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      Abstract

      


      Data from National Health and Nutrition Examination Survey for 2007-2012 were used to evaluate associations between urine and blood lead and Thyroid Stimulating Hormone (TSH), Free and Total Triiodothyronine (FT3, TT3), and Free and Total Thyroxine (FT4, TT4). Among iodine deficient as well as iodine replete males, blood lead was found to be positively associated (p ≤ 0.04) with TSH and urine lead was observed to have a negative association (p ≤ 0.01) with FT4. Among iodine deficient females, a negative association between blood lead and TT3 (p < 0.01) and a negative association between urine lead and FT3 (p = 0.01) was observed.
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      Introduction

      


      There have been quite a few studies that have investigated the association between exposure to lead and thyroid function in both occupationally exposed as well as general population.


      In a study of 211 freshwater fish consumers from two communities in Canada, Abdelouahab, et al. [1] reported negative correlation between serum Thyroid Stimulating Hormone (TSH) and blood lead for females but this association was not observed among males. Zheng, et al. [2] suggested that lead exposures likely related to diminished transthyretin levels in cerebrospinal fluid. Meeker, et al. [3] reported that lead was associated with non-monotonic decrease with the levels of TSH. Yorita Christensen, et al. [4] used 2007-2008 data from National Health and Nutrition Examination Survey (NHANES) to analyze associations between thyroid hormones and 11 metals including lead, mercury, and cadmium but did not report any association between lead and thyroid hormones. Chen, et al. [5] also used NHANES 2007-2008 data and did not find any associations of blood and urine lead with any of the thyroid hormones. Kahn, et al. [6] reported lead exposure to contribute to maternal thyroid dysfunction by stimulating autoimmunity to the thyroid gland.


      In a study of male adolescents who were exposed to low levels of lead for a long time as auto repairers with mean blood lead levels of 7.3 ± 2.92 μmol/L or 151.1 μg/dL, Dundar, et al. [7] reported a negative association between blood lead and Free Thyroxine (FT4) levels but without significant changes in TSH and Free Triiodothyronine (FT3) levels. Tuppurainen, et al. [8] reported a weak but statistically significant negative association between duration of exposure to lead and Total Thyroxine (TT4) and FT4 among male workers occupationally exposed to lead with mean blood lead levels of 2.7 ± 1.15 μmol/L (or 55.9 μg/dL) but the association was reported to be stronger among workers with more intense exposure to lead. In a study of 77 male secondary lead workers with moderate exposure to lead, Erfurth, et al. [9] reported minor changes in the endocrine function affecting hypothalamic-pituitary axis. In this study [9], median plasma lead levels were 0.14 μg/dL among active workers and 0.08 μg/dL among retired workers. In a study of 58 males who were exposed to lead as petrol pump workers or automobile mechanics [10] with mean blood levels of 2.49 ± 0.45 μmol/L (or 51.6 μg/dL) were not found to differ in T3 and T4 levels when compared with controls but they did have higher TSH levels as compared to controls. These authors concluded that mean blood lead level of 2.4 μmol/L or 49.7 μg/dL may increase the pituitary release of TSH without changes in circulating levels of T3 and T4. In a study of 75 subjects exposed to lead at work in Argentina, Lopez, et al. [11] reported positive association between TSH and blood lead when blood lead was in the range of 8 and 26 μg/dL and negative correlations were reported with T3 and T4 when blood lead was in the range of 50 and 98 μg/dL. Krieg, Jr. [12]), in a meta-analysis of published articles, did not find evidence for an effect of occupational lead exposure on thyroid function in males.


      From the studies described above, it can be concluded that among those who are occupationally exposed, lead does affect thyroid hormones levels depending up on the length of lead exposure and observed levels of lead at a given point in time. On the other hand, the studies done on general US population using NHANES data for 2007-2008, lead levels among general population may not be high enough to result in observed associations between lead and thyroid hormones. However, in a preliminary analysis using expanded NHANES data for 2007-2012, associations between the levels of blood as well as urine lead were observed with FT3 and TT3 depending up on gender and urine iodine levels. Consequently, this study was undertaken to study associations between blood and urine lead levels and thyroid hormones among US population aged ≥ 12 years.


      Materials and Methods

      


      Data source and data description


      Data for those aged ≥ 12 years from NHANES for the period 2007-2012 on demographics, serum cotinine, serum albumin, fasting, body measures, urinary creatinine, medical questionnaire, prescription drug use, and blood and urine lead were downloaded and match merged. Sampling weights are created in NHANES to account for the probabilities of selection and response as well as total population of US for certain combinations of age, race/ethnicities, and gender. All analyses completed for this study incorporated sampling weights as well as sampling design information in order to develop appropriate statistical estimates.


