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ORIGINAL ARTICLE

Commercially available kelp and seaweed products – valuable iodine source or risk of excess intake?
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Abstract

Background: Seaweeds and kelps, also known as macroalgae, have long been common in the East-Asian diet. During recent years, macroalgae have entered the global food market, and a variety of macroalgae products are now available for consumers. Some macroalgae species are known to be particularly rich in iodine, but little data regarding the iodine content of macroalgae-containing foods exists.

Objective: The aim of this research study was to analyse the iodine content in a large variety of commercially available macroalgae-containing foods and supplements and to evaluate whether such products are sources of adequate dietary iodine.

Design: Ninety-six different products were collected after surveying the Norwegian market for commercially available macroalgae products, collected from three categories: 1) wholefood macroalgae products (n = 43), 2) macroalgae-containing foods (n = 39), and 3) dietary supplements containing macroalgae (n = 14). All products were analysed for iodine content by inductively coupled plasma-mass spectrometry (ICP-MS).

Results: The iodine content in one portion of wholefood macroalgae products ranged from 128 to 62,400 μg. In macroalgae-containing foods, the iodine content ranged from 30 to 25,300 μg per portion, and in supplements it ranged from 5 to 5,600 μg per daily dose. The species with the highest analysed iodine content were oarweed, sugarkelp and kombu, with mean iodine levels of 7,800, 4,469 and 2,276 μg/g, respectively. For 54 products, the intake of one portion or dose would exceed the tolerable upper intake level (UL) for iodine.

Discussion and conclusion: The iodine content in the included products was variable and for most products high, exceeding the tolerable upper intake level (UL) if consumed as a serving or portion size. The labelling of macroalgae species included, and declaration of iodine content, were inadequate or inaccurate for several products. As macroalgae-containing products are unreliable iodine sources, inclusion of such products in the diet may pose a risk of consuming excessive amounts of iodine.
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Popular scientific summary


	Concerns have been raised regarding the iodine content in edible macroalgae.

	We have collected commercially available macroalgae-foods, including whole food macroalgae, foods with macroalgae as an ingredient and supplements with macroalgae and analysed the iodine content.

	Highly variable levels of iodine were found between different macroalgae species and food products.

	Macroalgae-containing foods are an unreliable source of iodine as inclusion of such products in the diet may pose a risk of consuming excessive amounts of iodine.



Edible seaweeds, or macroalgae, are a part of the habitual diet in many East-Asian cultures (1–3). In Europe, macroalgae have traditionally been used by subpopulations in Iceland, the United Kingdom, and France (4, 5). However, during the recent decade, a variety of wholefood macroalgae and macroalgae-containing products have entered the global food market and are now available for European consumers (6). These products have gained increasing popularity in the western part of the world (5–7), and an important reason for the growing interest in dietary macroalgae is the expanding consumer view of macroalgae as healthy food or even as a ‘super-food’ (8–11).

Macroalgae are divided into three main groups: brown, red and green algae. Brown macroalgae (Phaeophyceae), such as kelps and perennials, are usually large in size, whereas the red (Rhodophyceae) and green (Chlorophyceae) macroalgae species are smaller (12). Macroalgae efficiently absorb inorganic compounds, such as minerals and other trace elements, from the seawater and utilise them for their metabolism. However, the internal structure and metabolism differ between the macroalgae groups, resulting in different absorption and accumulation rates. In addition, the absorption of minerals depends on a range of physical factors, such as availability of nutrients in the sea, oceanic currents, pH, salinity, temperature and solar irradiance. These factors vary with geographical location and conditions throughout the year, leading to geographical and seasonal variations in mineral content in the algae (13). Macroalgae are known to be particularly rich in iodine (14, 15), and brown algae, especially kelps, contain the highest amounts (15–17). In Fucales and Laminariales, the high level of iodine is due to the presence of haloperoxidases in the cell wall, facilitating uptake, conversion, and storage of iodine (18). These algae may thus contain amounts that are several orders of magnitude higher than in the surrounding water (18).

Iodine is an essential micronutrient required for the synthesis of thyroid hormones, thyroxine (T4) and triiodothyronine (T3). The thyroid hormones regulate a wide range of cellular and physiological functions, such as normal growth and development, neural differentiation, and metabolic regulation (19). Both iodine deficiency and iodine excess may lead to thyroid dysfunction, which may manifest itself as hypo- or hyperthyroidism (20–22). The consequences of inadequate iodine intake are well documented, and may lead to a wide spectrum of disorders, collectively known as iodine deficiency disorders (IDDs) (23). Documentation of health consequences resulting from excessive intake of iodine, however, is limited. The underlying mechanisms of the IDDs are related to inadequate thyroid hormone production and to disturbed action in the target tissues (24), and as a very high intake of iodine may result in thyroid dysfunction, the adverse health consequences of iodine deficiency may apply for iodine excess as well (25). IDDs may occur at all life stages and may cause several adverse health consequences, including goitre, increased infant mortality, impaired mental development, delayed physical development, increased prevalence of abortion and stillbirth, delayed puberty, and increased infertility (23, 26). In 2002, the Scientific Committee on Food established a tolerable upper intake level (UL) of 600 μg/day for adults and of 200 μg/day for children (27).

Iodine deficiency has been re-emerging in Europe (28), and mild-to-moderate iodine deficiency is reported in several population groups in Norway (29, 30). Iodine is present in only very few foods (31), and macroalgae may represent a new dietary iodine source. However, iodine levels over 8,000 μg/g are reported in some macroalgae species, and the intake of macroalgae-containing products may result in excessive iodine levels (14). Nevertheless, a maximum level of iodine has not been establised in such products (32).

The aim of this research study was to determine the iodine levels of macroalgae-containing products available in Norway and to evaluate whether these products are an adequate dietary iodine source. For the products with cooking instructions, the iodine content was analysed, and described before and after preparation.

Methods

Identification of products

The Norwegian market was surveyed to identify commercially available products containing macroalgae of marine origin from August to December 2019. Macroalgae products were selected from an in-store survey and an internet survey from three pre-selected main categories: [1] products with macroalgae as the only ingredient (wholefood macroalgae), [2] products with macroalgae as an ingredient (macroalgae-containing foods), and [3] macroalgae-containing dietary supplements. Sushi was excluded from the market survey, as sushi and nori, which are the sheets that are typically used to wrap sushi rolls, had already been collected and analysed by the Norwegian Food Safety Authority (NFSA) (33). In total, 96 products were collected, and an overview of the collected products is shown in different product categories Fig. 1.

Fig. 1. Overview of the collected macroalgae products in the different product categories.
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The in-store survey was limited to the two largest cities in Norway, Oslo and Bergen. We aimed at selecting products that were available at a large scale if possible. Norwegian online stores were found by searching with the following keywords: ‘seaweed’, ‘kelp’ and ‘algae’, as well as the corresponding words in Norwegian. Three separate items, preferably with three separate batch numbers, of each identified product were purchased. If different batch numbers were not possible to obtain, we selected products with different best before dates (BBDs). If neither different batch numbers nor BBDs were available, three items were conveniently selected.

The following information labelled on the product packaging was recorded: type of macroalgae (common name), macroalgae species (Latin name), compliance with language requirements for labelling of products, declared iodine content and the recommended dose for supplements.

Preparation procedure of products

For each product, equal quantities were drawn from the three collected items of the product to form a homogenised composite sample. A subsample of 20–50 g was taken from the composite sample, freeze-dried and re-homogenised before being portioned in appropriate amounts for analysis. Supplements (n = 14) and products rich in fat (n = 6), including caviar (n = 3), pesto (n = 2) and mustard (n = 1), were not freeze-dried.

Preparation procedure of products with cooking instructions

Thirty products displayed specific cooking instructions on the product packaging. These products were prepared accordingly with the purpose of comparing the iodine content before and after cooking. The cooking processes were not carried out in the sense of accounting for the loss of iodine through different stages of treatment, but from a consumer perspective where the goal was to examine the products’ iodine content after preparation according to the recommended processing method. Of the 30 processed samples, 21 consisted of processed macroalgae, 6 consisted of processed macroalgae and broth, and three samples consisted of only broth. Water samples were extracted from the boiling pot using a pipette after hydrothermal preparation of the macroalgae. When multiple preparation suggestions were provided, rehydration was chosen. Where different heat treatments were suggested, boiling was preferred over baking in the oven. A detailed description of the different cooking methods is provided in Appendix 1. Twenty-seven of the processed samples consisted of a composite sample of three items of the products, the remaining consisted of two items (n = 2) or one item (n = 1) of the products.

