	0.909
	0.7607
	1.0861
	0.572

	a_carot
	Serum alpha carotene (umol/L)
	1307
	243
	0.94
	0.6118
	1.4448
	0.876

	b_carot
	Serum beta carotene (umol/L)
	1307
	243
	0.882
	0.5868
	1.3253
	0.742

	b_crypto
	Serum beta cryptoxanthin (umol/L)
	1307
	243
	1.03
	0.7492
	1.4162
	0.918

	lut_zea
	Serum lutein/zeaxanthin (umol/L)
	1307
	243
	0.965
	0.7944
	1.1726
	0.844

	lycopene
	Serum lycopene  (umol/L)
	1307
	243
	0.984
	0.85
	1.1382
	0.891

	sum_ret
	Serum sum retinyl esters (umol/L)
	1307
	243
	0.894
	0.7764
	1.0298
	0.360

	phosp
	Serum phosphorus (mmol/L)
	1310
	242
	1.227
	0.8967
	1.6785
	0.454

	lead
	Serum lead (umol/L)
	1316
	243
	1.02
	0.8736
	1.1918
	0.88

	cadmium
	Urine cadmium (umol/L)
	1294
	238
	0.965
	0.7723
	1.2066
	0.862

	iodine
	Urine iodine (ug/dL)
	1279
	234
	0.893
	0.7105
	1.1235
	0.620

	vit_d
	Serum vitamin D (nmol/L)
	1315
	243
	0.944
	0.7081
	1.2578
	0.82

	aspirin
	Taken aspirin in past month  (yes,no)
	1311
	241
	1.135
	0.6392
	2.0138
	0.826

	aspi_mo
	# aspirin taken in the past month  (yes,no)
	510
	98
	0.997
	0.6278
	1.5824
	0.991

	pct
	Taken paracetamol in past month  (yes,no)
	1310
	240
	0.908
	0.6304
	1.3089
	0.773

	pct_mo
	# paracetamol taken in the past month (yes,no)
	376
	63
	0.788
	0.4661
	1.3338
	0.641

	nsaid
	Taken NSAIDs in past month  (yes,no)
	1310
	240
	0.898
	0.4423
	1.8239
	0.861

	nsa_mo
	# NSAIDs taken in the past month  (yes,no)
	171
	29
	0.866
	0.502
	1.4953
	0.774

	water_g
	Water (gm)
	1273
	234
	0.742
	0.5489
	1.0017
	0.271

	kcal
	Calories (kcal)
	1273
	234
	0.742
	0.5932
	0.9291
	0.126

	prot_g
	Protein (gm)
	1273
	234
	0.673
	0.5352
	0.8471
	0.059

	totfat_g
	Total fats (gm)
	1273
	234
	0.746
	0.6277
	0.8875
	0.052

	satfat_g
	Total saturated fatty acids (gm)
	1273
	234
	0.715
	0.584
	0.8744
	0.054

	mufat_g
	Total monounsaturated fatty acids (gm)
	1273
	234
	0.758
	0.6415
	0.8946
	0.050

	pufat_g
	Total polyunsaturated fatty acids (gm)
	1273
	234
	0.917
	0.7649
	1.0988
	0.622

	chol_g
	Cholesterol (mg)
	1273
	234
	0.85
	0.6057
	1.1926
	0.620

	carb_g
	Total carbohydrates (gm)
	1273
	234
	0.866
	0.7162
	1.0474
	0.379

	fiber_g
	Dietary fiber (gm)
	1273
	234
	0.898
	0.6919
	1.1656
	0.661

	alco_g
	Alcohol (gm)
	1273
	234
	0.859
	0.6149
	1.2001
	0.642

	vit_a_g
	Total vitamin A (IU)
	1273
	234
	0.805
	0.7131
	0.9086
	0.054

	retino_g
	Retinol (mcg)
	1273
	234
	0.871
	0.6144
	1.2346
	0.673

	bcaro_g
	Beta-carotene (mcg)
	1273
	234
	0.833
	0.723
	0.9589
	0.136

	vit_e_g
	Total alpha-tocopherol equivalents (mg)
	1273
	234
	0.882
	0.7288
	1.0671
	0.451

