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Abstract

:

Background: The iodine status of the US population is considered adequate, but subpopulations remain at risk for iodine deficiency and a biomarker of individual iodine status has yet to be determined. The purpose of this study was to determine whether a 3 day titration diet, providing known quantities of iodized salt, is reflected in 24 h urinary iodine concentration (UIC), serum iodine, and thyroglobulin (Tg). Methods: A total of 10 participants (31.3 ± 4.0 years, 76.1 ± 6.3 kg) completed three, 3 day iodine titration diets (minimal iodine, US RDA, (United States Recommended Daily Allowance), and 3× RDA). The 24 h UIC, serum iodine, and Tg were measured following each diet. The 24 h UIC and an iodine-specific food frequency questionnaire (FFQ) were completed at baseline. Results: UIC increased an average of 19.3 μg/L for every gram of iodized salt consumed and was different from minimal to RDA (p = 0.001) and RDA to 3× RDA diets (p = 0.04). Serum iodine was different from RDA to 3× RDA (p = 0.006) whereas Tg was not responsive to diet. Baseline UIC was associated with iodine intake from milk (r = 0.688, p = 0.028) and fish/seafood (r = 0.646, p = 0.043). Conclusion: These results suggest that 24 h UIC and serum iodine may be reflective of individual iodine status and may serve as biomarkers of iodine status.
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1. Introduction


Iodine is an essential, rate-limiting element for the synthesis of thyroid hormones, which is currently the only known physiological role of iodine. Ensuring adequate iodine intake is important for all adults, but particularly important for women of childbearing age. Inadequate intake and deficiency during pregnancy can influence brain, nerve and muscle development in the growing fetus and result in growth and developmental abnormalities [1].



Iodine status in the US is generally thought to be adequate [2,3]. However, select populations are susceptible to insufficient iodine status due to geographical location, food intake practices, or increased iodine needs (e.g., pregnancy and lactation). Subpopulations at increased risk for low iodine intake include pregnant and lactating women [4,5,6], vegans [7,8,9] and vegetarians [7,8,9,10,11], those who avoid seafood and/or dairy [12], follow a sodium restricted diet [13,14], or eat local foods in regions with iodine-depleted soils [1,15]. The Institute of Medicine, American Heart Association, and the 2020–2025 Dietary Guidelines for Americans [16] have advocated for decreasing sodium intake to less than 2300 mg/day [17] and more prudently to less than 1500 mg/day [18], which could be reducing Americans’ intake of iodized salt. Additionally, trends toward local and plant-based diets may negatively influence iodine status depending on food selection and dietary intake patterns (e.g., avoidance of seafood, dairy and eggs) and the content of local soils. Therefore, despite presumed adequate iodine status in the general US population, certain dietary choices may directly influence iodine status and hence, influence thyroid function. Additionally, dietary patterns low in iodine content are of particular concern for women of reproductive age and pregnant and lactating women due iodine’s importance during fetal growth and development.



The 24 h urinary iodine concentration (UIC) is considered the gold standard for assessing iodine status in populations, as approximately 90% of dietary iodine is excreted in the urine of healthy and iodine replete adults [19]. However, 24 h urine collections are cumbersome for the patient, prone to collection and methodological errors, expensive to measure by state-of-the art procedures employed by most clinical laboratories (i.e., mass spectroscopy) [20], and may not adequately reflect iodine status in individuals [21]. For example, 24 h UIC may better represent acute (e.g., days) versus chronic iodine status [22] because of variations in 24 h iodine excretion due to within-day hydration status changes [23] and other unknown variables [22]. While other biomarkers for assessment of status have been suggested, including 24 h total urinary iodine excretion (UIE) [19,24], serum iodine [25] and thyroglobulin (Tg) concentration [26], use of these markers (as well as 24 h UIC) must be better validated in healthy subjects against known quantities of iodine intake.



The primary purpose of this pilot study was to determine whether a 3-day titration diet (which provided known quantities of iodized salt) is reflected in 24 h UIC, UIE, serum iodine, thyroglobulin biomarkers. Secondary purposes were to evaluate the association between baseline 24 h UIC and habitual iodine intake and observe the contribution of iodine-containing foods to total iodine intake assessed by an iodine-specific food frequency questionnaire (FFQ). We hypothesized that 24 h UIC, UIE and serum iodine would increase as iodized salt consumption increased and that Tg would increase when the iodine intake exceeds the iodine Recommended Daily Allowance (RDA) of 150 ug. We also hypothesized that baseline 24 h UIC would be associated with the intake frequency of dairy, eggs, and iodized salt and that these same food items would be associated with the total iodine intake as estimated by the FFQ.