Iodine determination by inductively coupled plasma mass-spectrometry

Iodine was determined by inductively coupled plasma-mass spectrometry (ICP-MS), at the Institute of Marine Research, an accredited laboratory according to NS-EN ISO 17025. Samples were prepared by adding tetramethylammonium hydroxide, #x03B1;-amylase and water to the freeze-dried sample. #x03B1;-Amylase was added to food products with macroalgae as an ingredient (macroalgae-containing products) in order to hydrolyse the starch. Extraction at 90°C for 3 h followed. Composite samples were analysed with one analytical replicate per sample. Individual samples of water were analysed. For the recollected products, individual samples of three replicates were studied. This was carried out by trained laboratory technicians.

The limit of quantification (LOQ) for the method was calculated as 10 times the standard deviation (SD) from 20 blind samples analysed on the same day, and was estimated to be 0.04 mg/kg dry weight for dry samples and 0.32 μg/L in aqueous solutions. Measurement uncertainty was 20% for concentrations >10 LOQ. The analysed values of standard reference materials are shown in Table 1. All iodine values were calculated from freeze-dried samples back to the original sample and are, therefore, considered as wet weight (w.w.) unless otherwise stated.


Table 1.Iodine content (mg/kg) in certified reference material in comparison with the analysed and measured values


	Reference material
	Certified value
	Analysed
	Control chart
	RSD (%)





	Fish muscle (ERM-BB 422)
	1.4 ± 0.4
	1.29 ± 0.03 (n = 6)
	1.26 ± 0.06 (n = 56)
	2.52a
4.33b



	Kelp powder (3232 NIST)
	944 ± 88
	*
	798 ± 73.10 (n = 27)
	9.16b



	RSD, relative standard deviation. Values are presented as means ± standard deviation, expressed as milligrams per kilogram *Currently not used as a control material due to stability issues. aAnalysed. bMeasured.





Data management

We assessed the contribution of different products to the daily recommended intake (RI) for adults of 150 μg/day and the risk for exceeding the UL of 600 μg/day for adults using the Nordic Nutrition Recommendations (NNRs) (34). For wholefood macroalgae products, a portion size of 8 g was applied as suggested by others (7). For foods containing macroalgae, we used standard portion sizes from the Norwegian report, ‘Weights, measures and portion sizes for foods’ (35). If standard portion sizes were not found, we used a unit or an otherwise suited measure. All portion sizes used are described in Appendix 2. For supplements, the manufacturers’ recommended daily dose (i.e. grams, milligrams, capsule, tablet, teaspoon and knife blade tip) was used to calculate the relative contribution to RI and whether the recommended dose exceeded the UL. For one powdered supplement, the quantity was provided in teaspoons, and as there is no standard weight for different types of macroalgae powder, the dose recommended for a powder product by a different manufacturer was used. The recommended dosage and the calculations are described in Appendix 3.

Descriptive statistics were performed in the statistical software IBM Statistical Package for the Social Sciences (SPSS), version 25. For macroalgae wholefood products and macroalgae-containing foods, data are presented as means ± SD per gram of composite samples.

Results

The type of store where the products were purchased and their country of origin is tabulated in Table 2. Sixty-nine per cent of the products were obtained from stores located in Bergen or Oslo, and 31% of the products were bought from online shops. Thirty-nine per cent of the products originated from Norway, whereas 19, 10, 10 and 20% of the products originated from Denmark, United Kingdom, South Korea or other countries, respectively.


Table 2.Procurement information and country of origin of the sampled commercially available macroalgae products (n = 96)


	Procurement information
	n
	%b





	Type of storea
	66
	69



	 Health food stores
	39
	41



	 Global food stores
	14
	15



	 Fish markets
	8
	8



	 Grocery chain stores
	3
	3



	 Other stores
	2
	2



	Internet
	30
	31



	Country of origin



	 Norway
	37
	39



	 Denmark
	18
	19



	 United Kingdom
	10
	10



	 South Korea or Korea
	10
	10



	 Sweden
	6
	6



	 China
	4
	4



	 France
	2
	2



	 Thailand
	2
	2



	 Germany
	2
	2



	 Italy
	1
	1



	 Switzerland
	1
	1



	 United States
	1
	1



	 Taiwan
	1
	1



	aFifty-one products were purchased from stores located in Bergen, 14 in Oslo and 1 from stores in both Oslo and Bergen. bAll percentages are calculated from the total number (96).





Table 3 shows the iodine content (μg/g) in the three main product categories (wholefood macroalgae, foods containing macroalgae and supplements containing macroalgae) and their subcategories. The wholefood products had the highest iodine content, with a mean iodine content of 1,319 μg/g, and the dried macroalgae flakes come under the subcategory with the highest iodine content with a mean value of 2,528 μg/g. The most iodine-rich product with a maximum value of 12,000 μg/g belonged to this category. The mean iodine content in foods containing macroalgae was 184 μg/g, and the iodine content in the different subcategories were highly variable, with mean values ranging from 1 to 611 μg/g. The subcategory with the highest iodine content within the category of foods containing macroalgae was seasoning blends, where the maximum iodine content was 2,500 μg/g. The mean iodine content in the 14 supplements was 244 μg/g.


Table 3.Iodine content (μg/g) in the different categories of commercially available macroalgae containing products (n = 96)


	Products
	Iodine content in μg/g



	Mean ± SD
	Median (p25–p75)
	Min–Max





	Wholefood macroalgae (n = 43)
	1,319 ± 2,483
	200 (92–1,300)
	5–12,000



	



	Whole/ shredded sheets (n = 33)
	952 ± 1,978
	190 (50–410)
	5–8,100



	Dried flakes (n = 10)
	2,528 ± 3,571
	1,300 (773–2,900)
	140–12,000



	



	Foods containing macroalgae (n = 39)
	184 ± 505
	20 (2–50)
	0.3–2,500



	



	Snacks (chocolate, crisps, nuts and blended seaweed snacks) (n = 14)
	23 ± 22
	20 (5–28)
	2–86



	Salt or seasoning blends, breading (n = 11)
	611 ± 829
	130 (29–1,400)
	2–2,500



	Condiments (mustard, pesto) (n = 3)
	33 ± 24
	44 (NA)
	6–50



	Pickled or marinated macroalgae (n = 4)
	12 ± 20
	2 (1–32)
	0.3–42



	Meat substitutes, rice noodles, soup (n = 4)
	2
	1 (1–4)
	1–5



	Caviar (n = 3)
	1
	1 (NA)
	0.6–1



	



	Supplements containing macroalgae (n = 14)
	244 ± 179
	260 (48–383)
	8–560



	All iodine values are presented in μg/g of original sample (wet weight).





Table 4 shows how one portion of the different wholefood products according to species and one serving size of the different food categories contribute to the RI (150 μg/day) for iodine and whether the UL (600 μg/day) was exceeded. All wholefood products had a substantial contribution to the RI, where a portion of the least iodine-rich product, consisting of truffle seaweed, contributed to 85% of the RI. A large share of the wholefood products (31 of 40) exceeded the UL for iodine, and some of the products by manyfold. Sugar kelp and oarweed were the two species with the highest iodine content and the UL would be exceeded 59 and 104 times, respectively, by intake of one portion. Three products in the category of ‘flakes’ were sold in spice grinders and excluded from the portion estimates for the wholefood products. These included the species dulse, sugar kelp and mixed species, which contained 180, 4,700 and 2,300 μg iodine per gram, respectively. However, consuming only one gram of the sugar kelp and mixed species flakes from the spice grinders would exceed the UL by 7.8 and 3.8 times, respectively. The macroalgae-containing foods also had a substantial contribution to the RI, where one portion of the least iodine-rich products, which were caviar and rice noodles, contributed with 20 and 57%, of the RI, respectively. Twenty-one out of the 39 macroalgae-containing foods would exceed the UL if consuming one portion size. For salt and seasoning blends, a daily intake of 6 g was used in the calculations. The two food products with the highest iodine contribution from one portion included chocolate and breading.


