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Abstract

:

Milk is a major source of dietary iodine in the United States. Due to a relatively low margin of safety for iodine intake, there are concerns for both deficiency and over-exposure. Iodine concentrations of raw milk samples from farms and retail milk in the Northeastern U.S. region were compared between seasons (winter vs. summer) and farming practices (conventional vs. organic). Overall, mean iodine concentration was 46.2% higher in raw milk from conventional farms vs. organic farms. An interaction effect between season and farming practices was observed. Organic raw milk had higher iodine content in the winter than in the summer (423 ± 54 μg/L vs. 273 ± 24 μg/L), whereas conventional raw milk had higher iodine content in the summer than in the winter (618 ± 75 μg/L vs. 398 ± 27 μg/L). Milk samples from conventional farms had 2.27-fold higher average iodine concentration compared to milk coming from organic farms in the summer but did not differ in the winter. Out of 68 and 98 raw milk samples originating from conventional and organic farms, 22 (32.4%) and 19 (19.4%) respectively, had iodine concentrations > 500 µg/L, reaching as high as 1928 μg/L. In contrast, the overall mean concentration of iodine in retail milk did not differ between conventional and organic milk (345 ± 23 vs. 320 ± 42 μg/L, respectively). The current study confirms dairy milk remains to be a good source of iodine to U.S. consumers. However, dairy farms should be aware of the potential adverse health effects of excess iodine intake. Careful considerations in dairy management may be necessary to not exceed the recommended level of iodine supplementation in both conventional and organic operations at the farm level—to maintain optimal iodine concentrations in retail fluid milk accessible to the consumers.
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1. Introduction


Iodine is an essential trace element required for the synthesis of thyroid hormones, thyroxine (T4) and triiodothyronine (T3), and play critical roles in a variety of organs. Iodine is variably distributed in the earth’s environment and certain regions have historically been deficient in iodine. The success of salt iodization programs in the early 1920s resulted in the elimination of the regional epidemic known as ‘goiter belt’ in the U.S., and many other countries have also benefited from similar programs [1]. However, the National Health and Nutrition Examination Surveys (NHANES) reported that 56.9% of pregnant women in the U.S. may have inadequate iodine intake based on urinary iodine concentrations [2], indicating problem of deficiency still remains in certain populations.



Iodine is also known to have a relatively low margin of safety and excessive iodine intakes from iodized salt have also resulted in adverse health outcomes with increased incidences of hypothyroidism, hyperthyroidism, and autoimmune thyroiditis especially in susceptible individuals with underlying thyroid disease [3,4,5]. Food and Nutrition Board of National Academies’ Institute of Medicine (IOM) has established an average requirements ranging from 65 μg/day in 1–3 years old toddlers (demographic with lowest need) to 209 μg/day in lactating women (demographic with highest need), with tolerable upper intake level ranges from 200 μg/day to 1100 μg/day, respectively [6]. Therefore, it is crucial to monitor iodine concentrations in food products to ensure an adequate iodine intake preventing both deficiency and excess.



Milk and milk products are currently one of the major sources of dietary iodine in the U.S. [7] and many other countries, accounting for, on average, 40–70% of total iodine consumed from one’s diet [8,9,10]. The iodine content in cow milk is influenced by (1) diet—the concentration of iodine in cow feed, including the presence of goitrogens, and drinking water; (2) farm management—such as the use of iodophor sanitizers and processing, and (3) the environment—including the season of milk production and the iodine concentration in the soil where they graze [11]. In recent years, a rise in milk iodine has been observed in some countries to above the maximum recommended level of 500 μg/L. A study of Canadian raw milk indicated iodine concentrations as high as 1902 µg/L [12]. These concentrations may potentially lead to dietary intake of iodine exceeding the tolerable upper intake level (UL), especially in small children, and can induce thyroid dysfunction in milk consumers.



Although inadequate iodine intake is a health concern, iodine is not routinely tested in the dairy industry and its concentrations are not labeled on dairy products. There have been only a few reports of iodine concentrations in milk in the U.S. in recent years [7,10,13]. In European countries, there have been reports of organic milk having a lower concentration of iodine than conventional milk [11,14,15], but this has not been investigated in the U.S. Therefore, in this study, we hypothesized that conventional milk in the Northeastern U.S. have elevated iodine levels similarly to Canadian milk, considering similar farming practices, but organic milk would have lower iodine levels compared to conventional milk based on previous reports from Europe. We tested the iodine level in raw milk and retail milk samples from the Northeastern U.S. market and examined differences in milk iodine concentrations between conventional vs. organic milk across two seasons—winter and summer.