      Data on thyroid were available for FT3, FT4, TT3, TT4, Thyroglobulin (TGN), and TSH as well as Thyroglobulin Antibodies (TgAb) and Thyroid Peroxidase Antibodies (TPOAb). All those females who were pregnant at the time of participation in NHANES, all those who self-reported having thyroid problems at the time of participation in NHANES, all those for whom TgAb > 20 IU/mL and/or TPO > 35 IU/mL, all those for whom the values of blood lead and/or urine lead were missing, and all those for whom values of any independent variables were missing were deleted from the analyses databases. Details for sample selection for blood lead are shown in Figure 1. For blood lead, a total of 7960 NHANES participants and a total of 4856 for urine lead were available for analysis. Sample size details are given in Table 1.


      
        [image: ] Figure 1: Sample selection process for blood lead. View Figure 1

      


      
        Table 1: Actual sample sizes used in analyses by urine iodine status, gender, race/ethnicity, age, and smoking status. Data from National Health and Nutrition Examination Survey 2007-2012. View Table 1

      


      While data on blood lead were available for full NHANES samples, data for urine lead were available for only 1/3 of NHANES samples, and data for thyroid variables were available for the full NHANES sample for 2007-2008, and 1/3 NHANES sample for 2009-2010 and 2011-2012. Thus, for the purpose of the analysis for this study, data to analyze association between blood lead and thyroid variables included full NHANES sample for 2007-2008 and only 1/3 NHANES sample for 2009-2012.Data to analyze association between urine lead and thyroid variables included only 1/3 NHANES samples for 2007-2012.


      Derived variables and variable selection


      Associations between thyroid variables and age, race/ethnicity, gender, smoking, and Iodine Sufficiency Status (IOS) have previously been reported (Jain, 2013) and as such were selected for the analysis for this study also. Iodine Sufficiency (IOS) was defined as Iodine Deficient (IOD) if urine iodine was < 100 μg/L and Iodine Replete (IOR) if urine iodine was ≥ 100 μg/L. Four separate databases, namely, IOD males, IOR males, IOD females, and IOR females were generated. Nonsmokers were defined as those who had serum cotinine < 10 ng/mL and smokers were defined as those who had serum cotinine ≥ 10 ng/mL. Use of drugs other than thyroid treatment that may affect thyroid hormone levels were selected for analysis. In addition, fasting time, Body Mass Index (BMI), and NHANES survey year to account for any changes over time were also selected for analysis. For females, status on menarche and menopause as well as number of live births as a measure of parity was selected.


      Indicator variables were created for the use of drugs other than thyroid treatment drugs (0 = not used, 1 = used), menarche (0 = in menarche, 1 = premenarche), and menopause (0 = not in menopause, 1 = in menopause). NHANES survey was used as an ordinal variable. Because of positively skewed distributions, log10 transformed variables were created for FT3, FT4, TT3, TT4, TGN, TSH, BMI, urine creatinine, urine albumin, blood lead, and urine lead.


      For each of the four databases, for each of the six thyroid variables, namely, FT3, FT4, TT3, TT4, TGN, and TSH, a regression model each fitted for blood lead and a regression model each for urine lead for a total of 48 models. Details of dependent and independent variables used in each of the four sets of models are given in Table 2. Dependent variables were always the log10 transformed values of one of the thyroid variables, namely, FT3, FT4, TT3, TT4, TGN, and TSH. Categorical independent variables were used for race/ethnicity (non-Hispanic white or NHW, non-Hispanic black or NHB, Mexican American or MA, Other Hispanics (OHISP), other unclassified race/ethnicities or OTH), smoking (nonsmoker, smoker) and age (12-19 years old or A12, 20-64 years old or A20, and ≥ 65-years-old or A65).


      
        Table 2: Independent variables used in regression models. View Table 2

      