Table 4.One portion of the different macroalgae products’ contribution to the RI and UL of iodine


	Wholefood macroalgae
	Iodine content



	Species
	ne
	Meana (μg/g)
	SD (μg/g)
	Min-max (μg/g)
	Iodine per portionb (μg)
	% of RIc
	Times ULd





	Irish moss or carrageen moss
	1
	16
	NA
	NA
	128
	85
	0.2



	Nori
	2
	18
	4
	15–21
	144
	96
	0.2



	Sea spaghettif
	6
	42
	23
	5–72
	336
	224
	0.6



	Dulse
	3
	96
	47
	47–140
	768
	512
	1.2



	Bladder wrack
	1
	120
	NA
	NA
	960
	640
	1.6



	Wakame
	5
	172
	63
	92–260
	1,376
	917
	2.3



	Toothed wrack
	2
	220
	42
	190–250
	1,760
	1,173
	2.9



	Arame or sea oak
	1
	400
	NA
	NA
	3,200
	2,133
	5.3



	Winged kelp
	5
	552
	402
	190–990
	4,416
	2,944
	7.4



	Mix
	4
	740
	648
	140–1,300
	5,920
	3,947
	9.9



	Truffle seaweed
	1
	1,400
	NA
	NA
	11,200
	7,467
	19



	Kombu
	3
	2,267
	945
	1,200–3,000
	18,136
	12,091
	30



	Sugar kelpf
	4
	4,400
	5,222
	300–12,000
	35,200
	23,467
	59



	Oarweed
	2
	7,800
	424
	7,500–8,100
	62,400
	41,600
	104



	



	Foods containing macroalgae
	Iodine content



	Product categories
	n
	Mean μg/g
	SD
	Min-max
	Iodine per portion (μg)
	% of RI
	Times ULd



	



	Caviar
	3
	1
	NA
	NA
	30
	20
	0.1



	Rice noodles with seaweed
	1
	1
	NA
	NA
	85
	57
	0.1



	Blended snack
	3
	17
	7
	9–23
	136
	91
	0.2



	Mustard
	1
	6
	NA
	NA
	96
	64
	0.2



	Meat substitutes
	2
	1.2
	1
	0.7–1.7
	180
	120
	0.3



	Nori-snack
	4
	25
	7
	16–32
	200
	133
	0.3



	Crisps
	2
	11
	13
	2–20
	264
	176
	0.4



	Nuts
	2
	25
	27
	6–44
	500
	333
	0.8



	Pesto
	2
	47
	4
	44–50
	846
	564
	1.4



	Marinated or pickled seaweed
	4
	11
	20
	0.3–42
	1,100
	733
	1.8



	Soup
	1
	5
	NA
	NA
	1,750
	1,167
	2.9



	Seasoning blends
	5
	368
	634
	25–1,500
	1,840
	1,227
	3.1



	Salt
	4
	588
	594
	2–1,400
	2,940
	1,960
	4.9



	Chocolate
	3
	31
	48
	2–86
	3,100
	2,067
	5.2



	Breading
	2
	1,265
	1,747
	29–2,500
	25,300
	16,867
	42



	aThe mean value was calculated for compiled products (two or more). All single values are obtained from measurements in pooled samples comprising three subsamples for each product. bA portion size of 8 g was used for all dried wholefood macroalgae products (7). For foods containing macroalgae, standard portion sizes have been used. cRI: Recommended Intake for adults from the Nordic Nutrition Recommendations (NNR) of 150 μg/ day (34). dUL: Tolerable upper intake level for adults from NNR of 600 μg/day (34). eThree products were excluded from the portion estimations from the wholefood category, one product with dulse, one product with sugar kelp and one product with mixed species, as these were sold in a spice grinder. fOne product includes fresh algae.





The contribution of the recommended daily dose of each macroalgae-containing supplement to the RI and UL is tabulated in Table 5. Two for the supplements had a very low iodine content, and the recommended doses contributed to only 3 and 8% of the RI. At the same time, the recommended dose for four products exceeded the RI, and two products would lead to an iodine intake exceeding the UL for iodine. Most of the supplements had a substantially lower iodine content than the content declared on the product packaging. For the supplements with an iodine declaration, all analysed iodine values were lower than the declared content, except for one product.


Table 5.The recommended dose of each macroalgae-containing supplements’ contribution to the RI and UL of iodine


	Supplement type
	Species n supplement
	Declared content per proposed dose (μg)
	Analysed iodine content per recommended dose (μg)
	RI (%)a
	Times ULb
	Differencec Direction (%)





	Capsules
	Oarweed
	200
	5
	3
	0.0
	↓ (97.5)



	Tablets
	Rockweed, Wakame
	None
	12
	8
	0.0
	NA



	Capsules
	Bladderwrack
	194
	78
	52
	0.1
	↓ (60)



	Tablets
	Giant Kelp
	200
	40
	27
	0.1
	↓ (80)



	Tablets
	Rockweed, Bladderwrack
	225
	90
	60
	0.1
	↓ (60)



	Tablets
	Rockweed, Bladderwrack
	150
	32
	21
	0.1
	↓ (79)



	Powder
	Rockweed, Bladderwrack, Toothed Wrack
	None
	80
	53
	0.1
	NA



	Tablets
	Not identified
	200
	64
	43
	0.1
	↓ (68)



	Capsules
	Rockweed
	150
	116
	77
	0.2
	↓ (23)



	Capsules
	Bladderwrack
	150
	144
	96
	0.2
	↓ (4)



	Powder
	Sea Lettuce
	None
	310
	207
	0.5
	NA



	Powder
	Sea Lettuce
	None
	540
	360
	0.9
	NA



	Capsules
	Rockweed
	150
	810
	540
	1.4
	↑ (440)



	Powder
	Rockweed
	None
	5,600
	3,733
	9.3
	NA



	aRI: Recommended Intake for adults from the Nordic Nutrition Recommendations (NNR) of 150 μg/day (34). bUL: Tolerable upper intake level for adults from NNR of 600 μg/day (34). cDirection of the difference between the declared iodine and analysed content indicated by an ↑↓ arrow using declared content as a reference. All single values consist of pooled samples of three subsamples for each product.





In the collected products, 17 different species of macroalgae were identified. The most commonly found species were sugar kelp (Saccarina latissima), winged kelp (Alaria esculenta) and wakame (Undaria pinnatifida), all from the group of brown algae. In total, species from the group of brown algae (Phaeophyceae) were present in 62% (n = 59) of the collected products, while red algae (Rhodophyta) were present in 18% (n = 17). Thirteen (14%) products contained a mixture of different brown algae species or different groups (e.g. brown and red, green and red). Green algae were infrequently found in 2% (n = 2) of the products. Table 6 shows the iodine content within the different product categories according to the groups: brown, red, green and mixed algae. Within all the three product categories the products containing brown macroalgae reported the highest iodine content. Within the product category of wholefood products, oarweed (Laminaria digitata), sugar kelp and kombu (Laminaria japonica) had the highest iodine content, with mean values of 7,800, 4,460 and 2,267 μg/g, respectively (Fig. 2).


Table 6.Iodine content (μg/g) in the different groups (brown, red and green) of macroalgae


	Different groups of microalgae
	Iodine content (μg/g)



	Wholefood macroalgae (n = 43)
	Mean ± SD
	Median (p25–p75)
	Min-Max





	Brown algaea (n = 30)
	1,651 ± 2,884
	255 (113–2,075)
	5–12,000



	Red algaeb (n = 8)
	240 ± 473
	73 (17–170)
	15–1,400



	Mixed algaec (n = 5)
	1,052 ± 895
	1,300 (180–1,800)
	140–2,300



	



	Foods containing macroalgae (n = 39)



	Brown algaed (n = 24)
	276 ± 627
	25 (2–94)
	0.7–2,500



	Red algaee (n = 9)
	57 ± 110
	25 (13–29)
	5–350



	Mixed algaef (n = 2)
	21 ± NA
	21 (NA)
	0.3–42



	Unidentified (n = 4)
	6 ± 10
	1 (0.7–15)
	0.6–20



	



	Supplements containing macroalgae (n = 14)



	Brown algaeg (n = 7)
	294 ± 184
	290 (160–450)
	8–560



	Green algaeh (n = 2)
	43 ± NA
	43 (NA)
	31–54



	Mixed algaeI (n = 4)
	204 ± 143
	235 (58–320)
	27–320



	Unidentified (n = 1)
	NA
	NA
	460



	All iodine values are presented in μg/g of the original sample (wet weight).aOarweed, kombu, sugar kelp, arame, bladderwrack, toothed wrack, wakame, winged kelp and sea spaghetti. bDulse, nori. cOarweed, sugar kelp, winged kelp and dulse (n = 1); dulse, sea lettuce and nori (n = 1); sugar kelp, winged kelp, dulse and nori (n = 1); sugar kelp, winged kelp and dulse (n = 1); and wakame, kombu and nori (n = 1). dOarweed, sugar kelp, winged kelp, hijiki, wakame, sea spaghetti, bladderwrack, toothed wrack and rockweed. eDulse, nori and truffle seaweed. fOarweed, sugar kelp, dulse and winged kelp (n = 1); sea spaghetti and dulse (n = 1). gRockweed, bladderwrack, giant kelp and oarweed. hSea lettuce. iRockweed and bladderwrack (n = 2), rockweed, bladderwrack and toothed wrack (n = 1); rockweed and wakame (n = 1).