2. Materials and Methods


2.1. Collection of Raw Milk Samples


Raw milk samples were collected into 50 mL sampling vials at two Northeast dairy plants at the time of delivery from bulk milk of individual farms. Samples consisted of a total of 49 individual conventional farms and 60 organic farms across two seasons, in the winter (February 2018) and in the summer (July–August 2018). Upon arrival to the lab, raw milk samples were stored in 4 °C fridge and were analyzed within 3 days of collection. In a previous pilot study, we have shown soluble iodide concentrations remain unchanged when raw milk samples were stored in 4 °C for up to 14 days [16].




2.2. Iodine Assay


An ion-selective electrode (ISE) method was used for measuring iodine content in milk samples following the official AOAC method 992.24 (AOAC 2006) with slight modification as reported previously [16]. The electrical potential in each sample was measured by an ion-selective electrode (Orion 9653BNWP, Thermo Fisher), and the soluble iodide concentration was calculated using a linear standard curve (R2 > 0.99), prepared by dilution of the certified iodide standard (41271, Sigma-Aldrich, St. Louis, MO) stock solution. The precision of the results was verified by inter-assay variability test over six days (%RSD = 1.72), and intra-assay variability test of 12 samples (%RSD = 1.19). Extraction efficiency was evaluated by spiking a known amount of certified iodide standard (500 μg/L; mid-range of the generated standard curve) to the reference milk before the procedure with each assay. Data from an assay with percent recovery < 75% (n = 16; 10 conventional and 6 organic samples) and farm samples that were not collected in both seasons (n = 10; 5 conventional and 5 organic samples) were excluded in the final analysis. This resulted in exclusion of total 15 conventional farms and 11 organic farms, with a final data set originating from 34 conventional and 49 organic farms across two different seasons.




2.3. Retail Milk Analysis


Due to concern of elevated iodine in conventional milk in the summer, retail whole milk (n = 21/farm type; total 42 samples) were collected from a total of 15 supermarkets and retail stores in the Northeast in late July to early August in 2018 to evaluate the iodine concentrations in the marketed milk available directly to the consumers. Samples were mixed well and aliquoted into 15 mL tubes and immediately stored at −20 °C. Free-sulfhydryl groups are generated when milk is heated above normal pasteurization temperature and this is known to interfere with ISE activity (Lacroix and Wong, 1980). Therefore, ICP-MS was used instead of ISE for measuring iodine in retail milk. Samples were shipped on dry ice to Eurofins at Food Integrity Innovation-Madison, and total iodine as measured by ICP-MS as previously described [17,18]. Intraassay variability (%RSD) was <11.4% and extraction efficiency was >92.4% (with a matrix spike of a known value). All analysis was performed in a single-day run.




2.4. Statistical Analysis


Statistical analysis (linear mixed effect model with repeated measure analysis for raw milk, Student’s t-test for retail milk) was performed using JMP 15 (SAS, Cary, NC, USA). Data were tested for the assumption of normality with quantile-quantile plots and tested for the assumption of variance using Levene’s test. When these assumptions were not met, log10 transformed data were used. After a significant effect in the main model was detected, the significance of each group comparisons for raw milk were determined with Tukey’s post hoc tests at a p-value of 0.05. All data are shown in mean ± SEM μg/L.