2. Materials and Methods


This pilot study was conducted between February and June of 2020 with participants completing a 9 day study period in February and March 2020. The study schematic is shown in Figure 1. All research procedures were reviewed and approved by the Institutional Review Board of the University of Wyoming. This study evaluated the responsiveness of a three biomarkers of iodine status using three known quantities of dietary iodine consumption. Participants were notified of any possible risks prior to giving written formal consent to participate in this study. Volunteers were recruited through flyers and word of mouth from the University of Wyoming campus and the local community.



2.1. Overview of Screening and Baseline Testing


In early February, interested volunteers completed a screening interview to ensure preliminary eligibility. Interested and eligible volunteers reported to the lab between 8 and 9 am for an initial/baseline visit, which involved provision of written informed consent, completion of a health history questionnaire, and an iodine-specific FFQ. Blood was drawn for analysis of a complete blood count (CBC), thyroid stimulating hormone (TSH) and thyroglobulin antibodies, and was also used for analysis of baseline serum Tg and iodine concentrations. The 24 h urine was collected for analysis of baseline urinary iodine concentration (UIC) as outlined in Figure 1. Body composition was assessed by dual energy x-ray absorptiometry (DXA (Lunar Prodigy, GE Healthcare, Farfield, CT, USA)) during a separate visit scheduled within 10 days of baseline. Following the baseline visit, participants completed three, 3 day titration diets with increasing concentrations of iodine from iodized table salt (Morton Salt, processed 10/5/19, Providence, Rhode Island, US). These diets included “minimal iodine”, iodine close to the RDA (“RDA”) and iodine close to three times the RDA (“3× RDA”) as explained below (see Section 2.5). The 24 h UIC was measured on the last full day of each diet intervention and is explained in detail below (see Section 2.6 24 h Urine Collections).




2.2. Participants


Participants included 5 women and 5 men, aged 19–56 years with a BMI (kg/m2) ≥ 18 to ≤40. A sample size of n = 10 was selected for this pilot study due to resource constraints. Individuals were screened by phone and deemed ineligible if they answered “yes” to any or all questions regarding presence of thyroid disorders, currently pregnant or lactating, current use of commercial douches (which may contain iodine), presence of autoimmune disease history/status, and current use of tobacco (including smoking) and medications. Additional exclusion criteria include not willing to comply with the salt/iodine restricted aspects of this study, not being available to/agreeing to fully participate in all aspects of this study and oblige to all restraints during the iodine-controlled 9 days of this study (including avoidance of strenuous exercise; due to potential iodine loss via sweating [27,28], having extreme dietary habits that would result in exceptionally low or high iodine intake, currently taking or have taken iodine or kelp supplements or medications containing or interfering with iodine/thyroid status in the past month, having a history of thyroid disorders, Addison’s disease, or Cushing’s syndrome, a history of major chronic diseases, having laboratory signs or symptom’s suggestive of anemia and/or hypo/hyperthyroidism. Results of the CBC, TSH, thyroglobulin antibodies and health history were used to ensure eligibility to proceed to the next steps of the study protocol.




2.3. Baseline Measurements and Testing


Basic anthropometric testing, which included height, weight and body composition measurements, was performed for descriptive proposes. Height and weight were measured in minimal clothing using a stadiometer (Invicta Plastics, Leicester, UK) to the nearest 0.1 cm and a standing digital scale (Tanita, Tokyo, Japan) to the nearest 0.1 kg. Body composition was measured by DXA. A pregnancy test using a urine test strip was completed immediately before the DXA to ensure female participants were not pregnant. Screening blood work (CBC, TSH, thyroglobulin antibodies), Tg and 24 h UIC were measured by a commercial laboratory as detailed in Section 2.7 below.




2.4. Baseline Iodine Intake and Frequency of Intake of Iodine-Containing Foods


The iodine-specific FFQ (Appendix A) evaluated the frequency of consumption of 36 food items, over the past month, known to have significant iodine content (e.g., seafood, seaweed, dairy, egg). Our FFQ is a modified version of a previously validated FFQ by Gostas et al. [29], which found estimated total iodine intake from the FFQ to be correlated with 24 h UIC in over 100 healthy female and male participants. Our modified FFQ omitted six low-iodine-containing foods that were not of interest to our study and asked additional questions about habitual iodized salt intake. Frequency was evaluated according to the following responses: (a) never or less than one time per month; (b) one to three times per month; (c) one time per week; (d) two to four times per week; (e) five to six times per week; (f) one time per day; (g) two to three times per day; (h) four to five times per day; (i) or six or more times per day. Daily intake of iodine was estimated by multiplying the frequency midpoint by the average content of each iodine-containing food and expressed as ug/day (assuming 30 days per month), as previously outlined by Halliday et al. [30]. As iodine content is not available in food composition tables or databases, iodine content of the food items in the FFQ was derived from several sources [29] with most data from the ongoing Total Diet Study (TDS). Iodine content in the TDS is listed per 100 g of the selected food item. Iodine content was recalculated from the TDS to iodine per serving size, to match the household measured listed in the FFQ. The iodine content in other sources was also converted to adjust given units to iodine per serving size.