Fig. 2. Mean iodine content (μg/g) in commercially available wholefood macroalgae products according to species (n = 43).
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Different products were labelled according to the common name and species at a varying accuracy. For 12 products, neither the common name nor the Latin name of the species was included on the package insert. For seven products, the species were identified through oral communication with the manufacturers, and for the remaining five products, the species included were unidentified. The packaging was labelled with both the common and Latin name for 54% (n = 52) of the products. Moreover, 28% (n = 27) of the products provided only the common name, whereas 5% (n = 5) of them stated only the Latin name. For three products, the common and Latin name did not match.

Of the wholefood products, 21 declared the iodine content, whereas 22 did not. For the foods containing macroalgae, only three of 39 products declared the iodine content. For these, the analysed values were lower than the declared (Table 7). Foods containing macroalgae (n = 3) reported the mean declared iodine content to be 101 μg/g, while the analysed values were 76 μg/g. For the wholefood macroalgae products (n = 21), the declared content of iodine was significantly lower than the analysed values, with mean iodine levels of 553 and 1,713 μg/g for declared and analysed values, respectively. For the majority of the macroalgae products, the analysed values were markedly different from the declared values. For 14 of the products, the analysed iodine content was lower than the declared content, while for 10 products, the analysed iodine content was higher than the declared content.


Table 7.Analysed and declared iodine content of commercially available macroalgae products (n = 24)


	
	Declared iodine content (μg/g)a
	Analysed iodine content (μg/g)a
	Differenceb direction (%)
	Pc





	Wholefood macroalgae



	Arame or sea oak
	978
	400
	↓ (59)
	



	



	Kombu
	4
	1,200
	↑ (29,900)
	



	



	Oarweed
	29
	8,100
	↑ (27,831)
	



	3,360
	7,500
	↑ (123)



	



	Sea spaghetti
	4
	72
	↑ (1,700)
	



	3,360
	50
	↓ (99)



	111
	44
	↓ (60)



	2
	28
	↑ (1,300)



	



	Sugar kelp
	64
	12,000
	↑ (18,650)
	



	50
	3,400
	↑ (6,700)



	



	Toothed wrack
	456
	250
	↓ (45)
	



	



	Wakame
	17
	140
	↑ (724)
	



	



	Winged kelp
	1,300
	990
	↓ (24)
	



	1,300
	970
	↓ (25)



	459
	190
	↓ (59)



	2
	190
	↑ (9,400)



	



	Total brown macroalgae (n = 16)
	719 ± 1,128
	2,220 ± 3,672
	↑ (209)
	<0.001



	



	Dulse
	140
	16
	↓ (89)
	



	100
	4
	↓ (96)



	47
	46
	↓ (2)



	



	Nori
	15
	4
	↓ (73)
	



	



	Total red macroalgae (n = 4)
	75 ± 56
	18 ±20
	↓ (76)
	NA



	



	Mixed species
	52
	140
	↑ (169)
	



	



	Total all species (n = 21)
	553 ± 1,023
	1,713 ± 3,313
	↑ (210)
	<0.001



	



	Foods containing macroalgae



	Breading
	111
	96
	↓ (14)
	



	95
	87
	↓ (8)



	



	Snacks
	96
	44
	↓ (54)
	



	



	Total foods with macroalgae (n = 3)
	101 ± 9
	76 ± 28
	↓ (25)
	



	aAll values are presented as the analysed or declared value for the specific product in μg/g. All single values are obtained from measurements in pooled samples comprising three sub-samples for each product. For compiled data, values are expressed as mean ± SD in μg/g. bDirection of the difference between the declared iodine and analysed content is indicated by an ↑↓ arrow using the declared content as a reference. cTested by one-sample Kolmogorov–Smirnov test.





The values of iodine content in unprocessed samples and in samples prepared according to the cooking instructions from the manufacturer are presented in Table 8. For the samples where consumption of the broth was recommended, the iodine content in water was analysed as well. For most products, the iodine content was reduced on a dry weight basis after cooking. The iodine concentration in water was varying, ranging from 28 and up to as much as 290,000 μg/L.


Table 8.Iodine content in commercially available macroalgae products pre- and post-preparationa (n = 30)


	Common name
	Type of product
	Iodine content pre-preparation (μg/g)b
	Iodine content d.w. pre-preparation (μg/g)c
	Iodine content post preparation (μg/g)d
	Iodine content d.w. post preparation (μg/g)e
	Iodine concentration post-preparation in water (μg/L)f





	Sea spaghetti
	Whole dried macroalgaei
	28
	31
	6
	49
	



	Whole dried macroalgaei
	50
	53
	15
	44



	Whole dried macroalgaei
	72
	77
	2
	28



	Whole dried macroalgaei
	50
	56
	4
	32



	Whole fresh macroalgaei
	5
	12
	7
	52



	



	Sugar kelp
	Whole dried macroalgae
	1,900
	2,120
	59
	474
	34,000



	Whole fresh macroalgaei
	300
	836
	160
	1,406



	



	Dulse
	Whole dried macroalgae
	140
	152
	23
	136
	



	Oarweed
	Whole dried macroalgae
	8,100
	8,697
	160
	1,444
	290,000



	Whole dried macroalgae
	7,500
	8,545
	140
	901



	



	Winged kelp
	Whole dried macroalgae
	190
	216
	4
	54
	



	Whole dried macroalgae
	190
	215
	10
	159



	



	Arame or sea oak
	Whole dried macroalgae
	400
	434
	33
	213
	



	



	Bladder wrack
	Whole dried macroalgae
	120
	137
	4
	23
	



	



	Toothed wrack
	Whole dried macroalgae
	250
	271
	50
	182
	



	Whole dried macroalgae
	190
	221
	11
	77



	



	Irish moss
	Whole dried macroalgae
	-g
	-g
	16
	139
	



	



	Wakame
	Whole dried macroalgaei
	140
	152
	3
	70
	1,100



	Whole dried macroalgaei
	260
	294
	17
	186



	Whole dried macroalgaei
	200
	216
	19
	244
	2,100



	Noodles
	0,9
	1
	0,2
	1



	Whole dried macroalgaei
	170
	183
	11
	217
	1,200



	Whole dried macroalgaei
	92
	98
	9
	120



	Soup
	5
	5
	-h
	-h
	28



	



	Kombu
	Whole dried macroalgae
	2,600
	2,704
	-h
	-h
	120,000



	Whole dried macroalgae
	3,000
	3,257
	88
	813
	130



	Whole dried macroalgae
	1,200
	1,273
	-h
	-h



	



	Nori
	Whole dried macroalgae
	15
	16
	2
	24
	64



	Whole dried macroalgae
	21
	24
	2
	29



	



	Mix
	Whole dried macroalgaei
	220
	245
	19
	197
	



	d.w. = dry weight. All single values are obtained from measurements in pooled samples comprising three sub-samples for each product. aDetailed description of the processing methods and dry weight numbers are provided in Appendix 1. bIodine content pre-preparation in μg/g wet weight. cIodine content pre-preparation in μg/g dry weight (freeze dried sample). dIodine content in μg/g wet weight after preparing the products according to the packaging insert. eIodine content in μg/g dry weight (freeze dried sample) after preparing the products according to the packaging insert. fIodine concentration in water in μg/L for the products where the cooking instructions recommended using the boiling water as broth. gPre-analysis was not conducted due to homogenisation issues. hOnly the broth was analysed. i Sold as shredded.





Discussion

This research study presents analysed values of iodine content in a wide range of commercialised macroalgae food products and supplements. We found a significant variation in the iodine content between the different products of macroalgae. The iodine content in one portion of wholefood macroalgae ranged from 128 to 62,400 μg, the iodine content per portion in macroalgae-containing foods ranged from 30 to 25,300 μg and in supplements the iodine content per daily dose ranged from 5 to 5,600 μg. Several products had inadequate labelling of species included and iodine content. The species with the highest analysed iodine content were oarweed, sugar kelp and kombu, with mean iodine values of 7,800, 4,469 and 2,276 μg/g, respectively.