3. Results and Discussion


The overall average raw milk iodine concentration in the winter was 412.62 ± 33.30 μg/L and was not significantly different from raw milk collected in the summer (414.38 ± 38.55 μg/L; Figure 1A and Table 1). Overall average raw milk iodine concentration from organic farms was significantly lower at 347.74 ± 30.16 μg/L than milk from conventional farms at 508.28 ± 41.85 μg/L (31.6% less, p < 0.001; Figure 1B and Table 1). There was a significant interaction between season and farming practices (p < 0.0001). Although there were no differences between organic and conventional farms in the winter, organic milk (272.76 ± 24.05 μg/L) had significantly lower (55.90%) mean iodine level in the summer compared to conventional milk (618.48 ± 75.27 μg/L; Figure 1C and Table 1). The overall mean of the organic milk was below what is generally regarded as a safe level (<500 μg/L) in the dairy industry. However, substantial numbers of raw milk from both individual conventional and organic farms had iodine concentrations > 500 μg/L. A total of 21 out of the 83 winter samples tested (25.3%) had iodine concentrations above 500 μg/L (originating from 8 conventional and 13 organic farms ranging as high as 1768 μg/L). A total of 20 out of the 83 summer samples tested (24.1%) had iodine concentrations above 500 μg/L (originating from 14 conventional and 6 organic farms ranging as high as 1929 μg/L).



Elevated iodine level has been reported previously in cow milk in Canada [12], which was attributed to being due to excess feed supplementation [19] and teat-dipping practices [20]. There is a dearth of information on milk iodine concentration in the U.S. in recent years. The mean iodine concentrations we found in our study is similar to those reported previously with milk purchased locally in Boston (n = 18) [7] as well those reported by the FDA Total diet study (n = 20) [10], but much higher than mean concentration of 89.2 μg/L (n = 40) reported by another [13]. Iodine in ~25% raw milk samples we tested had a concentration above 500 μg/L. The current study suggests an elevated raw milk iodine level in the Northeastern U.S. similar to elevated concentrations reported in Canada [12] at the farm level.



Iodine level in raw milk was higher in winter than in summer in organic milk, and the effect was reversed in conventional milk. Iodine increases in the winter have been reported in the U.S. [7,21] as well as in European countries [22,23,24], which is commonly attributed to the increase in mineral supplementation and decreased feeding of goitrogenic plants in the winter compared to the summer [11]. This is also likely to be the case as reasons for the seasonal differences in organic milk in this study. The reasons for the higher iodine in summer than in winter in conventional milk is unknown and no previous studies have shown an increase of milk iodine in the summer compared to winter. However, it is possible that differences in management practices between summer and winter within conventional farms are causing this increase and may warrant further investigation to unveil the reasons.



This is the first study that compared iodine concentrations in conventional vs. organic milk in North America. We found a lower mean iodine concentration in organic milk compared to conventional milk. This result is consistent with several previous reports from Europe where organic milk was observed to have a lower concentration of iodine when compared to conventional milk [15,22,25,26], although iodine concentrations of organic milk reported in these studies were much lower (<150 μg/L) compared to the current study (272.74 and 422.71 μg/L, summer and winter, respectively). In the current study, we did not investigate feeding and management practices of individual conventional or organic farms, thus the reason for the differences cannot be clearly identified. However, the relative higher concentrations of iodine in organic milk, in both seasons, potentially could be due to different feeding practices used in organic farms in the U.S. (or particularly in the Northeast) compared to European countries.



In the U.S., feed supplements and additives are allowed in organic farming to meet the adequate nutritional requirements although excessive amounts are not allowed. However, it is possible that some farms in the Northeast, regardless of farming practices, are over-supplementing feed with mineral mixes containing iodine. This was the case in Canada [19], where more than 85% of the farms tested were providing far excess iodine above the NRC’s maximum dietary recommendation of 0.5 mg/kg of diet DM for lactating cows [27]. On the other hand, in Europe, although feed supplementations are allowed in organic farming, the average iodine level in organic dairy milk suggests that they may not be supplementing at all, if any, in some countries.



Another possible reason for the increase of iodine, especially in organic milk in the Northeast, is the use of supplementation of natural sources that are high in iodine. For example, according to the Organic Dairy Handbook published by the Northeast Organic Farming Association of New York [28], kelp meals are provided as free choice in many organic dairy farms as supplements of vitamins and minerals. It has been reported that 49~83% of organic dairy producers feed kelp meal in Midwestern and Northeastern U.S. [29,30,31]. According to a survey [29], organic dairy farmers use kelp meals due to various health benefits claims (some of which are not scientifically proven) such as improving body condition; reducing SCC, reproductive problems, the incidence of pinkeye; and controlling a fly infestation. It has been reported that the dietary supplementation with kelp meal at 57–170 g/day significantly increased milk iodine concentrations (up to 1370 μg/L) with differential effect between seasons but does not result in animal performance [29,32]. Excess consumption of kelp meal or when provided in combination with iodine supplementation through the mineral mix could result in increased iodine concentrations due to naturally high concentrations of iodine in kelp/seaweed.