      Laboratory methods


      Laboratory methods to measure blood lead are available at https://wwwn.cdc.gov/Nchs/Nhanes/2011-2012/PbCd_G.htm#Description_of_Laboratory_Methodology, for urine lead at https://wwwn.cdc.gov/Nchs/Nhanes/2011-2012/UHM_G.htm#Description_of_Laboratory_Methodology, for serum albumin at https://wwwn.cdc.gov/Nchs/Nhanes/2011-2012/BIOPRO_G.htm#Description_of_Laboratory_Methodology, for urinary iodine at https://wwwn.cdc.gov/Nchs/Nhanes/2011-2012/UIO_G.htm#Description_of_Laboratory_Methodology, for urinary creatinine at , and for all thyroid variables at https://wwwn.cdc.gov/Nchs/Nhanes/2011-2012/ALB_CR_G.htm#Description_of_Laboratory_Methodology. There was no change in laboratory methodology used to measure any of the thyroid variables over 2007-2012 but there was a change in the laboratory used to measure TT3 from University of Washington Medical Center, Department of Laboratory Medicine in 2009 to Collaborative Laboratory Services in 2010 and while data for 2010 was corrected to account for this change in laboratories before being released in the public domain, a correction to post-2010 data as given below was recommended (https://wwwn.cdc.gov/Nchs/Nhanes/2011-2012/THYROD_G.htm#Analytic_Notes).


      TT4 (modified) = 4.067036 + 5.492497*((TT4/10.0)**3) - 5.673583*((TT4/10.0)**3)*log(TT4/10.0)


      In order to make pre-2010 and post-2010 data compatible for the purpose of analysis, the above-mentioned correction was applied o 2011-2012 TT4 data for the purpose of this study.


      Laboratory methods


      SAS University Edition (www.sas.com) was used to analyze all data for this study. Specifically, SAS Proc FREQ was used to analyze frequency distributions and SAS Proc SURVEYREG was used to fit regression models, estimate regression slopes, compute Adjusted Geometric Means (AGM) and do the pairwise comparisons.


      Results

      


      In the process of fitting 48 regression models - 4 models each for each of the six thyroid variables, two sets of Adjusted Geometric Means (AGM), one for blood lead and one for urine lead were generated. Or, for each combination of gender and IOS, an AGM each for TSH, FT3, FT4, TT3, TT4, and TGN by race/ethnicity, age, and smoking status was generated. There were minimal differences, if any, between the AGMs generated for blood and urine lead respectively. Consequently, while AGMs generated for blood lead are presented as Table 3, AGMs generated for urine lead are presented as Supplementary Table S1. Similarly, regression coefficients while fitting regression models for blood lead are presented as Table 4, regression coefficients generated while fitting model’s urine lead are presented as Supplementary Table S2. However, data on regression coefficients estimated for the associations between urine lead, NHANES survey year, and urine creatinine and the six thyroid variables are also presented as Table 5.


      
        Table 3: Adjusted geometric means with 95% confidence intervals by gender, race/ethnicity, smoking status, and Iodine Sufficiency Status (IOS) for Thyroid Stimulating Hormone (TSH), Free Triiodothyronine (FT3), Free Thyroxin (FT4), Total Triiodothyronine (TT3), Total Thyroxin (TT4), and Thyroglobulin (TGN) when association with blood lead was investigated. Data from National Health and Nutrition Examination Survey 2007-2012. View Table 3

      

      

      
        Table 4: Regression slopes with p-values by age and gender for the models fitted for log10 transformed values of thyroid stimulating hormone (TSH in nIU/mL), free triiodothyronine (FT3 in fg/mL), free thyroxin (FT4 in pg/dL), total triiodothyronine (TT3 in pg/dL), total thyroxin (TT4 in ng/mL), and thyroglobulin (TGN in fg/mL) when association with blood lead was investigated. Data from National Health and Nutrition Examination Survey 2007-2012. Statistically significant associations are shown in bold letters. View Table 4

      

      

      
        Table 5: Regression slopes with p-values by age and gender for the models fitted for log10 transformed values of thyroid stimulating hormone (TSH in nIU/mL), free triiodothyronine (FT3 in fg/mL), free thyroxin (FT4 in pg/dL), total triiodothyronine (TT3 in pg/dL), total thyroxin (TT4 in ng/mL), and thyroglobulin (TGN in fg/mL) when association with urine lead was investigated. Data from National Health and Nutrition Examination Survey 2007-2012. Statistically significant slopes are displayed in bold letters. View Table 5

      

      

      
        Table s1: Adjusted geometric means with 95% confidence intervals by gender, race/ethnicity, smoking status, and Iodine Sufficiency Status (IOS) for Thyroid Stimulating Hormone (TSH), Free Triiodothyronine (FT3), Free Thyroxin (FT4), Total Triiodothyronine (TT3), Total Thyroxin (TT4), and Thyroglobulin (TGN) when association with urine lead was investigated. Data from National Health and Nutrition Examination Survey 2007-2012. View Table s1

      

      