The wholefood macroalgae products reported the highest iodine content, with a mean iodine level of 1,319 μg/g, compared with that of 184 μg/g in foods with macroalgae. Consumption of one portion (8 g) (7) of the different wholefood macroalgae products would provide a higher intake of iodine than UL for 31 of 40 products. The species included in the products which were not exceeding the UL were Irish moss (Chondrus crispus), truffle seaweed, nori (Porphyra spp.) and sea spaghetti (Himanthalia elongate). For the remaining species, as well as the mixed-species products, the UL would be exceeded by at least 1.6 times, and as many as 30, 59 and 104 times by kombu, sugar kelp and oarweed, respectively, by intake of one portion. Macroalgae-containing foods with moderate-to-low iodine levels may be used as an alternative iodine source, for example, by those who exclude or limit lean fish or dairy from the diet, and one portion of a macroalgae-containing food could contribute substantially to the RI for iodine. However, for most of the macroalgae-containing foods included in this study, one portion would exceed the RI and for several foods also the UL. For many of the wholefood products and the foods containing macroalgae, one portion would also result in an iodine intake exceeding the lowest observed adverse effect level (LOAEL) of 1,800 μg/day (27). Thus, frequent consumers of these products may be at risk of adverse health consequences caused by excessive iodine intakes. This is in accordance with another study, where the estimated iodine content of commercial macroalgae products is estimated to be 6,000 μg/g, and the estimated iodine content per serving was exceeding 10,000 μg for several products (6). Excessive iodine status was observed in a study of Norwegian macroalgae consumers, where the median UIC was 1,200 μg/L, and the estimated iodine intake from macroalgae was 2,200 μg per day (36). A long-term excessive iodine intake has been associated with hypothyroidism, goitre, autoimmune thyroid disease and iodine-induced hyperthyroidism in epidemiological studies (37, 38). An excessive iodine intake has also been associated with adverse effects on foetal growth (39). Thyroid disorders caused by an excessive iodine intake from dietary macroalgae have been described in different population groups, such as neonates (40), breastfed infants (41), school aged children (42), and adults (43, 44). Still, the mechanisms of excessive iodine intake and its consequences on health remain an area of limited research, and further studies are warranted.

We found that kelps of the brown algae group represent the most concentrated sources of iodine, which has been confirmed by others (15, 16); however, large variations were observed both within and between species in the wholefood macroalgae products. A US study from 2004 analysed a large amount of commercially available seaweeds, including 12 different species (14). They found a highly variable iodine content, ranging from 16 μg/g in nori to over 8,000 μg/g in kelp. Some of the wholefood products with the largest intra-species variation of iodine in this study included were winged kelp (190–990 μg/g), kombu (1,200–3,000 μg/g) and sugar kelp (300–12,000 μg/g). A high intra-species variation in sugar kelp has also been reported by others, and in a study from Norway, the iodine content varied from 1,556 to 7,208 μg/g dry weight (17). Possible reasons for high intra-species variability may be due to different life stages of the thallus or different parts of the thallus included in the different analysed samples (17). However, as these samples were store-bought and ready to consume, post-harvest storage conditions may have affected the iodine content, as iodine may be reduced with time when stored in open containers, particularly under humid conditions (14). Large variability was also seen for the iodine content in and between the different food categories, where, for instance, iodine content in nuts varied from 6 to 44 μg/g and in breading from 29 to 2,500 μg/g. The large variability in iodine between and within product categories in this study is likely attributed to different quantities of macroalgae included in the products and/or different species included. However, the quantity of macroalgae was rarely listed in the products’ ingredient list, and therefore, it is impossible to conclude whether the quantity or the species led to these large variations. Variations in iodine content are also found in conventional foods, such as lean fish, processed fish (i.e. fish burgers) and dairy products (45, 46); however, this was to a smaller degree compared with the macroalgae products in this study.

For the 14 analysed supplements, the iodine content varied from 5 to 5,600 μg per dose. Similarly, variations in the iodine content of UK-retailed macroalgae-containing supplements ranged from 210 to 3,840 μg per recommended dose (47). The declared iodine content per recommended dose deviated with more than the measurement uncertainty for most supplements, indicating that the declared values are not reliable. Based on the highly variable iodine content in macroalgae-containing supplements, such supplements may pose a health risk. Others have advised against the use of macroalgae-containing dietary supplements, and a review of iodine supplement use in pregnancy recommended that women who are pregnant, lactating or planning to conceive should refrain from using such supplements (48). Furthermore, the American Thyroid Association advise against consuming an iodine or kelp supplement containing >500 μg iodine daily for all individuals (49).

The labelling of the macroalgae products included in this study was variable, and for 12 products, the product packaging did not provide any information regarding the type of macroalgae. Similarly, a study from United Kingdom, which included 226 different macroalgae products, found that 16% did not include labelling of any sort (6). In the current legislation, labelling of vitamins and minerals for food products is not mandatory, and the passing of such information is voluntary for manufacturers. In Norway, the NFSA has recommended the manufacturers of the macroalgae industry to label the macroalgae products with details regarding iodine content (50). Of the macroalgae products with the declared iodine content, the declared values were deviant far above the measurement uncertainty, and for 18 out of the 24 declared products, the iodine content was deviating by more than 50%. With such variable labelling, often lacking either iodine content, species or both, it is impossible for the consumer to evaluate the iodine content and food safety of the products.

Processing of the macroalgae products, such as blanching and boiling, has reduced the iodine content in seaweeds and kelp (51, 52). During processing, macroalgae absorb water, which is species dependant (53); however, a higher water content in the product will result in a dilution effect of the iodine concentration when given on a wet weight basis. Much of the apparent reduction in iodine content (on a wet weight basis) that we found is thus a result of a higher water content after processing, and hence, calculating iodine loss or retention should be performed on a dry weight basis (54). Of the 43 wholefood macroalgae products included in this study, 30 had preparation instructions, presented either as serving suggestions or as methods proposed in order to reduce the iodine content. Processing the macroalgae products according to the suggested preparation methods resulted in an iodine loss ranging from 11 to 89% on a dry weight basis for most of the products, where variations may be due to different water solubility of different iodine species (55). For eight of the products (of which two were fresh algae), the calculated dry weight iodine content was higher after processing, a somewhat unexpected finding. We cannot exclude the possibility of measurement uncertainties for post-processed samples due to a high-water content (56). Furthermore, it is possible that water-soluble compounds associated with the algae (such as mucus) were washed out during processing (51), resulting in a more concentrated post-processed sample. Even though the iodine content was mostly reduced after processing, the amount of iodine consumed may still be of concern. For sea spaghetti, which may be consumed in quite large amounts when prepared, the iodine content in the ready-to-eat, post-processed product varied from 2 to 15 μg/g, which would correspond to 100–750 μg in a portion of 50 g. A portion of 50 g of the prepared sugar kelp would give 2,900–8,000 μg iodine. The analysed broth was also very high in iodine for some products, and consuming a standard portion of soup (350 g) could result in a severely excessive iodine intake.

Strengths and limitations

A strength of this study is the description of the iodine content in a relatively large and broad sample of commercial macroalgae products available for consumers. These data may be used for estimating the iodine intake from macroalgae products, as well as for risk–benefit assessments of inclusion of such products in the diet. Limitations include that this study provides results only for a limited time frame in a young and dynamic market. The identification of the macroalgae products was carried out during the autumn of 2019, and new products have probably entered the market since then. Furthermore, we were omitting restaurants and catering outlets selling macroalgae products. We selected macroalgae products based on availability of the products. However, we cannot verify that the samples are representative for the macroalgae products available on the market, as we have not been able to use retail data for selection.

In this study, samples were analysed as composite samples rather than individual samples. There are both strengths and limitations for analysing samples through pooling. Pooling reflects the general levels (similar to using the mean of individual samples); however, content in single samples will not be reflected (57). Another limitation of sampling is the number of subsamples included in each composite sample, which ideally should be calculated from the variability of the nutrient composition of the foodstuff to provide a mean with a reasonable level of confidence (57). However, such a calculation requires a mean and SD on the nutrient composition of the foodstuff, which were not available for macroalgae. Contaminants and heavy metals were not taken into consideration in this current article, and this will be an important topic for future research.

Conclusion

We identified a wide variety of available products containing seaweed and kelp from different product categories, namely, wholefood macroalgae, different food products containing macroalgae and dietary supplements containing macroalgae. Many of the wholefood macroalgae products and the foods containing macroalgae would, with regular use, result in an iodine intake above the UL. The macroalgae containing supplements cannot be relied upon for providing the daily RI of iodine, as some had an iodine content far below the declared content. Furthermore, there were supplements that would result in an intake above the UL. Dietary macroalgae may be a source of iodine, especially for people excluding animal foods. However, as the content of iodine was highly variable, and the labelling of the macroalgae-containing products was inadequate or inaccurate for several foods and supplements, inclusion of such products may pose a risk of consuming excessive amounts of iodine.

Acknowledgments

The authors thank the laboratory staff for taking care of all the collected biological samples and technical assistance with the laboratory work. Special thanks to Lidunn Tveito Evensen for assisting with the data collection and sample preparation.

Competing interests

The authors declare that they have no competing interest.

Funding

This research study is financially supported by the Institute of Marine Research.

Authors’ contributions

The design of the study, analysis, interpretation of data and writing of this article are the responsibility of the authors alone.