2.5. Iodine Titration Diet and Biomarker Protocol


Following the baseline urine collection, volunteers then completed three, 3 day iodine titration diet periods as shown in Figure 1.



Experimental treatments were designed to provide minimal iodine, close to the recommended dietary allowance (RDA), and 3× the RDA. The “Minimal Iodine” diet was defined as avoiding all dairy products, eggs, seaweed, seafood, commercial bread, milk chocolate, and iodized salt and was completed on study days 1–9. Ad libitum quantities of non-iodized salt was provided for participants on only the “Minimal Iodine” diet. The participants received 3.0 g (~1/2 tsp) of iodized salt/day on the “RDA” diet which took place on study days 4–6. On study days 7–9, participants received 9.0 g (1 ½ tsp) of iodized salt/day on the “3× RDA” diet. Participants were instructed to completely consume the premeasured quantities of iodized salt on study days 4–9 in any manner they chose (sprinkled on food, dissolved in a drinkable solution, etc.) and return empty containers on day 10 (the end of this study). Blood was drawn for analysis of concentrations of serum iodine and Tg in the morning between 8 and 9 am on days 4, 7, and 10. Returning the empty containers and verbal communication served as confirmation that the participants completely consumed the provided iodized salt.




2.6. The 24 h Urine Collections


Volunteers completed a total of four 24 h urine collections. Participants were instructed to void and discard the first morning urine sample and then collect all subsequent samples for 24 h ending with the first sample upon waking the next day. Females were provided urine collector pans which were placed under the toilet seat during urination to allow for ease of collection and pouring of urine into the 24 h collection container. Refer to Figure 1, which indicates 24 h urine collections were completed on study days 3, 6, and 9, in addition to baseline. Total urine volume was measured at minimal, RDA, and 3× RDA time points using a 2 L graduated cylinder.




2.7. Analysis of Iodine Status Biomarkers in Urine and Blood


Serum iodine and 24 h UIC were measured by a local laboratory (Region West, Scottsbluff, NE, USA) with analysis completed by a contract national laboratory (Mayo Clinic, Rochester, MN, USA). Serum Tg was analyzed at the University of Wyoming using a Human Tg ELISA (Enzyme-Linked Immunosorbent Assay) kit. Specifically, 24 h UIC and serum iodine were measured using Inductively Coupled Plasma-Mass Spectrometry and serum Tg concentration was measured by in vitro enzyme-linked immunosorbent assay. The 24 h UIE was calculated by multiplying 24 h UIC by total urine volume.




2.8. Post-Study Questionnaire


Participants were provided with a post-study questionnaire on day 10, following the last 24 h urine collection. Participants were asked to rate difficulty of consuming iodized salt on the RDA and 3× RDA diets and collecting urine at each of the 24 h urine collections on a Likert scale of 1–5, with 1 being the easiest and 5 being the most difficult. Additionally, participants were asked open-ended questions that included the most difficult part of completing this study, how the provided iodized salt was consumed, and whether normal eating patterns changed to accompany the added salt. Participants were asked whether all provided salt was consumed on the specified day and whether all urine was collected during each 24 h collection.




2.9. Statistical Analysis


Data were analyzed using Minitab statistics software (Minitab LLC, State College, PA, USA; version 19.1). Response Feature Analysis (RFA) [31] was used to compare differences in UIC and serum iodine values but not Tg due to lack of difference at data collection points. Linear regressions were fitted to UIC and serum iodine measures for each individual participant. A paired t-test was used to compare 24 h UIC, serum iodine, and Tg values at minimal and RDA values and the same biomarkers were compared at RDA to 3× RDA. Multi-comparisons for each sex were not performed due to small sample size. Correlation coefficients (Spearman Rank) were used to evaluate the associations between total daily iodine intake and baseline 24 h UIC and iodine intake from specific foods (dairy, eggs, seafood, seaweed, iodized salt, etc.). Data are expressed as the means ± SEM unless otherwise specified. Significance was set at p < 0.05.





3. Results


3.1. Participant Characteristics


The physical characteristics and baseline biochemical data of the five male and five female participants are summarized in Table 1. Two participants reported following a vegetarian diet and eight were omnivores. Eleven participants were recruited. However, one female dropped out of this study following the screening visit due to illness. Data for this participant are not included. Most of the participants were of normal BMI (18.5–24.9), with two men in the overweight category (25–29.9) and one female in the obese category (≥30). Thyroglobulin antibodies were <1.8 IU/mL (lowest detectable range) for all participants, indicating a very low possibility that any participant had an autoimmune thyroid disorder which could interfere with use of Tg as a marker of iodine status [32]. None of the participants smoked. All participants reported having restrained from strenuous physical activity causing excessive sweating for the duration of this study.




