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Abstract
Purpose—Testosterone (T) plays an important role in men’s health and its deficiency is linked
with poorer health. Yet, 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 the NHANES III as the discovery set (mean age 41). We controlled for multiple
comparisons with a false discovery rate (FDR) < 5% and replicated in the NHANES 1999–2004
(mean age 44).
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Results—We identified seven nutritional factors to be 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 two principal components
1) dietary fats, protein and phosphorous and 2) total vitamin A to be associated with T deficiency.
Conclusion—Our systematic evaluation provided new insight on 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 to define a clinical definition for T deficiency after taking into account
nutritional and lifestyle factors.
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Introduction
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Testosterone (T) is linked with many physiologic effects, including improved sexual
function, physical performance, muscle strength, lean body mass, cognitive function and an
increased risk of cardiovascular mortality and morbidities [1–3]. Low levels of T is
associated with cardiovascular diseases [4], cancer [5] and all-cause mortality [6]. In the
United States 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] with a
projection 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]. Yet, 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), “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]. Similar to GWAS, EWAS does not test only one or a few
associations at a time. Rather, it simultaneously evaluates multiple environmental factors for
association 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.
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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 United States
(US) civilian noninstitutionalized population aged two months or older, between 1988 and
1994. NHANES III used a multistage, stratified and clustered probability sampling in which
Hormones (Athens). Author manuscript; available in PMC 2020 June 29.
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Mexican-Americans, non-Hispanic blacks, the elderly and young children were oversampled
to ensure adequate samples sizes [13]. NHANES III had 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 conditions. Men with a self-reported
history of cardiovascular disease or prostate cancer were excluded because certain
treatments may affect hormones levels. From this population, we selected 1,316 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).
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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 United States. This study includes data from
890 male participants in the 1999–2000, 2001–2002 and 2003–2004 NHANES cycles with
complete sex hormone data. Similar 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 includes 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 as well. 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
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In NHANES III, serum concentrations of total T, total estradiol, and SHBG were previously
measured in Dr. Nader Rifai’s laboratory at Children’s hospital (Boston, MA) by
electrochemiluminescence immunoassays on a 2010 Elecsys autoanalyzer (Roche
Diagnostics, Indianapolis, IN). 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].
In 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,
Hormones (Athens). Author manuscript; available in PMC 2020 June 29.
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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
avoided it to not be confused with the business centers with 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
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There were a total of 173 factors, including 133 nutritional and 40 lifestyle factors, in our
EWAS in NHANES III (Supplementary Table S1, Supplementary Data). Data collected
ranged from information obtained through the interview, such as smoking history, as well as
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 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].
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The following variables have been suggested to 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 meteres 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
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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 was
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
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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 the 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 in Supplementary Figure
S2.
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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 step down method
to select factors with statistically significant association with T deficiency and FDR < 5% in
the discovery set [20].

Author Manuscript

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 adjusting for age, race, PIR, education, SHBG, and estradiol and models
incorporating all replicated factors.
Finally, we conducted principal components analysis to understand any underlying factors
associated with T deficiency based on inter-correlation 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
Hormones (Athens). Author manuscript; available in PMC 2020 June 29.
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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 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. Circlize package was used to generate the circle plot.

Results
Author Manuscript

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. There were
approximately 19% of men with T deficiency, who 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 that was not statistically different between the groups and that povertyto-income ratio was higher among men with T deficiency (Table 2). The distribution of these
characteristics were also observed by calculated free testosterone deficiency and differences
were similar (Supplementary Table S3).
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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), phosphate intake
(OR = 0.61, 95% CI: 0.42–0.87, P value = 0.01) with T deficiency (Table 3).
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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 was
mainly comprised of vitamin A intake. The total variance of replicated variables explained
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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

Author Manuscript

In a systematic screening of 173 nutrition and lifestyle factors, seven factors were identified
and validated to be 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
inter-correlation 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 principal components also displayed significant
associations with T deficiency.
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To our knowledge, this is the first study that investigates the association of a large number of
nutritional and lifestyle factors associated with T deficiency using a EWAS approach - a
study design analogous to GWAS. Although EWAS has been 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 been previously suggested to be
linked with serum T levels. Yet, the emerging body of literature related to these associations
has provided conflicting results.
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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 in the paragraphs below, and although in some instances our sample size was larger
compared to previous studies our dietary intake data is 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 with
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 leads to decrease T production [26]. Further, a more recent experimental study
by Yang et al. 2018 seemed to agree with the latter review and our study by reporting that
low levels of vitamin A adversely affects T secretion through regulation of the Leydig cells
differentiation in mouse and rat models [27]. However, this association should be interpreted
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with caution because dietary recalls and cross-sectional studies are more prone to recall and
selection biases that could have influenced these findings.
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Third, a number of studies have reported that dietary fat (e.g. total fat, saturated and
unsaturated fats) plays a role in the production and secretion of T, yet 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 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 populationbased 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].
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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].
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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-
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sectional study of 1,899 Korean men showed a non-significant correlation between serum
phosphorus and T [50].
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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 with studies
focusing on individual exposures.
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Our findings should be interpreted in the context of the study design due to its inherit
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
give a list of T deficiency correlates with strong statistical power, it will be required 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 inter-correlation 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 otherwise 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 used to define a clinical definition for T
deficiency.