Increased feeding of products containing glucosinolates, such as rapeseeds, crambe meal, is suspected as one of the potential causes of lower iodine content in European organic milk compared to conventional milk [11,24,33]. Hydrolysis of glucosinolates generates a variety of products, some of which possess goitrogenic effects by inhibiting sodium-iodine-symporter and limiting the availability of iodine to the thyroid and most likely in the mammary gland as well [34]. Organic dairy farms in the Northeast may use limited amounts of glucosinolate-containing products compared to European counterparts. The Organic Dairy Handbook [28] mentions that only limited farms use glucosinolate-containing plants in the Northeast U.S. as feed. Cyanogenic glycoside-containing plants, such as Trifolium spp., Sorghum spp., and Lotus spp., are often found in grazing pasture. White clover (Trifolium repens L.) is commonly used not only as nitrogen fixing cover crop but particularily important in organic agriculture due to its use in green-manure, as replacement for synthetic fertilizer [35]. However cyanogenic glycoside-containing plants can release hydrogen cyanide when damaged (including grazing and sudden frost), be metabolized into thiocyanates, and pose goitrogenic effects. Exposure to cyanogenic glycoside-containing plants may be higher in the summer, reducing the milk iodine concentration during summer for organic farms.



Another factor known to affect the milk iodine level is the use of iodine-containing disinfectants [16,20,36]. The use of iodine as disinfectants, sanitizer, medical treatment as well as a topical treatment (such as teat-dips) and external parasiticides, are allowed in organic dairy farming in the U.S. according to the final rule of the National Organic Program (NOP) under 7 CFR 205.6039(a)(14) and (b)(3). Use of iodophore is also allowed in organic farming in Europe under Commission Regulation (EC) No 889/2008 (EU, 2008) but it may be used in moderation in organic dairy farms in European countries, also leading to differences found between this current study in Northeast milk and previous reports from Europe [15,22,25,26].



Despite concerns for the overall elevated level of raw milk iodine from conventional milk in the summer, the average total iodine of conventional retail milk was <500 μg/L and similar to organic retail milk (344.52 ± 22.55 vs. 319.70 ± 42.01 μg/L, respectively; Figure 2 and Table 1). There were 5 samples out of 42 retail samples (11.9%; 4 organic and 1 conventional), that had iodine concentration above 500 μg/L and variability was greater with organic milk. This could be due to a difference in how bulk-tank raw milk is transported from each farm to the processing plant, combined, and be packaged together as one branded retail milk. Milk from conventional farms may be mixed more often, minimizing the effect of any farm-to-farm variability on iodine concentrations in the final retail product. Organic milk, on the other hand, may not be mixed between different farms as much to maintain its authenticity (such as ‘Grass-fed’) and branding and leading to the larger variability of iodine concentrations reflective of management practices (feed supplementation and sanitation, etc.) in the final retail product. In 1984, average iodine concentration in retail milk in NYS was reported at 394.1 μg/L (with a minimum of 129.2 μg/L and maximum of 1362.2 μg/L) [37], which indicates that farming practices have not largely changed in Northeast to affect the overall iodine content in milk.



Milk processing techniques are also considered as potential factors in affecting iodine concentration in retail milk. High-temperature short-time (HTST) pasteurization has been shown to decrease milk iodine in a few studies by as much as 52.7% [38,39], although such an effect was not observed in other studies [40,41,42]. Ultra-high temperature sterilization does not seem to affect milk iodine concentrations [38,41]. Out of 42 retail milk collected, 25 were HTST pasteurized (6 organic, 19 conventional), 16 were UHT milk (15 organic, 1 conventional), and one (conventional) was vat-pasteurized. There were no significant differences overall between HTST-pasteurized and UHT milk (370.04 ± 28.66 vs. 286.1 ± 38.39 μg/L, respectively). Although we do not have ways to evaluate the effect of HTST pasteurization on milk iodine in our studies, it is possible HTST used in most conventional milk contributed to the decrease of iodine concentrations, minimizing the difference in iodine concentrations between two farming practices in the final retail milk. Since retail milk sampling was limited, interpretation of the results comparing organic and conventional milk should be taken with caution. Nevertheless, routine iodine testing is recommended either at the farm or plant level to maintain ideal iodine concentrations of retail milk for consumer health benefits, both for organic and conventional farms.