      
        Table s2: Regression slopes with p-values by age and gender for the models fitted for log10 transformed values of thyroid stimulating hormone (TSH in nIU/mL), free triiodothyronine (FT3 in fg/mL), free thyroxin (FT4 in pg/dL), total triiodothyronine (TT3 in pg/dL), total thyroxin (TT4 in ng/mL), and thyroglobulin (TGN in fg/mL) when association with urine lead was investigated. Data from National Health and Nutrition Examination Survey 2007-2012. View Table s2

      


      Blood lead


      Statistics for Iodine Deficient (IOD) males


      A12 had the highest AGMs for FT3 (3.68 vs. 3.09 pg/mL) and TT3 (132.81 vs. 111.07 ng/dL) and A65 had the lowest AGMs and pairwise differences were almost always statistically significant (p < 0.01, Table 3). For FT3, FT4, TT3, and TT4, NHW and/or NHB had lower AGMs than MA, OHISP, and/or OTH (Table 3). For example, for TT4, NHW < MA (7.31 vs. 7.71 μg/mL, p < 0.01, Table 3), NHW < OTH (7.31 vs. 7.89 μg/mL, p < 0.01, Table 3), NHB < MA (7.20 vs. 7.71 μg/mL, p < 0.01, Table 3), NHB < OHISP (7.20 vs. 7.58 μg/mL, p = 0.04, Table 3), and NHB < OTH (7.31 vs. 7.89 μg/mL, p < 0.01, Table 3). For TGN, NSM < SM (10.33 vs. 13.65 ng/mL, p < 0.01, Table 3). For TGN, OTH > NHB > OHISP > NHW > MA.


      Interactions between age and smoking were found to be statistically significant (p < 0.05) for FT3 (Figure 2, Panel A) and TT3 (Figure 3, Panel A). For FT3, A12-A20 differences were found to be 0.47 and 0.15 pg/mL among nonsmokers and smokers respectively, A12-A65 differences were found to be 0.69 and 0.08 pg/mL among nonsmokers and smokers respectively, and A20-A65 differences were found to be 0.21 and 0.48 pg/mL among nonsmokers and smokers respectively (Figure 2, Panel A). For TT3, A12-A20 differences were found to be 26.2 and 6.0 ng/dL among nonsmokers and smokers respectively, A12-A65 differences were found to be 29.7 and 14.2 ng/dL among nonsmokers and smokers respectively, and A20-A65 differences were found to be 3.5 and 8.2 ng/dL among nonsmokers and smokers respectively (Figure 3, Panel A). Thus, A12-A20 and A12-A65 differences are primarily determined by nonsmokers and A20-A65 differences are primarily contributed to by smokers. Interaction between race/ethnicity and smoking was observed to be statistically significant for FT4 (Figure 2, Panel B). There were substantial differences in the observed racial/ethnic variability contributed to by smokers and nonsmokers respectively. For example, MA > NHW by 0.006 ng/dL among nonsmokers but by 0.073 ng/dL among smokers and MA-OTH differences were -0.042 ng/dL among nonsmokers and 0.049 ng/dL among smokers (Figure 2, Panel B).


      
        [image: ] Figure 2: Adjusted geometric means with 95% Confidence Intervals (CI) for (A) for Free Triiodothyronine (FT3) in pg/mL for Iodine Deficient (IOD) males by age and smoking status (A12 = Aged 12-19 years, A20 = Aged 20-64 years, A65 = Aged ≥ 65 years, NSM = Nonsmokers, SM = Smokers), (B) for Free Thyroxine (FT4) in ng/dL for IOD males by race/ethnicity and smoking status (NHW = Non-Hispanic White, NHB = Non-Hispanic Black, MA = Mexican American, OHISP = Other Hispanics, OTH = other unclassified race/ethnicities), and (C) for Thyroglobulin (TGN) in ng/mL for IOD males by age and race/ethnicity. View Figure 2

      


      
        [image: ] Figure 3: Adjusted geometric means with 95% Confidence Intervals (CI) for (A) for total triiodothyronine (TT3) in ng/dL for iodine deficient males by age and smoking status (A12 = Aged 12-19 years, A20 = Aged 20-64 years, A65 = Aged ≥ 65 years, NSM = No-smokers, SS = Smokers), (B) for Free Triiodothyronine (FT3) in pg/mL for iodine replete males by age and smoking status, and (C) for Free Thyroxine (FT4) in ng/dL for iodine replete males by age and race/ethnicity (NHW = Non-Hispanic White, NHB = Non-Hispanic Black, MA = Mexican American, OHISP = Other Hispanics, OTH = other unclassified race/ethnicities). View Figure 3

      


      Finally, for IOD males, there was a statistically significant interaction between age and race/ethnicity for TGN (Figure 2, Panel C). AGMs for TGN were higher for NHB when compared to NHW, MA, OHSP, and OTH by 1.48, 2.59, 1.19, and 2.82 ng/mL respectively for A12, by 4.20, 5.94, 6.54, and 6.30 ng/mL for A20, and by 3.44, 2.43, 0.22, and -38.30 (this data point not shown in Figure 2, Panel C) for A65. Thus, contribution to racial/ethnic differences was higher for A20 than for A12 and A65.