3.2. Baseline Daily Iodine Intake and Frequency of Intake of Iodine-Containing Foods


No participants reported having consumed supplements containing iodine. Daily iodine intake averaged 265.6 ± 28.2 ug (median: 264.5 ug; range: 93.8 to 401.7 ug) and was not different by sex (p = 0.55). The mean and median iodine intake was higher than the US RDA for male and non-pregnant female adults of 150 µg/day; however, 10% (n = 1) had estimated intakes less than the RDA and no participants had an intake greater than the Tolerable Upper Limit of 1100 ug/day. The estimated average daily iodine intake from contributing foods are as follows: total dairy (186.5 ± 36.9) (milk, yogurt, cheese, cottage cheese), milk (126.3 ± 34.1), eggs (27.3 ± 12.1), total fish and seafood (4.1 ± 1.3), seaweed (1.6 ± 0.5), and iodized table salt (42.8 ± 15.8). Total estimated iodine intake from the FFQ was associated with reported total dairy (r = 0.830, p = 0.003) and milk intake (r = 0.688, p = 0.03), but not with egg (r = 0.101, p = 0.78), fish and seafood (r = 0.457, p = 0.18) seaweed (r = 0.503, p = 0.14), or iodized salt intake (r = −0.235, p = 0.51).




3.3. Baseline 24 h UIC and Iodine Status


Baseline 24 h UIC ranged between 67 and 253 µg/L. The average value was 135 µg/L and the median value was 121 µg/L. The frequency of the categories of iodine status based on World Health Organization (WHO) criteria is shown in Figure 2. Average baseline serum Tg fell within the normal range (≤33 ng/mL) with 1 participant having a Tg value > 33 ng/mL, indicating compromised status.




3.4. Relationship between Baseline Iodine Intake and UIC


Estimated total iodine intake from the FFQ was not correlated with UIC (r = 0.273, p= 0.446). FFQ-estimated iodine intake was not correlated with predicted iodine intake using the equation of Zimmerman UIC (r = 0.248, p = 0.489) which incorporates UIC and body mass. UIC, however, was associated with milk (r = 0.688, p = 0.028) and fish/seafood intake (r = 0.646, p = 0.043), but not with reported total dairy intake (r = 0.515, p = 0.128), egg consumption (r = −0.241, p = 0.503), seaweed consumption (r = −0.121, p = 0.740), or iodized table salt use (r = −0.512, p = 0.130).




3.5. Effect of Titration Diet on Iodine Status Biomarkers


Titration diet effects on 24 h UIC, serum iodine and Tg are shown in Table 2.



Urine volumes varied widely among participants (900–4150 mL), and averaged 2155 ± 195 mL, 1972 ± 210 mL and 2200 ± 290 on the minimal, RDA and 3× RDA diets, respectively. Both UIC and UIE increased from minimal to RDA (p < 0.001 for both) and RDA to 3× RDA (p = 0.04 and p = 0.002, respectively). The average UIC intercepts and slopes from minimal iodine to 3× RDA produced a regression as follows: UIC = 39.5 + 19.3 (grams iodized salt). Thus, UIC increased an average of 19.3 μg/L for every gram of iodized salt consumed. Regression line slopes and intercepts were not different between sexes (p = 0.27 and p = 0.46, respectively).



Serum iodine did not increase from minimal to RDA (p = 0.67) but increased significantly from RDA to 3× RDA (p = 0.006). The average serum iodine intercepts and slopes from minimal iodine to 3× RDA produced a regression as follows: serum iodine = 61.2 (± 2.0) + 0.6 (± 0.2) grams iodized salt. Serum Tg concentration, however, was not different from minimal iodine to RDA (p = 0.94) or from RDA to 3× RDA (p = 0.68).




3.6. Post-Study Questionnaire Responses


Nine of ten participants reported consuming all the provided iodized salt on the RDA and 3× RDA diets. One participant reported consuming 75% of provided iodized salt on day 9 (3× RDA diet). Participants reported adding the iodized salt to reduced or unsalted homemade meals, margaritas, caramel, and 7 of the 10 reported dissolving the salt in water to drink.



Seven of 10 participants reported collecting 100% of urine output at each 24 h collection. One female participant reported missing 100–200 mL during the fourth 24 h urine collection (3× RDA diet). Another female missed a single urine collection during the 24 h collection period, and one male reported occasionally forgetting to collect a urine.



Overall, participants reported the most difficult part of this study was avoiding eggs, dairy, and commercial bread, remembering to collect all urine, and consuming the 9 g of iodized salt on 3× RDA diet. All ten participants rated consuming all salt on RDA diet and collecting all urine as a 1, 2, or 3 difficulty on a 1–5 Likert scale of difficulty with 5 being the most difficult. Five of ten participants rated consuming all salt on 3× RDA diet as a 4 or 5 difficulty rating. Participants reported changing their normal eating pattern to accommodate additional salt by eating lower sodium foods and adjusting sodium content in homemade recipes, eating larger portions to make food more palatable, and increasing frequency of meals. They also reported their normal eating pattern changed by avoiding dairy, eggs, and bread.