4. Conclusions


In summary, this is the first study to investigate iodine concentrations in conventional vs. organic milk in the U.S. and North America. This study offers new information that the situation in the Northeastern U.S. is different from European countries. Although organic milk has overall lower iodine concentrations compared to conventional milk at the farm level, there is an indication of over-supplementation of iodine in both conventional and organic farms, with 25% of samples reported concentrations above 500 μg/L. It would be important to study the difference in organic farming practices to understand the cause of this differential effect on iodine concentrations. Based on milk iodine concentrations found in retail milk, both organic and conventional milk originating from the Northeast remains to be a good source of iodine although dairy farms should be aware of potential adverse health effects of excess iodine. Since the margin of safety of iodine is relatively narrow, this study highlights that it would be important to consider dairy management to ensure that iodine concentrations are in the appropriate range for human consumption.







Funding


This study and personnel were supported by NIEHS-5K08ES025260 (to MM), U.S. Department of Veterans Affairs—Montgomery GI Bill (to OE) and College of Agricultural Life Sciences at Cornell University.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Acknowledgments


The authors thank S. Parry for consultation on statistical analysis; D. Berg and R. Zywicki (Eurofins) for ICP-MS analysis on retail milk; D. Barbano for providing technical advice; and A. Zuber, R. Ralyea M. Wiedmann for assistance with obtaining milk samples from processing plants. W. Yu and R. Chang also contributed to discussions during the initial phase of this project.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Aburto, N.; Abudou, M.; Candeias, V.; Wu, T. Effect and safety of salt iodization to prevent iodine deficiency disorders: A systematic review with meta-analyses. In WHO eLibrary of Evidence for Nutrition Actions (eLENA); World Health Organization: Geneva, Switzerland, 2014. [Google Scholar]

	



Caldwell, K.L.; Makhmudov, A.; Ely, E.; Jones, R.L.; Wang, R.Y. Iodine status of the U.S. population, National Health and Nutrition Examination Survey, 2005-2006 and 2007-2008. Thyroid 2011, 21, 419–427. [Google Scholar] [CrossRef] [PubMed]

	



Sun, X.; Shan, Z.; Teng, W. Effects of increased iodine intake on thyroid disorders. Endocrinol. Metab. 2014, 29, 240–247. [Google Scholar] [CrossRef] [PubMed]

	



Leung, A.M.; Braverman, L.E. Iodine-induced thyroid dysfunction. Curr. Opin. Endocrinol. Diabetes Obes. 2012, 19, 414–419. [Google Scholar] [CrossRef] [PubMed]

	



Shi, X.; Han, C.; Li, C.; Mao, J.; Wang, W.; Xie, X.; Li, C.; Xu, B.; Meng, T.; Du, J.; et al. Optimal and safe upper limits of iodine intake for early pregnancy in iodine-sufficient regions: A cross-sectional study of 7190 pregnant women in China. J. Clin. Endocrinol. Metab. 2015, 100, 1630–1638. [Google Scholar] [CrossRef]

	



IOM. Dietary Reference Intakes: The Essential Guide to Nutrient Requirements; The National Academies Press: Washington, DC, USA, 2006; p. 1344. [Google Scholar] [CrossRef]

	



Pearce, E.N.; Pino, S.; He, X.; Bazrafshan, H.R.; Lee, S.L.; Braverman, L.E. Sources of dietary iodine: Bread, cows’ milk, and infant formula in the Boston area. J. Clin. Endocrinol. Metab. 2004, 89, 3421–3424. [Google Scholar] [CrossRef] [PubMed]

	



Dahl, L.; Johansson, L.; Julshamn, K.; Meltzer, H.M. The iodine content of Norwegian foods and diets. Public Health Nutr. 2004, 7, 569–576. [Google Scholar] [CrossRef] [PubMed]

	



Henderson, L.; Irivng, K.; Gregory, J.; Bates, C.; Prentice, A.; Perks, J.; Swan, G.; Farron, M. The National Diet. and Nutrition Survey: Adults Aged 19 to 64 Years. Volume 3: Vitamin and Mineral. Intake and Urinary Analytes; The Stationary Office: London, UK, 2003. [Google Scholar]