      A positive association between fasting time and FT3, FT4, and TT3 was observed (p ≤ 0.02, Table 4). BMI was positively associated with the levels of FT3 and TT3 (p = 0.03, Table 4). Increase in the levels of blood lead was associated with the increase in the levels of TSH (β = 0.11057, p = 0.04). A 10% increase in the untransformed value of blood lead was associated with a 1.1% increase in the untransformed values of TSH. Levels of FT4 (β = 0.122, p < 0.01) increased but that of TT4 decreased (β = -0.0108, p = 0.01) over 2007-2012.


      Statistics for Iodine Replete (IOR) males


      For FT3 and TT3, A12 > A20 > A65 (p < 0.01). For TT4, A12 < A65 (7.51 vs. 7.91 μg/mL, p < 0.01, Table 3) and A20 < A65 (7.57 vs. 7.91 μg/mL, p < 0.01, Table 3). For FT3, FT4, TT3, and TT4, as it was observed for IOD males, NHW and/or NHB had lower AGMs than MA, OHISP, and/or OTH (Table 3). And, as for IOD males, for IOR males also, for TGN, NSM < SM (8.48 vs. 10.28 ng/mL, p < 0.01, Table 3) and NHB > NHW > OHISP > OTH > MA. For TSH, NSM > SM (1.52 vs. 1.30 μIU/mL, p < 0.01) and NHW had the highest AGM and NHB the lowest AGM (1.64 vs. 1.24 μIU/mL, p < 0.01).


      Statistically significant interactions between age and smoking for FT3 (Figure 3, Panel B) and between age and race/ethnicity for FT4 (Figure 3, Panel C) were observed. For FT3, while for A12, nonsmokers had higher AGM than smokers (3.73 vs. 3.63 pg/mL), for A20 (3.32 vs. 3.37 pg/mL) and A65 (3.05 vs. 3.07 pg/mL), nonsmokers had lower AGMs than smokers (Figure 2, Panel B). For FT4, the difference in AGMs between OTH and NHW, NHB, MA, and OHISP was 0.057, 0.036, 0.027, and 0.024 ng/dL respectively for A12, 0.065, 0.072, 0.032, and 0.049 respectively for A20, and 0.014, 0.042, 0.081, and 0.040 ng/dL respectively for A65 (Figure 2, Panel C).


      Use of drugs other than thyroid treatment drugs was observed to decrease the levels of FT3 (β = -0.0171, p < 0.01, Table 4) and TT3 (β = -0.024, p < 0.01, Table 4). A positive association between fasting time and FT3 and TT3 was observed (p ≤ 0.01, Table 4). BMI was positively associated with the levels of FT3, TT3, TT4, and TGN (< 0.01) but negatively associated with the levels of FT4 (p = 0.01). Increase in the levels of blood lead was associated with the increase in the levels of TSH (β = 0.0618, p = 0.04). A 10% increase in the untransformed value of blood lead was associated with a 0.6% increase in the untransformed values of TSH. Levels of FT4 (β = 0.1183, p < 0.01) increased over 2007-2012.


      Statistics for Iodine Deficient (IOD) females


      For FT3 and TT3, AGMs were in the order A12 > A20 > A65 and almost all pairwise differences were statistically significant (p < 0.01, Table 3). For TGN, A12 had lower AGM than both A20 and A65 (10.27 vs. 12.80 and 16.15 ng/mL, p < 0.01, Table 3). For TGN, the order in which AGMs by race/ethnicity were observed was NHB (17.86 ng/mL) > OTH (13.36 ng/mL) > NHW (12.62 ng/mL) > OHISP (11.23 ng/mL) > MA (10.37 ng/mL) and some of these differences were statistically significant. For TGN, NSM < SM (11.01 vs. 15.01 ng/mL, p0.01, Table 3). For TSH, NHW > NHB (1.54 vs. 1.17 μIU/mL, p < 0.01) and MA > NHB (1.46 vs. 1.17 μIU/mL, p < 0.01).