	vit_c_g
	Vitamin C (mg)
	1273
	234
	0.942
	0.8072
	1.0992
	0.672

	thia_g
	Thiamin (mg)
	1273
	234
	0.848
	0.7199
	0.999
	0.260

	ribo_g
	Riboflavin (mg)
	1273
	234
	0.79
	0.6325
	0.988
	0.232

	niac_g
	Niacin (mg)
	1273
	234
	0.704
	0.5425
	0.9142
	0.125

	vit_b6_g
	Vitamin B6 (mg)
	1273
	234
	0.816
	0.6378
	1.0437
	0.354

	fola_g
	Folic acid (mcg)
	1273
	234
	0.873
	0.7173
	1.0637
	0.438

	vitb12_g
	Vitamin B12 (mcg)
	1273
	234
	0.88
	0.7658
	1.0117
	0.323

	calc_g
	Calcium (mg)
	1273
	234
	0.857
	0.7483
	0.9809
	0.191

	phos_g
	Phosphorous (mg)
	1273
	234
	0.7
	0.5632
	0.8701
	0.050

	magn_g
	Magnesium (mg)
	1273
	234
	0.751
	0.5635
	0.9999
	0.26

	iron_g
	Iron (mg)
	1273
	234
	0.788
	0.6438
	0.9649
	0.183

	zinc_g
	Zinc (mg)
	1273
	234
	0.559
	0.349
	0.8953
	0.166

	copp_g
	Copper (mg)
	1273
	234
	0.821
	0.5838
	1.1545
	0.515

	sodi_g
	Sodium (mg)
	1273
	234
	0.838
	0.6837
	1.0272
	0.325

	pots_g
	Potassium (mg)
	1273
	234
	0.801
	0.6381
	1.0061
	0.272

	cfiber_g
	Crude Fiber (gm)
	1273
	234
	0.89
	0.7372
	1.0748
	0.48

	ash_g
	Ash (gm)
	1273
	234
	0.796
	0.6379
	0.993
	0.254

	cafe_g
	Caffeine (mg)
	1273
	234
	0.753
	0.6019
	0.9428
	0.142

	sele_g
	Selenium (mcg)
	1273
	234
	0.738
	0.562
	0.9679
	0.232

	pantho_g
	Pantothenic acid (mg)
	1273
	234
	0.869
	0.6935
	1.0889
	0.482

	a_toco_g
	Alpha-tocopherol (mg)
	1273
	234
	0.903
	0.7318
	1.115
	0.623

	b_toco_g
	Beta-tocopherol (mg)
	1273
	234
	0.998
	0.8354
	1.1921
	0.990

	g_toco_g
	Gamma-tocopherol (mg)
	1273
	234
	0.861
	0.7546
	0.9825
	0.191

	d_toco_g
	Delta-tocopherol (mg)
	1273
	234
	0.864
	0.7625
	0.979
	0.186

	vit_d_g
	Vitamin D (mcg)
	1273
	234
	0.897
	0.7814
	1.0293
	0.362

	sfa40_g
	SFA 4:0 (gm)
	1273
	234
	0.824
	0.6702
	1.0127
	0.316

	sfa60_g
	SFA 6:0 (gm)
	1273
	234
	0.865
	0.6996
	1.0697
	0.435

	sfa80_g
	SFA 8:0 (gm)
	1273
	234
	0.884
	0.6969
	1.1216
	0.591

	sfa100_g
	SFA 10:0 (gm)
	1273
	234
	0.808
	0.6342
	1.0296
	0.322

	sfa120_g
	SFA 12:0 (gm)
	1273
	234
	0.925
	0.7522
	1.1367
	0.679

	sfa140_g
	SFA 14:0 (gm)
	1273
	234
	0.743
	0.5801
	0.9513
	0.172

	sfa160_g
	SFA 16:0 (gm)
	1273
	234
	0.714
	0.5812
	0.8769
	0.052

	sfa170_g
	SFA 17:0 (gm)
	1273
	234
	0.84
	0.7043
	1.0028
	0.271

	sfa180_g
	SFA 18:0 (gm)
	1273
	234
	0.721
	0.6013
	0.8651
	0.057

	sfa200_g
	SFA 20:0 (gm)
	1273
	234
	1.04
	0.9007
	1.2006
	0.770

	sfa220_g
	SFA 22:0 (gm)
	1273
	234
	1.048
	0.9261
	1.1857
	0.671

	mfa141_g
	MFA 14:1 (gm)
	1273
	234
	0.659
	0.5069
	0.857
	0.061

	mfa161_g
	MFA 16:1 (gm)
	1273
	234
	0.724
	0.5449
	0.9626
	0.196

	mfa181_g
	Oleic acid (MFA 18:1) (gm)
	1273
	234
	0.767
	0.652
	0.9032
	0.053

	mfa201_g
	MFA 20:1 (gm)
	1273
	234
	0.802
	0.6781
	0.9494
	0.133

	mfa221_g
	MFA 22:1 (gm)
	1273
	234
	1.001
	0.799
	1.2539
	0.996

	pfa182_g
	Linoleic acid (PFA 18:2) (gm)
	1273
	234
	0.927
	0.7789
	1.104
	0.642

	pfa183_g
	Linolenic acid (PFA 18:3) (gm)
	1273
	234
	0.913
	0.7281
	1.1458
	0.672