4. Discussion


The primary purpose of this pilot study was to determine whether a titration diet (which used known quantities of iodized salt) was reflected in the 24 h UIC, serum iodine, and thyroglobulin biomarkers of iodine status. Secondary purposes were to evaluate the association between baseline 24 h UIC and habitual iodine intake and observe the contribution of iodine-containing foods to total iodine intake assessed by an iodine-specific FFQ. Overall, in our sample of 10 participants, we found that 24 h UIC measures (including 24 h UIE) were increased as iodized salt consumption increased. Serum iodine, on the other hand, did not increase from the minimal iodine diet to the iodine RDA diet but was elevated when three times the RDA was consumed. In contrast, serum thyroglobulin concentrations were not different during the titration diet period. As estimated by the iodine-specific FFQ, only milk and total dairy intake were associated with estimated total iodine intake, whereas only milk and fish/seafood intake was associated with 24 h UIC.



To the best of our knowledge, this is the first study to perform a controlled titrated iodine diet using iodized salt as an iodine source to evaluate the effects on iodine status biomarkers. A previous study providing oral iodine capsules (225μg/day of potassium iodide) to pregnant participants during the first trimester found that the urinary iodine/creatinine ratio increased from a median of 53 μg/g to 150–249 μg/g by the third trimester [33]. Women consumed their typical diet during the supplemental period. Additional published studies have found increases in UIC and presumed iodine status in children and adults from iodine deficient areas following initiation of a salt iodization program [34] or oral iodine supplementation in the form of capsules [33,35] or poppyseed oil [36,37], and by a single-dose injection of intramuscular iodized oil [38]. In our study, the use of iodized salt was a practical way to consume iodine and represented a real-life addition of iodine to the diet (due to iodination of table salt in many countries). An additional strength of this study was that we simultaneously evaluated 24 h UIC along with serum iodine, Tg, and UIE. The 24 h UIC, which is the “gold standard” to assess iodine status in populations and currently, may be the most representative of individual iodine status.



The primary purpose of this study was to explore use of potential biomarkers of individual iodine status including UIC, and serum iodine and Tg concentrations. Although 24 h UIC is considered a population iodine status marker, our results suggest that of the iodine status biomarkers evaluated, 24 h UIC has promise as an individual biomarker in that it is sensitive to changes in short term dietary intake. According to our regression model (from minimal iodine intake up to 9 g of iodized salt), 24 h UIC increased an average of 19.3 μg/L for every gram of iodized salt consumed. A gram of iodized salt contains 45 μg of iodine. Thus, an increase of 45 μg of dietary iodine increased the 24 h UIC by an average of 19.3 μg/L in our sample. As the 24 h UIC was completed on the third day of each diet, these results demonstrate that the 24 h UIC was sensitive to recent changes in iodine intake. The same increase in 24 h UIC was observed in the 24 h UIE. The advantage of total UIE is that it adjusts for urine volume and hydration status that can vary among individuals and throughout the day. For example, in our study, we had one participant with daily total urine volumes of 900 mL and another with a daily volumes of more than 4 L. Measuring urine volume to calculate 24 h UIE may be useful when evaluating iodine status of pregnant and lactating women to ensure this population is increasing water intake to the recommended amount (3 L for pregnant women and 3.8 L for lactating women). Since iodine stored in the thyroid is unaffected by changes in short-term iodine intake in iodine-sufficient individuals (i.e., thyroid stores are sufficient), urinary iodine excretion is primarily representative of recent iodine intake. If thyroid stores were not sufficient, more dietary iodine would likely be taken up by the thyroid (to help replete stores) and less would be excreted in urine [39,40]. This concept was demonstrated in our study. As iodine intake increased, the average urinary iodine excretion increased indicating that as intake of iodine exceeds needs and thyroid stores, more iodine will be excreted in the urine. Anderson et al. found that greater than ten spot urines or greater than seven 24 h UICs are required to estimate an individual’s iodine status in free living individuals within a precision range of ±20% [41]. Individuals in this study presumably had variable daily intake of iodine which were not simultaneously estimated during this study. The amount of iodine uptake by the thyroid, and the subsequent amount of iodine excreted in the urine, depends on the typical iodine intake of the individual [42]. If daily iodine intake is >50 ug, the uptake of iodine by the thyroid is maintained, but if daily iodine intake is <50 ug the thyroid’s iodine stores become depleted [29]. Wainwright and Cook suggested that multiple 24 h UICs be collected over a prolonged period of time to provide the best representation of usual iodine intake and to account for seasonal [43], circadian rhythm [44], and iodine and hydration status variations [21]. However, collection of multiple 24 h UICs would be even more of a burden to the patient than a single collection and be subject to collection error including missed urine samples. The difficulty of collecting 24 h urines and additional limitations [25,29,45,46,47,48,49] that include being cumbersome to the patient and being subject to within-day hydration and iodine intake changes prompted us to evaluate other potential biomarkers of iodine status (serum iodine and Tg) in the current study.