      For IOD females, there were statistically significant interactions between race/ethnicity and smoking for TT4 (Figure 4, Panel A) and between age and smoking for TSH (Figure 4, Panel B). For TT4, the difference for AGMs between NHB and NHW, MA, OHISP, and OTH was 0.32, -0.31, 0.30, and 0.25 μg/mL respectively among nonsmokers, and -0.42, -0.14, -0.26, and -0.71 μg/mL among smokers (Figure 4, Panel A). Thus, NHB smokers had the lowest AGM for TT4, NHW had the lowest AGM for TT4 among nonsmokers. For TSH, overall nonsmokers had higher AGM than smokers (1.52 vs. 1.30 μIU/mL), nonsmoker-smoker differences were -0.21, 0.25, and 0.26 μIU/mL for A12, A20, and A65 respectively (Figure 4, Panel B).


      
        [image: ] Figure 4: Adjusted geometric means with 95% Confidence Intervals (CI) for (A) for Total Thyroxine (TT4) in μg/mL for iodine deficient females by race/ethnicity and smoking status (NHW = Non-Hispanic White, NHB = Non-Hispanic Black, MA = Mexican American, OHISP = other Hispanics, OTH = Other unclassified race/ethnicities, NSM = Nonsmokers, SM = Smokers), (B) for Thyroid Stimulating Hormone (TSH) in μIU/mL for Iodine Deficient (IOD) females by age and smoking status (A12 = Aged 12-19 years, A20 = Aged 20-64 years, A65 = Aged ≥ 65 years), and (C) for Total Thyroxine (TT4) in μg/mL for Iodine Replete (IOR) females by age and smoking status. View Figure 4

      


      Use of drugs other than thyroid treatment drugs was observed to increase the levels of TT4 (β = 0.0336, p = 0.02, Table 4). A positive association between fasting time and FT3 was observed (p < 0.01, Table 4). BMI was positively associated with the levels of TSH, FT3, TT3, and TT4 (p ≤ 0.03). Increase in the levels of blood lead was associated with the decrease in the levels of TT3 (β = -0.0338, p = 0.01). A 10% increase in the untransformed value of blood lead was associated with a 0.3% decrease in the untransformed values of TT3. Levels of FT4 (β = 0.0146, p < 0.01) increased but that of TT4 decreased (β = -0.0083, p = 0.04) over 2007-2012. Being in premenarche was associated with higher levels of TSH (β = 0.165, p = 0.02), FT3 (β = 0.0389, p = 0.01), and TT3 (β = 0.0763, p < 0.01) but lower levels of TT4 (β = -0.0465, p = 0.01). Menopausal status did not affect the levels of any of the six thyroid variables.


      Statistics for Iodine Replete (IOR) females


      For FT3 and TT3, AGMs were in the order A12 > A20 > A65 and all pairwise differences were statistically significant (p < 0.01, Table 3). For TT4, A12 < A65 (7.82 vs. 8.26 μg/mL, p = 0.02) and A20 < A65 (7.88 vs. 8.26 μg/mL, p < 0.01). AGMs for NHW > NHB for TSH (1.57 vs. 1.19 μIU/mL, p < 0.01), FT3 (3.20 vs. 3.09 pg/mL, p < 0.01), and TT3 (116.57 vs. 110.58 ng/dL, P < 0.01). For TGN, AGMs were observed in the order NHB (16.74 ng/mL) > NHW (11.9 ng/mL) > OHISP (11.88 ng/mL) > OTH (11.13 ng/mL) > MA (8.2 ng/mL) and the pairwise differences between NHW and NHB, NHW and MA, NHB and MA, NHB and OHISP, NHB and OTH, MA and OHISP, and MA and OTH were statistically significantly different (p ≤ 0.01, Table 3). For TSH, NSM > SM (1.48 vs. 1.29 μIU/mL, p < 0.01, Table 3) but for TGN, NSM < SM (10.01 vs. 13.59 ng/mL, p < 0.01).