References


	1. 	Zava TT, Zava DT. Assessment of Japanese iodine intake based on seaweed consumption in Japan: a literature-based analysis. Thyroid Res 2011; 4(1): 14. doi: 10.1186/1756-6614-4-14

	2. 	Teas J, Braverman LE, Kurzer MS, Pino S, Hurley TG, Hebert JR. Seaweed and soy: companion foods in Asian cuisine and their effects on thyroid function in American women. J Med Food 2007;10(1):90–100. doi: 10.1089/jmf.2005.056

	3. 	Rhee SS, Braverman LE, Pino S, He X, Pearce EN. High iodine content of Korean seaweed soup: a health risk for lactating women and their infants? Thyroid 2011; 21(8): 927–8. doi: 10.1089/thy.2011.0084

	4. 	Mahadevan K. Seaweeds: a sustainable food source. In: Tiwari BK, Troy DJ, eds. Seaweed sustainability. San Diego, CA: Academic Press; 2015, pp. 347–64. doi: 10.1016/B978-0-12-418697-2.00013-1

	5. 	Rioux L-E, Beaulieu L, Turgeon SL. Seaweeds: a traditional ingredients for new gastronomic sensation. Food Hydrocolloids 2017; 68: 255–65. doi: 10.1016/j.foodhyd.2017.02.005

	6. 	Bouga M, Combet E. Emergence of seaweed and seaweed-containing foods in the UK: focus on labeling, iodine content, toxicity and nutrition. Foods (Basel, Switzerland) 2015; 4(2): 240–53. doi: 10.3390/foods4020240

	7. 	MacArtain P, Gill CIR, Brooks M, Campbell R, Rowland IR. Nutritional value of edible seaweeds. Nutr Rev 2007; 65(12): 535–43. doi: 10.1111/j.1753-4887.2007.tb00278.x

	8. 	FAO. The global status of seaweed production, trade and utilization. Globefish research programme. Rome: FAO; 2018.

	9. 	Holdt SL, Kraan S. Bioactive compounds in seaweed: functional food applications and legislation. J Appl Phycol 2011; 23(3): 543–97. doi: 10.1007/s10811-010-9632-5

	10. 	Teas J, Baldeón ME, Chiriboga DE, Davis JR, Sarriés AJ, Braverman LE. Could dietary seaweed reverse the metabolic syndrome? Asia Pac J Clin Nutr 2009; 18(2): 145.

	11. 	Brown EM, Allsopp PJ, Magee PJ, Gill CI, Nitecki S, Strain CR, et al. Seaweed and human health. Nutr Rev 2014; 72(3): 205–16. doi: 10.1111/nure.12091

	12. 	McHugh DJ. A guide to the seaweed industry. FAO Fisheries Technical Paper 441. Rome: FAO; 2003.

	13. 	Nitschke U, Walsh P, McDaid J, Stengel DB. Variability in iodine in temperate seaweeds and iodine accumulation kinetics of fucus vesiculosus and Laminaria digitata (Phaeophyceae, Ochrophyta). J Phycol 2018; 54(1): 114–25. doi: 10.1111/jpy.12606

	14. 	Teas J, Pino S, Critchley A, Braverman LE. Variability of iodine content in common commercially available edible seaweeds. Thyroid 2004; 14(10): 836–41. doi: 10.1089/thy.2004.14.836

	15. 	Duinker A, Roiha IS, Amlund H, Dahl L, Lock E-J, Kögel T, et al. Potential risks posed by macroalgae for application as feed and food – a Norwegian perspective. Bergen, Norway;2016.

	16. 	Mæhre HK, Malde MK, Eilertsen K-E, Elvevoll EO. Characterization of protein, lipid and mineral contents in common Norwegian seaweeds and evaluation of their potential as food and feed. J Sci Food Agric 2014; 94(15): 3281–90. doi: 10.1002/jsfa.6681

	17. 	Roleda MY, Skjermo J, Marfaing H, Jónsdóttir R, Rebours C, Gietl A, et al. Iodine content in bulk biomass of wild-harvested and cultivated edible seaweeds: inherent variations determine species-specific daily allowable consumption. Food Chem 2018; 254: 333–9. doi: 10.1016/j.foodchem.2018.02.024

	18. 	Küpper F, Schweigert N, Gall EA, Legendre J-M, Vilter H, Kloareg B. Iodine uptake in laminariales involves extracellular, haloperoxidase-mediated oxidation of iodide. Planta 1998; 207(2): 163–71. doi: 10.1007/s004250050469

	19. 	Brent GA. Mechanisms of thyroid hormone action. J Clin Invest 2012; 122(9): 3035–43. doi: 10.1172/JCI60047

	20. 	Zimmermann MB. Iodine deficiency. Endocr Rev 2009; 30(4): 376–408. doi: 10.1210/er.2009-0011

	21. 	Laurberg P, Pedersen I, Carlé A, Andersen S, Knudsen N, Ovesen L, et al. The U-shaped curve of iodine intake and thyroid disorders. In: Preedy V, Burrow G, Watson R, eds. Comprehensive handbook on iodine: nutritional, endocrine and pathological aspects. London: Elsevier; 2009, pp. 449–55.

	22. 	Leung AM. The effects of iodine excess. In: Pearce EN, ed. Iodine deficiency disorders and their elimination. Springer International Publishing; 2017, pp. 75–89. ProQuest Ebook Central. [cited 08 September 2020]. Available from: https://ebookcentral-proquest-com.ezproxy.hioa.no/lib/hioa/detail.action?docID=4795484

	23. 	WHO. Assessment of iodine deficiency disorders and monitoring their elimination. A guide for programme managers. Geneva, Switzerland: World Health Organisation, International Council for Control of Iodine Deficiency Disorders, United Nations Children’s Fund; 2007.

	24. 	Eastman CJ, Li M. Mild to moderate iodine deficiency. In: Pearce EN, ed. Iodine deficiency disorders and their elimination. Switzerland: Springer Nature; 2017, pp. 59–74.

	25. 	Leung AM, Braverman LE. Consequences of excess iodine. Nat Rev Endocrinol 2014; 10(3): 136–42. doi: 10.1038/nrendo.2013.251

	26. 	Zimmermann MB, Jooste PL, Pandav CS. Iodine-deficiency disorders. Lancet 2008; 372(9645): 1251–62. doi: 10.1016/S0140-6736(08)61005-3

	27. 	SCF. Opinion of the scientific committee on food on the tolerable upper intake level of iodine. Scientific Committee on Food: Brussels; 2002.

	28. 	Lazarus JH. Iodine status in Europe in 2014. Eur Thyroid J 2014; 3(1): 3–6. doi: 10.1159/000358873

	29. 	Aakre I, Morseth MS, Dahl L, Henjum S, Kjellevold M, Moe V, et al. Iodine status during pregnancy and at 6 weeks, 6, 12 and 18 months post-partum. Matern Child Nutr 2021; 17(1): e13050. doi: 10.1111/mcn.13050

	30. 	Brantsæter A, Knutsen H, Johansen N, Nyheim K, Erlund I, Meltzer H, et al. Inadequate iodine intake in population groups defined by age, life stage and vegetarian dietary practice in a Norwegian convenience sample. Nutrients 2018; 10(2): 230. doi: 10.3390/nu10020230

	31. 	Haldimann M, Alt A, Blanc A, Blondeau K. Iodine content of food groups. J Food Compost Anal 2005; 18(6): 461–71. doi: 10.1016/j.jfca.2004.06.003

	32. 	National Food Institute TUoD, Denmark, Sá Monteiro M, Sloth J, Holdt S, Hansen M. Analysis and risk assessment of seaweed. EFSA J 2019; 17(S2): e170915. doi: 10.2903/j.efsa.2019.e170915

	33. 	Norwegian Food Safety Authority, The Norwegian Directorate of Health, University of Oslo. The Norwegian food composition table. Norwegian Food Safety Authority; 2020. [cited 08 September 2020]. Available from: https://www.matvaretabellen.no/?language=en

	34. 	NNR. Nordic nutrition recommendations 2012: integrating nutrition and physical activity. Copenhagen: Nordisk Ministerråd; 2014. doi: 10.6027/Nord2014-002

	35. 	Dalane JØ, Bergvatn TAM, Kielland E, Carlsen MH. Mål, vekt og porsjonsstørrelser for matvarer [Weights, measures, and portion sizes for foods] (in Norwegian). Oslo: Norwegian Food Safety Authority, University of Oslo, Norwegian Directorate of Health; 2015.