Our finding that serum iodine concentrations were not different from minimal iodine to RDA but were increased from RDA to three times the RDA provides some support that serum iodine may be a potential alternative marker of iodine status. We initially hypothesized that serum iodine concentration would increase throughout the titration diet as iodine intake increased. Although research is limited on the use of serum iodine as an iodine status biomarker, previous research from mostly epidemiological studies in Chinese populations, have concluded that serum iodine may be more indicative of long-term (or typical) iodine status rather than recent iodine intake because serum iodine was observed to differ among location of residence but not between sexes or age groups, or according to smoking or exercise status [25,45]. The difference between our findings and those previously reported may be due to differences in study period duration. Studies conducted in Chinese populations with varying iodine status found that when iodine in the external environment increased (salt fortification and increased iodine in water supply), UIC increased while serum iodine remained more stable in comparison [25,45]. Another study conducted in Chinese adults found serum iodine was positively correlated with total T3 and T4 and free T4 concentrations [46], suggesting that serum iodine appears to most closely represent the bioavailable iodine for the thyroid gland, with 80–90% of total serum iodine incorporated into thyroid hormones [46,50]. While in overall agreement with previous studies, our study found significant increases in serum iodine only when iodine intake is excessive. This may be because our participants were presumably iodine replete at the start of this study and/or that the 3 day duration of this study was not of sufficient duration for serum thyroid to fall due to minimal iodine intake. Thus, more long-term studies (over weeks or months instead of days) may be needed to evaluate long-term serum iodine concentration changes.



In contrast to our hypothesis, serum thyroglobulin concentrations were not different as iodized salt consumption increased from minimal iodine (~0 g iodine) intake to 9 g iodized salt (45 μg of iodine)/day. Like serum iodine, this observation may be due to thyroglobulin’s lack of sensitivity to recent changes in iodine intake. Several previous cross-sectional studies [51,52,53] collectively reported inverse associations between serum Tg concentration and iodine status (determined by spot UIC and spot urinary iodine excretion (UIE)) within iodine deficient and excessive populations across the globe [51,52,53]. Because the studies determined iodine status based on a single-spot UIC or UIE sample, individual iodine status could not be determined [53]. Following a salt iodization program, Vejbjerg et al. found median serum Tg decreased from 10.9 to 8.7 mg/L (p < 0.001) in an area with previously mild iodine deficiency and decreased from 14.6 to 8.9 mg/L (p < 0.001) in an area with previous moderate iodine deficiency. Decreases in serum Tg are reflective of better iodine status because when iodine intake is insufficient, low circulating levels of T4 stimulate the synthesis and release of thyrotropin-releasing hormone, which subsequently increases the production of TSH; this then stimulates Tg synthesis, causing an increase in serum Tg [26]. Even though serum TSH increases during iodine deficiency, TSH concentrations often remain within normal reference ranges and thus is not considered a good indicator of iodine status [21]. Additionally, serum Tg concentrations showed minimal day-to-day variation compared to spot UIC samples following the introduction of a salt iodization program [52]. This lack of variation in Tg concentrations compared to UIC may suggest that Tg is more representative of long-term iodine intake in a population, especially in areas with endemic goiter because it may reflect overall thyroid cell mass [35,52]. Overall, however, there are limited studies on serum Tg as a biomarker of individual iodine status and further research is needed to establish reference concentrations in healthy, iodine-sufficient individuals and to understand the relationship between Tg and recent iodine intake.



The secondary purposes of the current study were to evaluate the association between baseline 24 h UIC and habitual iodine intake and observe the contribution of iodine-containing foods to total iodine intake assessed by an iodine-specific FFQ. Milk and total dairy intake correlated positively with total iodine intake as estimated by the iodine-specific FFQ. We did find positive associations between UIC and milk and fish/seafood intake. As with all self-reported data, there is potential for under or overreporting of nutrient intake [29] as could be the case with our iodine-specific FFQ. However, previous studies [12,54,55] have found positive correlations with UIC and milk and dairy intake, including one from our lab which reported total dairy and egg intake to predict approximately 20% variance in 24 h UIC [29]. A review by Reijden et al. estimated that milk and dairy contribute ~13–64% of recommended daily iodine intake based on country-specific food intake data [55]. Iodine content in dairy is a reliable, although variable, source of dietary iodine. Iodine enters cow’s milk either through the cow’s ingestion of water, feed, vegetation, or through exposure to iodophor disinfectants. Such disinfectants are used in the US to clean cow teats and udders, milking equipment, and other milk-holding containers and transporting trucks [56]. However, the iodine content of milk can vary greatly, from 33 to 534 μg/L according to a recent study [55]. Such variations are due to differences in agricultural practices, seasonal variations, milk yield, type, concentration, and application method of iodophor sanitizers, type of cow feed, goitrogen intake by dairy cows, and seasonal variations of pasture versus prepared feed [12,55]. Alternately, dairy and milk are easily recognized and recalled compared to other iodine sources such as iodized salt. Dairy items may be a common iodine source because they can be consumed through easily recalled sources including the habitual glass of milk or as milk added to breakfast cereals or consumed as convenient dairy items such as yogurts and cottage cheese.