      For TT4, statistically significant interaction between age and race/ethnicity was observed (Figure 4, Panel C). AGMs for NHW as compared to NHB, MA, OHISP, and OTH differed by 0.38, 0.07, 0.37, and 0.32 μg/mL respectively for A12, by -0.08, -0.32, -0.38, and -0.32 μg/mL for A20, and by -0.32, -1.03, -0.61, and -1.10 μg/mL respectively for A20 (Figure 4, Panel C). Statistically significant interaction between age and smoking for FT3 (Figure 5, Panel A), between race/ethnicity and smoking for FT4 (Figure 5, Panel B), and between age and race/ethnicity for FT3 was also observed (Figure 5, Panel C) were observed. Nonsmoker-smoker differences for FT3 were 0.14, -0.05, and -0.63 pg/mL respectively for A12, A20, and A65 respectively (Figure 5, Panel A). Nonsmoker-smoker differences in AGMs for FT4 for NHW, NHB, MA, OHSP, and OTH were 0.008, 0.006, -0.071, 0.018, and 0.116 ng/dL respectively (Figure 5, Panel B). Thus, for MA, smokers had higher AGM for FT4 than nonsmokers. For FT3, the differences in AGMs for NHW as compared to NHB, MA, OHISP, and OTH were 0.23, 0.11, 0.16, and 0.16 pg/mL respectively for A12, -0.002, -0.09, -0.05, and 0.01 pg/mL respectively for A20, and 0.09, 0.01, 0.04, and 0.007 pg/mL respectively for A65 (Figure 5, Panel C). Thus, racial/ethnic differences for FT3 were largest for A12.


      
        [image: ] Figure 5: Adjusted geometric means with 95% Confidence Intervals (CI) for (A) for Free Triiodothyronine (FT3) in pg/mL for Iodine Replete (IOR) females by age and smoking status (A12 = Aged 12-19 years, A20 = Aged 20-64 years, A65 = Aged ≥ 65 years, NSM = Nonsmokers, SM = Smokers), (B) for Free Thyroxine (FT4) in ng/dL for IOR females by race/ethnicity and smoking status (NHW = Non-Hispanic White, NHB = Non-Hispanic Black, MA = Mexican American, OHISP = other Hispanics, OTH = other unclassified race/ethnicities), and (C) for Free Triiodothyronine (FT3) in pg/mL for IOR females by age and race/ethnicity for IOR females by age and race/ethnicity. View Figure 5

      


      Use of drugs other than thyroid treatment drugs was observed to decrease the levels of FT3 (β = -0.021, p < 0.01, Table 4) and TT3 (β = -0.03184, p < 0.01, Table 4). A positive association between fasting time and FT3 and TT3 was observed (p < 0.01, Table 4). BMI was positively associated with the levels of TSH, FT3, TT3, and TT4 (p < 0.01) but negatively associated with the levels of FT4 (p = 0.04). Levels of blood lead were not found to be associated with the levels of any of the six thyroid variables for IOR females. Levels of FT4 (β = 0.013, p < 0.01) increased over 2007-2012. Being in premenarche was associated with higher levels of TSH (β = 0.2021, p < 0.01), FT3 (β = 0.0519, p < 0.01), and TT3 (β = 0.0718, p < 0.01). Menopausal status did not affect the levels of any of the six thyroid variables. Number of live births was associated with lower levels of FT3 (β = -0.0033, p < 0.01, Table 4).


      Urine lead


      Since there was very little, if any, differences in AGMs for the six thyroid variables when blood lead as compared to urine lead as one of the independent variables, the results about variabilities in AGMs by age, gender, IOS, race/ethnicity, and smoking status, these results are not presented but are presented in Table S2.


      For IOD males, there was a negative association between the levels of urine lead and FT4 (β = -0.02384, p = 0.02, Table 5). A 10% increase in the untransformed values of urine lead as associated with a 0.23% decrease in the untransformed values of FT4. For IOR males, there was a negative association between the levels of urine lead and FT4 (β = -0.02404, p = 0.01, Table 5). A 10% increase in the untransformed values of urine lead as associated with a 0.23% decrease in the untransformed values of FT4. For IOD females, there was a negative association between the levels of urine lead and FT3 (β = -0.0231, p = 0.01, Table 5) and TT3 (β = -0.0273, p = 0.01, Table 5). A 10% increase in the untransformed values of urine lead as associated with a 0.22% decrease in the untransformed values of FT3 and 0.26% decrease in the untransformed values of TT3. For IOR females, there was a negative association between the levels of urine lead and TT3 (β = -0.0215, p = 0.04, Table 5). A 10% increase in the untransformed values of urine lead as associated with a 0.21% decrease in the untransformed values of TT3. For IOD males, levels of FT4 increased over 2007-2012 (β = 0.0136, p < 0.01, Table 5). For IOR males, levels of TT4 decreased over 2007-2012 (β = -0.012, p < 0.01, Table 5). For IOD females, levels of FT3 (β = -0.0231, p = 0.01, Table 5) and TT3 (β = -0.0273, p = 0.02, Table 5) decreased over 2007-2012 (β = 0.0136, p < 0.01, Table 5). For IOR females, levels of TT3 decreased over 2007-2012 (β = -0.0215, p = 0.04, Table 5).