	pfa184_g
	PFA 18:4 (gm)
	1273
	234
	0.892
	0.7662
	1.0375
	0.376

	pfa204_g
	PFA 20:4 (gm)
	1273
	234
	0.749
	0.5503
	1.0206
	0.313

	pfa205_g
	PFA 20:5 (gm)
	1273
	234
	0.914
	0.7426
	1.1253
	0.649

	pfa225_g
	PFA 22:5 (gm)
	1273
	234
	0.817
	0.6302
	1.0588
	0.360

	pfa226_g
	PFA 22:6 (gm)
	1273
	234
	0.883
	0.7711
	1.0102
	0.314

	gluc_g
	Glucose (gm)
	1273
	234
	0.977
	0.8435
	1.1325
	0.862

	fruc_g
	Fructose (gm)
	1272
	234
	1.051
	0.8667
	1.2736
	0.777

	gala_g
	Galactose (gm)
	1273
	234
	1.16
	0.9473
	1.4214
	0.421

	sucr_g
	Sucrose (gm)
	1273
	234
	0.965
	0.8585
	1.0856
	0.742

	lact_g
	Lactose (gm)
	1273
	234
	0.878
	0.7453
	1.0339
	0.363

	malt_g
	Maltose (gm)
	1273
	234
	0.965
	0.8392
	1.1102
	0.771

	ifiber_g
	Water insoluble dietary fiber (gm)
	1273
	234
	0.939
	0.7265
	1.2141
	0.787

	sfiber_g
	Water soluble dietary fiber (gm)
	1273
	234
	0.845
	0.6672
	1.0694
	0.418

	pect_g
	Pectin (gm)
	1273
	234
	1.026
	0.8147
	1.291
	0.895

	star_g
	Starch (gm)
	1273
	234
	0.805
	0.616
	1.0508
	0.351

	aspar_g
	Aspartame (mg)
	1273
	234
	0.705
	0.5704
	0.871
	0.057

	tryp_g
	Tryptophan (gm)
	1273
	234
	0.651
	0.5307
	0.7974
	0.051

	thre_g
	Threonine (gm)
	1273
	234
	0.651
	0.5307
	0.7974
	0.054

	isoleu_g
	Isoleucine (gm)
	1273
	234
	0.68
	0.5455
	0.8486
	0.057

	leuc_g
	Leucine (gm)
	1273
	234
	0.681
	0.5475
	0.846
	0.052

	lysin_g
	Lysine(gm)
	1273
	234
	0.684
	0.5468
	0.8545
	0.057

	meth_g
	Methionine (gm)
	1273
	234
	0.685
	0.5443
	0.861
	0.051

	cyst_g
	Cystine (gm)
	1273
	234
	0.716
	0.5717
	0.8958
	0.084

	phen_g
	Phenylalanine (gm)
	1273
	234
	0.695
	0.5586
	0.8635
	0.055

	tyro_g
	Tyrosine (gm)
	1273
	234
	0.673
	0.5449
	0.8307
	0.051

	valin_g
	Valine (gm)
	1273
	234
	0.689
	0.5561
	0.8532
	0.057

	argin_g
	Arginine (gm)
	1273
	234
	0.69
	0.5496
	0.8675
	0.053

	histi_g
	Histidine (gm)
	1273
	234
	0.709
	0.577
	0.8724
	0.054

	alan_g
	Alanine (gm)
	1273
	234
	0.675
	0.5312
	0.8571
	0.054

	aspac_g
	Aspartic Acid (gm)
	1273
	234
	0.696
	0.5425
	0.8927
	0.081

	glutac_g
	Glutamic Acid (gm)
	1273
	234
	0.658
	0.5388
	0.8026
	0.055

	glyc_g
	Glycine (gm)
	1273
	234
	0.667
	0.5299
	0.8396
	0.053

	proli_g
	Proline (gm)
	1273
	234
	0.682
	0.566
	0.8224
	0.058

	serin_g
	Serine (gm)
	1273
	234
	0.707
	0.5763
	0.8669
	0.05

	sacch_g
	Saccharin (mg)
	1273
	234
	1.018
	0.8483
	1.2218
	0.912

	anprot_g
	Animal Protein (gm)
	1273
	234
	0.694
	0.5517
	0.8722
	0.061

	vprot_g
	Vegetable Protein (gm)
	1273
	234
	0.845
	0.6607
	1.0816
	0.433

	oxal_g
	Oxalic Acid (mg)
	1273
	234
	0.945
	0.8671
	1.0299
	0.452

	phyt_g
	Phytic Acid (mg)
	1273
	234
	0.945
	0.7602
	1.1749
	0.770

	p_tfat
	Energy from total fat (%kcal)
	1273
	234
	0.855
	0.6971
	1.0477
	0.374

	p_sfat
	Energy from saturated fat (%kcal)
	1273
	234
	0.802
	0.6224
	1.0323
	0.328