	36. 	Aakre I, Evensen LT, Kjellevold M, Dahl L, Henjum S, Alexander J, et al. Iodine status and thyroid function in a group of seaweed consumers in Norway. Nutrients 2020; 12(11): 3483. doi: 10.3390/nu12113483

	37. 	Katagiri R, Yuan X, Kobayashi S, Sasaki S. Effect of excess iodine intake on thyroid diseases in different populations: a systematic review and meta-analyses including observational studies. PLoS One 2017; 12(3): e0173722. doi: 10.1371/journal.pone.0173722

	38. 	Teng W, Shan Z, Teng X, Guan H, Li Y, Teng D, et al. Effect of iodine intake on thyroid diseases in China. N Engl J Med 2006; 354: 2783–93. doi: 10.1056/NEJMoa054022

	39. 	Chen R, Li Q, Cui W, Wang X, Gao Q, Zhong C, et al. Maternal iodine insufficiency and excess are associated with adverse effects on fetal growth: a prospective cohort study in Wuhan, China. J Nutr 2018; 148(11): 1814–20. doi: 10.1093/jn/nxy182

	40. 	Emder PJ, Jack MM. Iodine-induced neonatal hypothyroidism secondary to maternal seaweed consumption: a common practice in some Asian cultures to promote breast milk supply. J Paediatr Child Health 2011; 47(10): 750–2. doi: 10.1111/j.1440-1754.2010.01972.x

	41. 	Chung HR, Shin CH, Yang SW, Choi CW, Kim BI. Subclinical hypothyroidism in Korean preterm infants associated with high levels of iodine in breast milk. J Clin Endocrinol Metab 2009; 94(11): 4444–7. doi: 10.1210/jc.2009-0632

	42. 	Suzuki H, Higuchi T, Sawa K, Ohtaki S, Horiuchi Y. ‘Endemic coast goitre’ in Hokkaido, Japan. Eur J Endocrinol 1965; 50(2): 161–76. doi: 10.1530/acta.0.0500161

	43. 	Miyai K, Tokushige T, Kondo M. Suppression of thyroid function during ingestion of seaweed ‘Kombu’ (Laminaria japonoca) in normal Japanese adults. Endocr J 2008; 55(6): 1103–8. doi: 10.1507/endocrj.k08e-125

	44. 	Konno N, Makita H, Yuri K, Iizuka N, Kawasaki K. Association between dietary iodine intake and prevalence of subclinical hypothyroidism in the coastal regions of Japan. J Clin Endocrinol Metab 1994; 78(2): 393–7. doi: 10.1210/jcem.78.2.8106628

	45. 	Aakre I, Næss S, Kjellevold M, Markhus MW, Alvheim AR, Dalane JØ, et al. New data on nutrient composition in large selection of commercially available seafood products and its impact on micronutrient intake. Food Nutr Res 2019; 63: 10. doi: 10.29219/fnr.v63.3573

	46. 	Nerhus I, Wik Markhus M, Nilsen BM, Øyen J, Maage A, Ødegård ER, et al. Iodine content of six fish species, Norwegian dairy products and hen’s egg. Food Nutr Res 2018; 62. doi: 10.29219/fnr.v62.1291

	47. 	Lee SM, Lewis J, Buss DH, Holcombe GD, Lawrance PR. Iodine in British foods and diets. Br J Nutr 1994; 72(3): 435–46. doi: 10.1079/BJN19940045

	48. 	Zimmermann M, Delange F. Iodine supplementation of pregnant women in Europe: a review and recommendations. Eur J Clin Nutr 2004; 58(7): 979–84. doi: 10.1038/sj.ejcn.1601933

	49. 	American Thyroid Association. ATA statement on the potential risks of excess iodine ingestion and exposure. American Thyroid Association; 2013 [updated 05 June]. [cited 19 March 2021]. Available from: http://www.thyroid.org/ata-statement-on-the-potential-risks-of-excess-iodine-ingestion-and-exposure

	50. 	Norwegian Food Safety Authority. Is it safe to consume seaweed and kelp. [In Norwegian: Er det trygt å spise tang og tare] Norwegian Food Safety Authority; 2016 [updated 21 November 2019]. [cited 19 March 2021]. Available from: https://www.matportalen.no/uonskedestoffer_i_mat/tema/miljogifter/er_det_trygt_aa_spise_tang_og_tare.

	51. 	Nielsen CW, Holdt SL, Sloth JJ, Marinho GS, Sæther M, Funderud J, et al. Reducing the high iodine content of Saccharina latissima and improving the profile of other valuable compounds by water blanching. Foods 2020; 9(5): 569. doi: 10.3390/foods9050569

	52. 	Nitschke U, Stengel DB. Quantification of iodine loss in edible Irish seaweeds during processing. J Appl Phycol 2016; 28(6): 3527–33. doi: 10.1007/s10811-016-0868-6

	53. 	Mæhre HK, Edvinsen GK, Eilertsen K-E, Elvevoll EO. Heat treatment increases the protein bioaccessibility in the red seaweed dulse (Palmaria palmata), but not in the brown seaweed winged kelp (Alaria esculenta). J Appl Phycol 2016; 28(1): 581–90. doi: 10.1007/s10811-015-0587-4

	54. 	Murphy EW, Criner PE, Gray BC. Comparisons of methods for calculating retentions of nutrients in cooked foods. J Agric Food Chem 1975; 23(6): 1153–7. doi: 10.1021/jf60202a021

	55. 	Hou X, Chai C, Qian Q, Yan X, Fan X. Determination of chemical species of iodine in some seaweeds (I). Sci Total Environ 1997; 204(3): 215–21. doi: 10.1016/S0048-9697(97)00182-4

	56. 	Nordic Committee on Food Analysis [In Norwegian: Nordisk Metodikkomité for Næringsmidler]. NMKL-PROCEDURE NR 5Measurement uncertainty [In Norwegian: NMKL-PROSEDYRE NR 5 Måleusikkerhet]. Bergen, Norway: Nordic Committee on Food Analysis; 1997.

	57. 	Greenfield H, Southgate DA. Food composition data: production, management, and use. Food and Agriculture Organization (FAO): Rome; 2003.



*Inger Aakre
Institute of Marine Research (IMR)
NO-5817 Bergen, Norway
Email: inger.aakre@hi.no

Appendix 1


Preparation according to manufacturer’s instructions.


	Common name
	Number
	Product description
	Preparation method (according to the description on the package)
	Water samplesa
	Iodine content pre-processing
	Iodine content post-processing



	μg/g ww
	μg/g dw
	μg/g ww
	μg/g dw





	Nori
	1
	Dried
	Washed and rinsed under a running tap.
	
	15
	16
	2
	24



	Sea spaghetti
	2
	Dried
	Soaked in cold water for 15 min. Washed and rinsed several times. Drained.
	
	28
	31
	6,3
	49



	Sea spaghetti
	3
	Dried
	Soaked in water for 15 min. Drained.
	
	50
	53
	15
	44



	Sea spaghetti
	4
	Dried
	Washed and soaked in lukewarm water for 30 min. Drained and rinsed before being added to fresh boiling water and simmered for 10 min.
	
	72
	77
	2
	28



	Sea spaghetti
	5
	Dried
	Soaked for 30 min. Drained.
	
	50
	56
	4
	32



	Sugar kelp
	9
	Dried
	Soaked in water for 25 min. Brought to a full boil and simmered for 10 min. Water sample extracted using a pipette. Drained.
	Yes
	1,900
	2,120
	59
	474



	Dulse
	14
	Dried
	Washed and soaked in cold water for 10 min. Drained and rinsed briefly.
	
	140
	152
	23
	136



	Oarweed
	15
	Dried
	Soaked in cold water for 22.5 min. Simmered for 35 min. Water sample extracted using a pipette. Drained.
	Yes
	8,100
	8,697
	160
	1,444



	Oarweed
	16
	Dried
	Soaked in water for 30 min. Drained.
	
	7,500
	8,545
	140
	901



	Winged kelp
	18
	Dried
	Soaked in cold water for 20 min. Simmered for 15 min in fresh boiling water. Drained.
	
	190
	216
	4
	54



	Winged kelp
	19
	Dried
	Rinsed under a running tap. Soaked in cold water for 5 min. Drained and brought to a full boil in freshwater. Simmered for 5 min. Drained and rinsed under a running tap.
	
	190
	215
	9,7
	159



	Wakame
	28
	Dried
	Soaked in water for 3.5 min. Drained. Added freshwater and brought to a full boil. Water sample extracted using a pipette. Drained.
	Yes
	140
	152
	2,5
	70



	Wakame
	30
	Dried
	Water containing the macroalgae was brought to a full boil, then simmered for 5 min. Using a pipette, water was extracted before draining the macroalgae using a sieve.
	Yes
	260
	294
	17
	186



	Arame or sea oak
	31
	Dried
	Washed and soaked in cool water for 12.5 min. Drained and rinsed in water.
	