	



Murray, C.W.; Egan, S.K.; Kim, H.; Beru, N.; Bolger, P.M. US Food and Drug Administration’s Total Diet Study: Dietary intake of perchlorate and iodine. J. Expo. Sci. Environ. Epidemiol. 2008, 18, 571–580. [Google Scholar] [CrossRef] [PubMed]

	



Flachowsky, G.; Franke, K.; Meyer, U.; Leiterer, M.; Schone, F. Influencing factors on iodine content of cow milk. Eur. J. Nutr. 2014, 53, 351–365. [Google Scholar] [CrossRef]

	



Borucki Castro, S.I.; Berthiaume, R.; Laffey, P.; Fouquet, A.; Beraldin, F.; Robichaud, A.; Lacasse, P. Iodine concentration in milk sampled from Canadian farms. J. Food Prot. 2010, 73, 1658–1663. [Google Scholar] [CrossRef]

	



Kirk, A.B.; Martinelango, P.K.; Tian, K.; Dutta, A.; Smith, E.E.; Dasgupta, P.K. Perchlorate and iodide in dairy and breast milk. Environ. Sci. Technol. 2005, 39, 2011–2017. [Google Scholar] [CrossRef]

	



Schwendel, B.H.; Wester, T.J.; Morel, P.C.; Tavendale, M.H.; Deadman, C.; Shadbolt, N.M.; Otter, D.E. Invited review: Organic and conventionally produced milk-an evaluation of factors influencing milk composition. J. Dairy Sci. 2015, 98, 721–746. [Google Scholar] [CrossRef]

	



Srednicka-Tober, D.; Baranski, M.; Seal, C.J.; Sanderson, R.; Benbrook, C.; Steinshamn, H.; Gromadzka-Ostrowska, J.; Rembialkowska, E.; Skwarlo-Sonta, K.; Eyre, M.; et al. Higher PUFA and n-3 PUFA, conjugated linoleic acid, alpha-tocopherol and iron, but lower iodine and selenium concentrations in organic milk: A systematic literature review and meta- and redundancy analyses. Br. J. Nutr. 2016, 115, 1043–1060. [Google Scholar] [CrossRef]

	



French, E.A.; Mukai, M.; Zurakowski, M.; Rauch, B.; Gioia, G.; Hillebrandt, J.R.; Henderson, M.; Schukken, Y.H.; Hemling, T.C. Iodide Residues in Milk Vary between Iodine-Based Teat Disinfectants. J. Food Sci. 2016, 81, T1864–T1870. [Google Scholar] [CrossRef] [PubMed]

	



Zywicki, R.S.; Sullivan, D.M. Determination of Total Iodine in Infant Formula and Adult/ Pediatric Nutritional Formula by Inductively Coupled Plasma-Mass Spectrometry (ICP-MS): Collaborative Study, Final Action 2012.15. J. AOAC Int. 2015, 98, 1407–1416. [Google Scholar] [CrossRef] [PubMed]

	



Sullivan, D.; Zywicki, R. Determination of total iodine in foods and dietary supplements using inductively coupled plasma-mass spectrometry. J. AOAC Int. 2012, 95, 195–202. [Google Scholar] [CrossRef]

	



Borucki Castro, S.I.; Lacasse, P.; Fouquet, A.; Beraldin, F.; Robichaud, A.; Berthiaume, R. Short communication: Feed iodine concentrations on farms with contrasting levels of iodine in milk. J. Dairy Sci. 2011, 94, 4684–4689. [Google Scholar] [CrossRef] [PubMed]

	



Borucki Castro, S.I.; Berthiaume, R.; Robichaud, A.; Lacasse, P. Effects of iodine intake and teat-dipping practices on milk iodine concentrations in dairy cows. J. Dairy Sci. 2012, 95, 213–220. [Google Scholar] [CrossRef]

	



Pennington, J.A.T. Iodine Concentrations in United-States Milk–Variation Due to Time, Season, and Region. J. Dairy Sci. 1990, 73, 3421–3427. [Google Scholar] [CrossRef]

	



Dahl, L.; Opsahl, J.A.; Meltzer, H.M.; Julshamn, K. Iodine concentration in Norwegian milk and dairy products. Br. J. Nutr. 2003, 90, 679–685. [Google Scholar] [CrossRef]