      Discussion

      


      This author has previously evaluated the association between thyroid function and organochlorine pesticides [13], polycyclic aromatic hydrocarbons [14], and arsenic [15] using the same approach, namely, fitting separate models for IOD males, IOD females, IOR males, and IOR females and has generated AGMs for all six thyroid hormones. The results generated by these publications and this communication with respect to the variability in the AGMs by age, gender, race/ethnicity, and smoking status have been similar, if not exactly the same. For example, nonsmokers almost always had higher AGMs for TSH than smokers and smokers always had higher TGN than nonsmokers. Similarly, NHB always had highest levels of TGN when compared with other race/ethnicities. However, while these three publications used MA and OHISP as one racial/ethnic group, namely, all Hispanics, this communication used MA and OHISP as separate racial/ethnic groups. IOS and smoking status were defined the same way as in this article. Consequently, rest of the discussion will exclusively focus on the associations of thyroid variables with blood and urine lead.


      Mean levels of blood lead over 50 μg/dL among occupationally exposed populations as reported by Dundar, et al., Tuppurainen, et al., and Singh, et al. [7,8,10] are manifold higher than those that are observed in general populations. For NHANES 2007-2012 data analyzed for this study, for general US population, unadjusted geometric mean blood lead levels were observed to be 1.36 (1.29 - 1.43), 1.32 (1.27 - 1.37), 0.94 (0.88 - 1.01), an 0.95 (0.92 - 0.99) μg/dL for IOD males, IOR males, IOD females, and IOR females respectively. And, unadjusted geometric mean urine lead levels were observed to be 0.31 (0.29 - 0.34), 0.61 (0.57 - 0.64), 0.23 (0.21 - 0.26), and 0.51 (0.48 - 0.53) μg/L for IOD males, IOR males, IOD females, and IOR females respectively. As can be seen, lead levels in general populations are many times lower in magnitude and this may be why Yorita Christensen, et al. [4] and Chen, et al. [5] who used NHANES 2007-2008 data could not find any associations between the levels of lead and any thyroid hormone. However, using expanded NHANES data for 2007-2012 than the NHANES 2007-2008 data used by Yorita Christensen, et al. [4] and Chen, et al. [5], TSH levels were observed to increase with increase in the levels of blood lead for IOD and IOR males (p ≤ 0.04, Table 4) and for IOD females, blood lead levels had a negative association with the levels of TT3 (p = 0.01, Table 4). Even when the associations between blood levels and TSH, FT3, and TT3 were not observed to be statistically significant, irrespective of gender and IOS, there was always a positive association between TSH and blood lead and always a negative association between blood lead and FT3 and TT3. For urine lead also, there was a statistically insignificant positive association with TSH (Table 5) for IOD males, IOR males, and IOD females. In addition, there was a statistically significant association between urine lead and FT4 (p = 0.01, Table 5) for both IOD and IOR males. Thus, IOS and gender affects the association between blood as well as urine lead levels and TSH, FT3, TT3, and FT4. However, a 10% change in the levels of blood and urine lead, even when statistically significant, was accompanied by less than 1% change in the levels of TSH, FT3, TT3, or FT4. This raises two issues. First, is the larger sample size for NHANES 2007-2012 as compared to NHANES 2007-2008 solely responsible for the statistically significant association seen for this study but not for the studies by Yorita Christensen, et al. [4] and Chen, et al. [5]? This probably is true because there certainly is a better chance to observe differences to be statistically significant when sample sizes are large, if, in fact, true differences and/or correlations do exist. The second and more important issue is whether or not small changes of less than 1%, even if statistically significant, associated with a 10% change in the levels of blood and/or urine lead clinically significant? This question cannot be answered in a definitive manner and need additional real-life data among patients under treatment for thyroid conditions and need further clinical work. If these small changes upward for TSH and downwards for FT3 and/or TT3 or FT4 lead to change from being euthyroid to hypothyroid, then they are clinically significant. Otherwise, they are not.


      Factors affecting thyroid function by two other toxic metals, namely, mercury and cadmium have also been studied and mechanism involved in how they affect thyroid hormones have been proposed by [16-18] and by [19,20] for cadmium) but mechanism of how lead interferes in peripheral metabolism of thyroid hormones has not been proposed as described by McGregor [21] in a review article. However, as per rodent models, lead may interfere with thyroid hormone metabolism via direct reduction in thyroid hormone production from thyroid tissues [22].


      Large sample size provided by NHANES adds strength to the data analyses and results generated but cross-sectional nature of data dents the comfort levels that can be placed in these results. On the other hand, a longitudinal follow-up study of the size of NHANES may never be possible because of financial and practical reasons like possible conflicts in treatment and research goals.
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