Conclusion

Author Manuscript

This is the first study that uses 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 used to define a clinical definition for T deficiency after taking into
account nutritional and lifestyle factors.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Diagram representing environment-wide analysis of nutrition and lifestyle factors in the
NHANES III and NHANES 1999–2004.
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Number and examples of nutrition and lifestyle factors in NHANES III
Factor category

Number of
†

Examples

variables
Nutrition
Food nutrient recall

104

Dietary fibre (continuous)
Aspartame (continuous)
Energy from protein (continuous)

Healthy Eating Index (HEI)

10

Total HEI score (continuous)

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)

Nutrients and minerals (serum and
urine)

Author Manuscript

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)

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)

Bacterial infection

2

Helicobacter pylory antibody (continuous)

Viral infection

8

Herpes Simplex Virus I antibody (positive/negative)

At work, hours per day can smell smoking (ordinal)

Urine cadmium (continuous)

Author Manuscript

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).
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Table 2.

Author Manuscript

Descriptive characteristics of study participants in NHANES III (discovery set) and NHANES 1999–2004
NHANES III

Age – mean (SE)

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

51.40 (1.08)

41.36 (0.73)

<0.0001

50.50 (1.62)

41.35 (0.79)

0.0003

0.57

Race (%)

0.06

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

0.11

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

0.98

Author Manuscript
Author Manuscript

<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

42.81

51.20

61.16

52.24

28.70 (0.70)

25.93 (0.70)

0.0003

31.82 (0.80)

26.67 (0.24)

<0.0001

Hypertension

61.69

37.37

0.0003

59.25

40.82

<0.0001

Diabetes

19.17

9.94

0.02

26.84

11.59

0.0001

Low HDL-cholesterol

40.73

30.89

0.04

34.96

28.71

0.07

Triglyceridemia

49.02

28.84

0.0003

44.62

30.89

0.0005

Testosterone (ng/mL)

2.62 (0.10)

5.92 (0.10)

<0.0001

2.66 (0.07)

5.82 (0.10)

<0.0001

SHBG (nmol/L)

32.30 (1.95)

39.24 (0.78)

0.008

23.24 (1.99)

32.33 (1.17)

0.13

Estradiol (ng/mL)

31.33 (1.64)

38.22 (0.63)

0.0001

28.89 (1.75)

39.24 (1.00)

<0.0001

≥3
Body mass index
– mean (SD)

(kg/m2)

Metabolic disorder (%)

Hormone levels – mean
(SD)
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234
234
234
234
234
234

Saturated fatty acids intake (g)

Monounsaturated fatty acids intake (g)

Total fat intake (g)

SFA 16:0 (g)

Phosphate intake (mg)

1273

1273

1273

1273

1273

1273

1273

N = Total

0.70 (0.56–0.87)

0.71 (0.58–0.88)

0.75 (0.63–0.89)

0.76 (0.64–0.89)

0.71 (0.58–0.87)

0.67 (0.53–0.85

0.90 (0.71–0.91

OR (95% CI)

140

140

140

140

140

140

140

N = T deficiency

565

565

565

565

565

565

565

N = Total

0.61 (0.42–0.87)

0.68 (0.52–0.90)

0.70 (0.54–0.91)

0.68 (0.52–0.88)

0.67 (0.51–0.89)

0.60 (0.45–0.81)

0.64 (0.46–0.89)

OR (95% CI)

Replication dataset (NHANES 1999–2004)

0.01

0.01

0.01

0.008

0.01

0.003

0.01

P-value

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.

234

Protein intake (g)

N = T deficiency

Discovery dataset (NHANES III)

Vitamin A intake (g)

Factors

Associations between replicated nutrition and lifestyle factors in relation to T deficiency in the discovery and replication datasets.
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Table 4.
†

Author Manuscript

Multivariable analysis of replicated factors and T deficiency in NHANES 1999–2004
Weighted mean (SD)

†

OR (95% CI) per SD change

Vitamin A intake (g)

0.18 (0.05)

0.67 (0.49–0.92)

Protein intake (g)

0.67 (0.05)

0.71 (0.39–1.29)

Saturated fatty acids intake (g)

0.49 (0.06)

0.55 (0.18–1.73)

Monounsaturated fatty acids intake (g)

0.61 (0.05)

0.38 (0.11–1.37)

Total fat intake (g)

0.62 (0.05)

2.48 (0.54–11.42)

SFA 16:0 (g)

0.55 (0.06)

1.49 (0.38–5.83)

Phosphate intake (mg)

0.60 (0.05)

1.08 (0.55–2.13)

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