	



MAFF. Iodine in milk: Food Surveillance Sheet Number 198; Ministry of Agriculture Fisheries and Food (MAFF): London, UK, 2000. [Google Scholar]

	



Rasmussen, L.B.; Larsen, E.H.; Ovesen, L. Iodine content in drinking water and other beverages in Denmark. Eur. J. Clin. Nutr. 2000, 54, 57–60. [Google Scholar] [CrossRef]

	



Bath, S.C.; Button, S.; Rayman, M.P. Iodine concentration of organic and conventional milk: Implications for iodine intake. Br. J. Nutr. 2012, 107, 935–940. [Google Scholar] [CrossRef] [PubMed]

	



Payling, L.M.; Juniper, D.T.; Drake, C.; Rymer, C.; Givens, D.I. Effect of milk type and processing on iodine concentration of organic and conventional winter milk at retail: Implications for nutrition. Food Chem. 2015, 178, 327–330. [Google Scholar] [CrossRef]

	



NRC. Nutrient Requirements of Dairy Cattle: Seventh Revised Edition; The National Academies Press: Washington, DC, USA, 2001. [Google Scholar]

	



NOFA-NY. The Organic Dairy Handbook: A Comprehensive Guide for the Transition and Beyond; Northeast Organic Farming Association of New York, Inc.: Cobleskill, NY, USA, 2009. [Google Scholar]

	



Antaya, N.T.; Soder, K.J.; Kraft, J.; Whitehouse, N.L.; Guindon, N.E.; Erickson, P.S.; Conroy, A.B.; Brito, A.F. Incremental amounts of Ascophyllum nodosum meal do not improve animal performance but do increase milk iodine output in early lactation dairy cows fed high-forage diets. J. Dairy Sci. 2015, 98, 1991–2004. [Google Scholar] [CrossRef]

	



Hardie, C.A.; Wattiaux, M.; Dutreuil, M.; Gildersleeve, R.; Keuler, N.S.; Cabrera, V.E. Feeding strategies on certified organic dairy farms in Wisconsin and their effect on milk production and income over feed costs. J. Dairy Sci. 2014, 97, 4612–4623. [Google Scholar] [CrossRef]

	



Sorge, U.S.; Moon, R.; Wolff, L.J.; Michels, L.; Schroth, S.; Kelton, D.F.; Heins, B. Management practices on organic and conventional dairy herds in Minnesota. J. Dairy Sci. 2016, 99, 3183–3192. [Google Scholar] [CrossRef]

	



Antaya, N.T.; Ghelichkhan, M.; Pereira, A.B.D.; Soder, K.J.; Brito, A.F. Production, milk iodine, and nutrient utilization in Jersey cows supplemented with the brown seaweed Ascophyllum nodosum (kelp meal) during the grazing season. J. Dairy Sci. 2019, 102, 8040–8058. [Google Scholar] [CrossRef]

	



Hejtmankova, A.; Kuklik, L.; Trnkova, E.; Dragounova, H. Iodine concentrations in cow’s milk in Central and Northern Bohemia. Czech. J. Anim. Sci. 2006, 51, 189–195. [Google Scholar] [CrossRef]

	



Laurberg, P.; Andersen, S.; Knudsen, N.; Ovesen, L.; Nohr, S.B.; Pedersen, I.B. Thiocyanate in food and iodine in milk: From domestic animal feeding to improved understanding of cretinism. Thyroid 2002, 12, 897–902. [Google Scholar] [CrossRef]

	



Bjarnholt, N.; Laegdsmand, M.; Hansen, H.C.; Jacobsen, O.H.; Moller, B.L. Leaching of cyanogenic glucosides and cyanide from white clover green manure. Chemosphere 2008, 72, 897–904. [Google Scholar] [CrossRef] [PubMed]

	



Galton, D.M.; Petersson, L.G.; Erb, H.N. Milk iodine residues in herds practicing iodophor premilking teat disinfection. J. Dairy Sci. 1986, 69, 267–271. [Google Scholar] [CrossRef]

	



Dellavalle, M.E.; Barbano, D.M. Iodine Content of Milk and Other Foods. J. Food Protect. 1984, 47, 678–684. [Google Scholar] [CrossRef]

