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Abstract
Macroalgae, also called seaweed, are becomingmorewidespread as food inWest-
ern diets. Seaweed can accumulate iodine, an essential nutrient for humans.
However, some species of seaweed may contain very high amounts of iodine,
and therefore, iodine has been identified as one of the major hazards in the
seaweed food chain. Macroalgae may be consumed regularly, though many con-
sumers report eating macroalgae only occasionally. The aim of this paper is to
explore possible health consequences of excessive iodine intake according to
long-term (chronic) or occasional (acute) excessive exposure to iodine, relating
to a regular (chronic) or occasional (acute) seaweed intake, respectively. Fur-
thermore, through a modeling exercise, we add different amounts of seaweed
to the diet in a population group to explore the possible safe amounts that can be
addedwithout exceeding excessive iodine intakes and risking detrimental health
effects. Chronic excessive iodine intakes were associated with several negative
health outcomes at variable doses in various studies. For acute excessive iodine
exposure, negative health effects seemed to be associated with higher iodine
exposures. However, the research on this topic was limited. The chronic and
acute iodine exposures needed to result in negative health outcomes may eas-
ily be ingested by macroalgae consumption. Adding seaweed to the diet must be
done thoughtfully to avoid the risk of exceeding thresholds for excessive iodine
intake.
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1 INTRODUCTION

Edible seaweeds, or macroalgae, have been incorporated
into the diet for decades and have been commonly con-
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sumed in many Asian cultures, especially in Japan, China,
and Korea (Bangmei & Abbott, 1987; McHugh, 2003; Rhee
et al., 2011; Zava & Zava, 2011), but also other parts of the
world, such as Ireland (Morrissey et al., 2001) and Portugal
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(Paiva et al., 2014). In recent years, dietary seaweeds have
entered the global food market and are increasingly pop-
ular in the Western diet, including Europe (Aakre et al.,
2021; Bouga & Combet, 2015; MacArtain et al., 2007). Sea-
weeds provide a low-trophic food source rich in taste,
which can add functionality to the food, such as texture,
and reduce the overall salt content (Blikra et al., 2021;
Gullón et al., 2021; Rioux et al., 2017; Vilar et al., 2020).
Macroalgae belong to three different phyla, typically

characterized as red, green, and brown macroalgae.
Although the chemical composition of macroalgae varies
greatly depending on species, season, and environmen-
tal conditions and may include several nutrients (Cherry
et al., 2019), the contribution to recommended daily
intakes depends on portion sizes. Iodine is a trace element
that may be highly concentrated in macroalgae, especially
the commonly consumed brown algal species such as Sac-
charina japonica (kombu), Saccharina latissima (sugar
kelp), or Laminaria hyperborea (tangle) (Blikra, Henjum,
et al., 2022). Kelp species have a highly effective iodine
uptake and concentrate iodine up to 30,000 times com-
pared to seawater concentrations (Gall et al., 2004) due
to its function as an inorganic antioxidant (Küpper et al.,
2008). Iodine may also be found in significant amounts in
some red and green species (Aakre et al., 2021; Duinker
et al., 2020). As summarized in our previous review, iodine
from algae is bioavailable, that is, it is taken up during
digestion and enters the circulation (Blikra, Henjum, et al.,
2022). Iodine is an essential micronutrient for humans
throughout life, and a regular dietary supply of iodine
is required in trace amounts (Zimmermann, 2009). The
physiological role of iodine is as a component of the thy-
roid hormones thyroxine (T4) and triiodothyronine (T3),
produced in the thyroid gland. The thyroid hormones
regulate a wide range of cellular and physiological func-
tions through gene transcription, and most cells in the
body have thyroid hormone receptors (Brent, 2012). Like
most hormones, the release of thyroid hormones from the
thyroid gland is regulated through a negative feedback sys-
tem (Chiamolera & Wondisford, 2009). If levels of thyroid
hormones in the blood fall, the pituitary gland releases
thyroid-stimulating hormone (TSH), which stimulates the
uptake of iodine from the circulation and thyroid hormone
production. TSH may, therefore, be used as a biomarker
of thyroid function and is routinely measured in clini-
cal settings. Thyroid hormones are essential for metabolic
regulation. Moreover, during fetal life, they are important
regulators of brain development as they are involved in
cell differentiation, migration, signaling, and myelination
and are, therefore, critical for normal fetal growth and
development (Bernal, 2005).
Both too low and too high iodine intakes may increase