	400
	434
	33
	213



	Bladder wrack
	34
	Dried
	Soaked in water for 25 min. boiled for 10 min. Drained.
	
	120
	137
	4
	23



	Toothed wrack
	35
	Dried
	Soaked in water for 25 min before being brought to a boil/simmering for 10 min.
	
	250
	271
	50
	182



	Toothed wrack
	36
	Dried
	Soaked in lukewarm water for 5 min.
	
	190
	221
	11
	77



	Kombu
	38
	Dried
	Soaked in water for 25 min. Brought to a full boil and simmered for further 5 min. Water sample extracted using a pipette. Drained.
	Yes
	1,200
	1,273
	NA
	NA



	Irish moss or ceregeen moss
	43
	Dried
	Soaked in water for 4 h. Drained and rinsed well under a running tap.
	
	NA
	0
	16
	139



	Wakame
	44
	Dried
	Brought to a full boil and simmered for 5 min.
	
	200
	216
	19
	244



	Wakame
	71
	Dried rice noodles with wakame (1%)
	Boiled in water until al dente. Drained.
	
	0,93
	1
	0.2
	0.7



	Wakame
	83
	Dried
	Washed and soaked in lukewarm water for 12.5 min. Drained. rinsed and cooked for 5 min in fresh water. Water sample extracted using a pipette. Drained.
	Yes
	170
	183
	11
	217



	Kombu
	84
	Driedb
	Soaked in water for 3.5 min. Drained.
	
	2,600
	2,704
	NA
	NA



	Wakame
	89
	Dried
	Soaked in water for 10 min. Drained.
	
	92
	98
	9,3
	120



	Wakame
	91
	Soup sachet with wakame (5%)
	Boiling water was added to sachets and stirred before extracting the water sample using a pipette.
	Yes
	5
	5
	NA
	NA



	Nori
	92
	Dried
	Brought to a full boil and drained.
	Yes
	21
	24
	2
	29



	Kombu
	93
	Dried
	Soaked in water for 25 min. Brought to a full boil and simmered for further 5 min. Water sample extracted using a pipette. Drained.
	Yes
	3,000
	3,257
	88
	813



	Sugar kelp
	210
	Fresh preserved with salt
	To desalt. it was rinsed under a running tap for 2.5 min.
	
	300
	836
	160
	1,406



	Sea spaghetti
	211
	Fresh preserved with salt
	To desalt. it was rinsed under a running tap for 2.5 min.
	
	5
	12
	7
	52



	Mix
	212
	Dried
	Soaked in water for 4 min. Drained and rinsed.
	
	220
	245
	19
	197



	Ww = wet weight. Dw = dry weight. aUsing a pipette, samples were extracted from water in which the macroalgae was prepared (i.e. the stock or broth) following preparation. bThe species had not yet been identified during preparation and was thus prepared in the same way as a wakame wholefood product.





Appendix 2


Portion sizes used to calculate the iodine content of one portion, and its contribution to recommended intake (RI) and upper tolerable intake level (UL).


	Species
	n
	Mean
	SD
	Portion
	μg/ per portion
	% of RI (150 μg)
	Times UL (600 μg)





	Irish moss or carageen moss
	1
	16
	
	8 g
	128
	85
	0.2



	Nori
	2
	18
	4
	8 g
	144
	96
	0.2



	Dulse
	3
	96
	47
	8 g
	768
	512
	1.2



	Wakame
	5
	172
	63
	8 g
	1,376
	917
	2.3



	Sea spaghetti
	6
	42
	23
	8 g
	336
	224
	0.6



	Bladder wrack
	1
	120
	
	8 g
	960
	640
	1.6



	Arame or sea oak
	1
	400
	
	8 g
	3,200
	2,133
	5.3



	Winged kelp
	5
	552
	402
	8 g
	4,416
	2,944
	7.4



	Toothed wrack
	2
	220
	42
	8 g
	1,760
	1,173
	2.9



	Mix
	4
	740
	648
	8 g
	5,920
	3,947
	9.9



	Truffle seaweed
	1
	1,400
	
	8 g
	11,200
	7,467
	18.7



	Kombu
	3
	2,267
	945
	8 g
	18,136
	12,091
	30.2



	Sugar kelp
	4
	4,400
	5,222
	8 g
	35,200
	23,467
	59



	Oarweed
	2
	7,800
	424
	8 g
	62,400
	41,600
	104.0



	



	Foods with macroalgae
	n

	Mean
	SD
	Portion
	μg/ per portion
	% of RI (150 μg)
	Times UL (600 μg)



	



	Nuts
	2
	25
	27
	20a
	500
	333
	0.8



	Soup
	1
	5
	
	350b
	1,750
	1,167
	2.9



	Breading
	2
	1,265
	1,747
	20c
	25,300
	16,867
	42.2



	Meat substitutes
	2
	1.2
	1
	150d
	180
	120
	0.3



	Chocolate
	3
	31
	48
	100e
	3,100
	2,067
	5.2



	Salt
	4
	588
	594
	6f
	3,528
	2,352
	5.9



	Seasoning blends
	5
	368
	634
	6f
	2,208
	1,472
	3.7



	Caviar
	3
	1
	0
	30g
	30
	20
	0.1



	Marinated or pickled seaweed
	4
	11
	20
	100h
	1,100
	733
	1.8



	Pesto
	2
	47
	4
	18i
	846
	564
	1.4



	Rice noodles with seaweed
	1
	1
	
	85j
	85
	57
	0.1



	Crisps
	2
	11
	13
	24k
	264
	176
	0.4



	Nori-snack
	4
	25
	7
	8l
	200
	133
	0.3



	Blended snack
	3
	17
	7
	8l
	136
	91
	0.2



	mustard
	1
	6
	
	16m
	96
	64
	0.2



	aOne handful (1); bOne portion (1); cTwo measuring spoons of Semolina (1); dOne serving portion of meat (chicken/ beef) (1); eOne bar; fRecommended daily amount not to be exceeded (2); gTopping for two slices of bread (1); hOne dl of sauerkraut (1); iOne tablespoon (1); jOne portion noodles without eggs. dry (1); kTwo dl (1); lOne portion of dried seaweed (3); mOne table spoon (1).






	Dalane JØ. Bergvatn TAM. Kielland E. Carlsen MH. Mål. vekt og porsjonsstørrelser for matvarer [Weights. measures. and portion sizes for foods] (in Norwegian). Oslo: Norwegian Food Safety Authority, University of Oslo, Norwegian Directorate of Health; 2015.

	NNR. Nordic nutrition recommendations 2012: integrating nutrition and physical activity. Copenhagen: Nordisk Ministerråd; 2014. Report No.: 978-92-893-2670-4 (ISBN). 09037004 (ISSN) Contract No.: 2014:002.

	MacArtain P, Gill CIR, Brooks M, Campbell R, Rowland IR. Nutritional value of edible seaweeds. Nutr Rev 2007; 65(12): 535–43. doi: 10.1301/nr.2007.dec.535-543



Appendix 3


Calculation of iodine content in one recommended dose of the different supplements, its contribution to recommended intake (RI) and upper tolerable intake level (UL).


	Common name
	Product number
	Iodine (ug/g)
	Recommended dosea
	Dose in gram
	μg/ per portion
	% of RI (150 μg)
	Exceeding UL (600 μg)





	Rockweed
	73
	450
	3 Capsules
	1.8
	810
	540
	1.4



	Rockweed
	79
	290
	1 Capsule
	0.4
	116
	77
	0.2



	Rockweed
	82
	560
	2 Tablespoons
	10
	5,600
	3,733
	9.3



	Bladderwrack
	77
	360
	1 Capsule
	0.4
	144
	96
	0.2



	Bladderwrack
	95
	230
	1 Capsule
	0.34
	78.2
	52
	0.1



	Oarweed
	78
	8,3
	2 Capsules
	0.56
	4.648
	3
	0.0



	Giant kelp
	74
	160
	4 Tablets
	0.25
	40
	27
	0.1



	Sea lettuce
	213
	54
	10 g
	10
	540
	360
	0.9



	Sea lettuce
	214
	31
	10 g
	10
	310
	207
	0.5



	Rockweed, Bladderwrack
	76
	320
	1 Tablet
	0.28
	89.6
	60
	0.1



	Rockweed, Bladderwrack
	96
	150
	2 Tablets
	0.21
	31.5
	21
	0.1



	Rockweed, Wakame
	75
	27
	3 Tablets
	0.45
	12.15
	8
	0.0



	Rockweed, Bladderwrack, Toothed Wrack
	81
	320
	250 mg/ tip of a knife
	0.25
	80
	53
	0.1



	Not identified
	205
	460
	1 Tablet
	0.14
	64.4
	43
	0.1



	aRecommended by a manufacturer.
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