	p_msfat
	Energy from monosaturated fat (%kcal)
	1273
	234
	0.838
	0.6742
	1.0414
	0.351

	p_psfat
	Energy from polysaturated fat (%kcal)
	1273
	234
	1.114
	0.9285
	1.3365
	0.510

	p_prot
	Energy from protein (%kcal)
	1273
	234
	0.94
	0.7694
	1.1473
	0.743

	p_carb
	Energy from carbohydrate (%kcal)
	1273
	234
	1.231
	0.9894
	1.5311
	0.291

	p_alc
	Energy from alcohol (%kcal)
	1273
	234
	0.938
	0.6686
	1.317
	0.844

	gra_hei
	Grains, HEI Score
	1273
	234
	0.806
	0.6631
	0.9799
	0.237

	fru_hei
	Fruits, HEI Score
	1273
	234
	1.092
	0.8705
	1.3696
	0.677

	veg_hei
	Vegetables, HEI Score
	1273
	234
	0.979
	0.7129
	1.3451
	0.942

	dai_hei
	Dairy, HEI Score
	1273
	234
	0.914
	0.6907
	1.2105
	0.745

	mea_hei
	Meats, HEI Score
	1273
	234
	0.894
	0.7035
	1.1361
	0.629

	fat_hei
	Fats, HEI Score
	1273
	234
	1.142
	0.9887
	1.3202
	0.317

	sfa_hei
	Saturated Fat, HEI Score
	1273
	234
	1.185
	0.9762
	1.439
	0.323

	cho_hei
	Cholesterol, HEI Score
	1273
	234
	1.116
	0.8239
	1.5114
	0.690

	sod_hei
	Sodium, HEI Score
	1273
	234
	1.083
	0.9259
	1.2678
	0.637

	HEISCORE
	Healthy Eating Index Score
	1273
	234
	1.13
	0.918
	1.3912
	0.518

	phone_wk
	# talk on the phone with family, friends or neighbours per week
	1243
	236
	1.067
	0.8668
	1.314
	0.742

	meet_yr
	# get together with friends or relatives or neighbours per year
	1316
	243
	0.868
	0.6282
	1.1989
	0.643
































Supplementary Table S3. Descriptive characteristics of study participants in NHANES III (discovery set) by calculated free testosterone deficiency 
	
	< 225 calculate free testosterone (N= 257)
	≥ 225 calculated free testosterone (N= 1047)
	P-value

	
	
	
	

	Age – mean (SE)
	51.40 (1.08)
	41.36 (0.73)
	<0.001

	Race (%)
	
	
	0.403

	Non-Hispanic white
	76.72
	78.89 
	

	Non-Hispanic black
	9.54
	9.52
	

	Mexican-American
	4.03
	4.65
	

	Others
	9.71
	6.94
	

	Poverty-to-income ratio (PIR) (%)
	
	
	0.010

	<1
	3.94
	10.75
	

	1-2
	21.16
	18.30
	

	2-3
	32.09
	19.74
	

	3
	42.81
	51.20
	

	Body mass index (kg/m2) – mean (SD)
	28.70 (0.70)
	25.93 (0.22)
	0.032

	Metabolic disorder (%)
	
	
	

	Hypertension
	61.69
	37.37
	<0.001

	Diabetes
	19.17
	9.95
	<0.01

	Low HDL-cholesterol
	40.73
	30.89
	0.912

	Triglyceridemia
	49.02
	28.84
	0.034

	Hormone levels – mean (SD)
	
	
	

	Testosterone (ng/mL)
	2.62 (0.10)
	5.91 (0.10)
	<0.001

	SHBG (nmol/L)
	32.30 (1.95)
	39.24 (0.78)
	<0.001

	Estradiol (ng/mL)
	31.33 (1.64)
	38.22 (0.63)
	0.001
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Supplementary Figure S1. Circle Manhattan plot shows the associations between nutrition and lifestyle factors and T deficiency. Factors were ordered based on the size of effects (odds ratio). For abbreviations of investigated factors, see Supplementary Table S1. Filled yellow dots represent those significant associations in multiple comparisons in the discovery set (FDR < 5%) and filled blue dots represent P value < 0.05 in the replication set that were considered valid. 
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Supplementary Figure S2. Correlation between validated nutrition and lifestyle factors.
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Supplementary Figure S3. Principal component factors analysis.  
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