	



Nazeri, P.; Norouzian, M.A.; Mirmiran, P.; Hedayati, M.; Azizi, F. Heating Process in Pasteurization and not in Sterilization Decreases the Iodine Concentration of Milk. Int. J. Endocrinol. Metab. 2015, 13, e27995. [Google Scholar] [CrossRef]

	



Norouzian, M.A. Iodine in raw and pasteurized milk of dairy cows fed different amounts of potassium iodide. Biol. Trace Elem. Res. 2011, 139, 160–167. [Google Scholar] [CrossRef] [PubMed]

	



Aumont, G.; Lequerrec, F.; Lamand, M.; Tressol, J.C. Iodine Content of Dairy Milk in France in 1983 and 1984. J. Food Protect. 1987, 50, 490–493. [Google Scholar] [CrossRef]

	



Pedriali, R.; Giuliani, E.; Margutti, A.; Uberti, E.D. Iodine assay in cow milk–Industrial treatments and iodine concentration. Ann. Chim-Rome 1997, 87, 449–456. [Google Scholar]

	



Wheeler, S.M.; Fleet, G.H.; Ashley, R.J. Effect of processing upon concentration and distribution of natural and iodophor-derived iodine in milk. J. Dairy Sci. 1983, 66, 187–195. [Google Scholar] [CrossRef]








[image: Dairy 03 00017 g001 550] 





Figure 1. Iodine concentrations in raw milk originating from conventional and organic farms across different seasons using an ion-selective electrode method. (A) Average iodine concentrations in the winter vs. summer; (B) Average iodine concentrations in conventional vs. organic; (C) Average iodine concentrations in each of the four groups (across types and season). Data are shown as mean ± SEM. Asterisks (*) represents statistical significance on the main effect of farming practice (p < 0.0001) with a linear mixed-effect model with repeated measures analysis. Interactive effect of farming practice x season was also observed (p < 0.0001). Different letters (a–c) stand for statistical differences (p < 0.05) between each group shown by post hoc Tukey’s test. 
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Figure 2. Total iodine concentrations in whole milk (conventional and organic) collected from Northeastern U.S. supermarkets and retail stores using ICP-MS. Bars are shown as mean ± SEM with a scatter plot of individual samples. 
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Table 1. Iodine concentrations (μg/L) detected in both raw milk and retail milk samples from conventional and organic farming across different seasons (winter and summer).
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Season and Farming Practice

	
n

	
Mean ± SEM (μg/L)

	
Median

	
Min

	
Max

	
n > 500 μg/L

	
% >500 μg/L






	
Raw Milk

	
Winter (all)

	
83

	
412.62 ± 33.30

	
318.45

	
113.02

	
1768.05

	
21

	
25.3




	
Summer (all)

	
83

	
414.38 ± 38.55

	
312.93

	
71.37

	
1928.91

	
20

	
24.1




	
Conventional (all)

	
68

	
508.28 ± 41.85

	
423.81

	
182.10

	
1928.91

	
22

	
32.4




	
Organic (all)

	
98

	
347.74 ± 30.16 *

	
252.75

	
71.37

	
1768.10

	
19

	
19.4




	
Conventional (Winter)

	
34

	
398.08 ± 26.67 a

	
369.01

	
176.58

	
780.93

	
8

	
23.5




	
Conventional (Summer)

	
34

	
618.48 ± 75.27 b

	
468.31

	
182.10

	
1928.91

	
14

	
41.2




	
Organic (Winter)

	
49

	
422.71 ± 53.51 a

	
299.77

	
113.02

	
1768.05

	
13

	
26.5




	
Organic (Summer)

	
49

	
272.76 ± 24.05 c

	
225.54

	
71.37

	
741.79

	
6

	
12.2




	
Retail Milk

	
Conventional (Summer)

	
21

	
344.52 ± 22.55

	
360.00

	
120.00

	
554.00

	
1

	
4.8




	
Organic (Summer)

	
21

	
319.70 ± 42.01

	
252.00

	
78.60

	
827.00

	
4

	
19.0








* Significant main effect was observed at p < 0.0001 with farming practice but not with season. Interactive effect between season and farming practice was observed at p < 0.0001. a–c: Different alphabet denotes significance at p < 0.05 following Tukey’s post hoc test.
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