Although the current study has several strengths, there are limitations which include a smaller sample size and short study duration. The smaller sample size allowed for control and accountability in data collection methodology, but overall findings may not be generalizable to other populations with more extremes in iodine status or in those who are pregnant or lactating. Our participants, for example, were screened for normal thyroid function and most had iodine intake that met the daily US recommendation. Additionally, excess sodium consumption may have contributed to excess fluid retention which could influence serum iodine and Tg biomarker concentrations, particularly on the 3× RDA diet. A longer study duration (perhaps weeks or months) may have allowed for observation of whether serum iodine and thyroglobulin biomarkers would be sensitive to longer term changes in dietary iodine intake. Future studies from our laboratory will further evaluate the use of biomarkers of iodine status using longer titration diet periods and an iodine source other than iodized salt (to avoid risk of excess sodium consumption). Limitations apart from the study design include the high variability of iodine content in food and the absence of iodine in the USDA Food Composition Database, making it difficult to reliably assess iodine intake and make comparisons to iodine status. The iodine content of soil naturally varies and thus the iodine content of plants and animals, agriculture products, saltwater fish and seafood is highly variable. The FFQ used averages of iodine content from the TDS to estimate iodine intake in foods. However, the average values are highly variable. For example, the iodine content of salt water fish fillets ranged from 0.122 to 0.922 μg/g, while a fillet of fresh water fish ranged from 0.005 to 0.082 μg/g in a study by Eckhoff and Maage [57].




5. Conclusions


The current study provides preliminary support to suggest that 24 h UIC and serum iodine may be indicative of individual iodine status, at least over the short term (3 days) when iodine status is mostly stable. Results provide support that 24 h UIC is likely the most sensitive indicator of individual iodine status at this time and still may be the best biomarker to assess iodine status. However, serum iodine is easier to measure at a single blood draw than single or multiple 24 h UICs and would provide a convenient method to assess iodine status, especially for pregnant and lactating women. Serum Tg was not sensitive to short term changes in iodine intake, but future studies should evaluate its use as a long-term iodine status marker. This study highlights the need for additional research to identify individual iodine biomarkers. Continuing to explore these markers to promptly identify iodine deficiencies in women of reproductive age and pregnant and lactating women is especially important so that dietary interventions can be recommended, and deficiencies can be corrected.
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Appendix A




	
Food Frequency Questionnaire (Ffq)

For each food listed, check the box indicating how often on average you have used the amount specified during the last month




	
Foods Consumed

	
Never or

<1 per mo.

	
1–3 per

Month

	
1 per

Week

	
2–4 per

Week

	
5–6 per

Week

	
1 per

Day

	
2–3 per

Day

	
4–5 per

Day

	
6+ per

Day




	

	
Milk, 1 cup






	

	

	

	

	

	

	

	

	




	

	2.

	
Soy Milk, 1 cup







	

	

	

	

	

	

	

	

	




	

	3.

	
Soy Protein bars, 1 bar







	

	

	

	

	

	

	

	

	




	

	4.

	
Other non-dairy milks, 1 cup







	

	

	

	

	

	

	

	

	




	

	5.

	
Cereal, insert yours ______________, 1 ½ cup







	

	

	

	

	

	

	

	

	




	

	6.

	
Bread (commercial), not homemade, 1 slice







	

	

	

	

	

	

	

	

	




	

	7.

	
Bagels, 1 each







	

	

	

	

	

	

	

	

	




	

	8.

	
Yogurt, 1 cup







	

	

	

	

	

	

	

	

	




	

	9.

	
Cheese, 2 oz







	

	

	

	

	

	

	

	

	




	

	10.

	
Cottage Cheese, ½ cup







	

	

	

	

	

	

	

	

	




	

	11.

	
Egg, 1 whole







	

	

	

	

	

	

	

	

	




	

	12.

	
Cod, cooked, 3 ½ oz







	

	

	

	

	

	

	

	

	




	

	13.

	
Grouper cooked, 3 ½ oz







	

	

	

	

	

	

	

	

	




	

	14.

	
Haddock cooked, 3 ½ oz







	

	

	

	

	

	

	

	

	




	

	15.

	
Halibut, cooked, 3 ½ oz







	

	

	

	

	

	

	

	

	




	

	16.

	
Herring, 3 1/2 oz.







	

	

	

	

	

	

	

	

	




	

	17.

	
Mackerel, cooked, 3 ½ oz







	

	

	

	

	

	

	

	

	




	

	18.

	
Perch, cooked, 3½oz







	

	

	

	

	

	

	

	

	




	

	19.

	
Sardines, canned in oil, 3 ½ oz







	

	

	

	

	

	

	

	

	




	

	20.

	
Tukaoua, cooked, 3 ½ oz







	

	

	

	

	

	

	

	

	




	

	21.

	
Tuna, Albacore, or light, canned, 3 ½ oz







	

	

	

	

	

	

	

	

	




	

	22.

	
Walleye, cooked, 3 ½ oz







	

	

	

	

	

	

	

	

	




	

	23.

	
Other fish, 3 ½ oz






Insert yours _________

	

	

	

	

	

	

	

	

	




	

	24.

	
Clams, 4 oz







	

	

	

	

	

	

	

	

	




	

	25.

	
Crabmeat, 4 oz







	

	

	

	

	

	

	

	

	




	

	26.

	
Lobster, 4 oz







	

	

	

	

	

	

	

	

	




	

	27.

	
Mussels, 4 oz







	

	

	

	

	

	

	

	

	




	

	28.

	
Oysters, 4 oz







	

	

	

	

	

	

	

	

	




	

	29.

	
Scallops, 4 oz







	

	

	

	

	

	

	

	

	




	

	30.

	
Shrimp, 4 oz







	

	

	

	

	

	

	

	

	




	

	31.

	
Seaweed Snacks, insert yours _____________







	

	

	

	

	

	

	

	

	




	

	32.

	
Seaweed Sushi,1 Roll (or 6 pieces)







	

	

	

	

	

	

	

	

	




	

	33.

	
Iodized Table Salt







	

	

	

	

	

	

	

	

	




	

	34.

	
Other Salt (sea salt, Pink Himalayan, Kosher)







	

	

	

	

	

	

	

	

	




	
Multi Vitamin, 1 Tablet (Type and Brand) _________________

	

	

	

	

	

	

	

	

	




	
3.Kelp (or other iodine supplement), 1 Tablet

	

	

	

	

	

	

	

	

	




	
If you take any of the above, please list which you use, brand name, etc.
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Figure 1. Protocol schematic showing the iodine titration diet progression at the initial visit and ending on day 10. The “syringe” graphic indicates scheduled blood draws and “orange urine collection jugs” indicate 24 h urine collections time points. A minimal iodine diet is defined at the bottom of the schematic. 
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Figure 2. Iodine status based on the World Health Organization (WHO) criteria for urinary iodine concentration (UIC) [13]: <20 µg/L (Severe Deficiency); 20–49 µg/L (Moderate Deficiency); 50–99 µg/L (Mild Deficiency); 100–199 µg/L (Adequate); 200–299 µg/L (Above Adequate); ≥300 µg/L (Excessive). 
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Table 1. Descriptive Characteristics and Baseline Biochemical Values of Participants by Sex.
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Mean ± SEM




	

	
Male

	
Female






	
Age

	
26.6 ± 1.1

	
36.0 ± 7.4




	
Height (cm)

	
183.2 ± 2.8

	
166.4 ± 2.6




	
Weight (kg)

	
82.8 ± 4.4

	
69.5 ± 11.3




	
BMI (kg/M2)

	
24.7 ± 1.1

	
24.8 ± 3.4




	
Body Fat (%)

	
20.7 ± 3.8

	
31.3 ± 4.5




	
Hemoglobin (g/dL)

	
16.5 ± 0.2

	
14.6 ± 0.3




	
Hematocrit (%)

	
49.0 ± 0.6

	
43.5 ± 1.1




	
TSH (mcIU/mL)

	
2.0 ± 0.3

	
1.5 ± 0.2




	
Thyroglobulin (ng/mL)

	
17.5 ± 5.2

	
16.9 ± 4.2




	
24 h UIC (μg/L)

	
126.6 ± 28.7

	
142.4 ± 29.6
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Table 2. Titration Diet Effects on Markers of Iodine Status (Mean ± SEM).
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	Iodine Marker
	Minimal Iodine
	RDA
	3× RDA
	Normal Range





	24 h UIC (μg/L)
	19.1 ± 6.0
	31.2 ± 9.9
	173.9 ± 55.0
	100–199 μg/L



	24 h UIE (μg/day)
	82.7 ± 8.5
	174.1 ± 15.2
	401.4 ± 63.8
	N/A



	Serum Iodine (ng/mL)
	62.1 ± 3.3
	61.5 ± 3.6
	66.8 ± 3.8
	40–92 ng/mL



	Tg (ng/mL)
	17.2 ± 3.2
	17.1 ± 2.9
	17.8 ± 3.1
	≤33 ng/mL
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