the risk of adverse health consequences, and the relation-

ship between intake and risk is therefore considered to
be U-shaped (Laurberg et al., 2009). The negative health
consequences of severe iodine deficiency are well docu-
mented in scientific literature and are collectively referred
to as iodine-deficiency disorders (IDDs) (Hetzel, 1983).
The IDDs vary with life stages and may include hypo-
and hyperthyroidism, goiter, cretinism, increased infant
mortality, and impaired child growth and development
(Zimmermann, 2009). The effect of iodine deficiency acts
through the thyroid hormones, and even though both
iodine deficiency and excess are known to affect thyroid
hormone synthesis, the health consequences of iodine
excess are supported by less evidence.
Iodine intake recommendations are based on the

amount of iodine needed to prevent goiter and main-
tain normal thyroid function (WHO, 2007a). The World
Health Organization (WHO), the United Nations Chil-
dren’s Fund (UNICEF), and the Iodine Global Network
(IGN) recommend a daily iodine intake of 150 µg/day
for adults and between 90 and 120 µg/day for children,
depending on age. For pregnant and lactating women, the
recommendation is 250 µg/day (WHO, 2007b). Iodine is
found in only a few foods, mainly from animal origin,
such as milk, dairy products, and marine fish (Haldimann
et al., 2005), and, with an increasing interest in plant-
based diets, macroalgae could be an important iodine
source for those who are omitting fish and animal-source
foods. However, consumption of macroalgae may also
cause excessive iodine intake, which applies especially
to the brown algae species. The European Food Safety
Authority (EFSA) recently published a risk assessment on
macroalgal consumption in Europe and concluded that
iodine intakes could be highly excessive among macroal-
gal consumers (EFSA et al., 2023). The tolerable upper
intake level (UL) endorsed by EFSA is 600 µg/day and
is defined as “the maximum level of total chronic intake
of a nutrient from all sources judged to be unlikely to
pose a risk of adverse health effects in humans.” The
UL is based on the no observed adverse effect level
(NOAEL) of 1800 µg/day, with an uncertainty factor added
(EFSA, 2018). If consumed on a regular basis, macroalgal
species with high iodine content could result in chronic
excessive iodine intakes; however, if consumed only occa-
sionally, the excessive iodine exposure could be acute, not
chronic.
The aim of this paper is to explore the health conse-

quences of excessive iodine intake related to long-term,
regular (chronic), and occasional (acute) excessive expo-
sure to iodine. By contextualizing the findings to an
occasional or habitual intake of seaweed, this review is of
relevance to the emergence of edible macroalgae in the
global food market. Finally, through a modeling exercise,
we demonstrate iodine intakes in various scenarios of its
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addition to food in an attempt to find safe amounts of
seaweed added per portion of food.

2 MATERIALS ANDMETHODS

2.1 Literature review

This is a narrative literature review that includes both
primary and secondary sources, as well as gray litera-
ture. We searched relevant databases, including PubMed
and Web of Science, for primary studies and secondary
(review) articles. In addition, reference lists of selected
papers were screened for relevant studies. We searched
for papers covering iodine consumption correlated with
health outcomes. We specifically aimed to group stud-
ies based on either chronic (i.e., long-term) or acute (i.e.,
one incidence or occasional) high iodine exposure to map
knowledge regarding possible risks associated with either
consumption pattern. For chronic excessive iodine expo-
sure, we categorized the findings on health outcomes
based on the following topics previously known from the
literature: goiter formation, thyroid function, cancer preva-
lence, birth outcomes and fertility, and child development.
We took a more investigative approach to acute iodine
exposure and looked for any data describing effects on thy-
roid function and possible acute effects of single iodine
exposures, especially those describing intakes well above
recommendations.
We aimed to include all intervention studies retrieved

that described seaweed as a source of iodine intake if they
also measured an effect on health outcomes.Where the lit-
erature on seaweed was scarce, we included other sources
as exposure. We have included both primary studies and
reviews and tried, to the best of our ability, to summarize
the information most relevant to the seaweed food sector
and research within this field. Even if this has not been
a systematic approach, we have followed some eligibility
criteria when including, summarized in Table 1, and the
included studies are detailed in Tables S1 and S2.

2.2 Estimations of iodine content in raw
and processed seaweed

Seaweed may be added as an ingredient to various foods,
such as bread, pasta, soups, condiments, spice mixes,
or snacks. Some typical food applications include (from
smaller to larger estimated portions of seaweed):

1. Small amount (1 g dry), for example, spice/condiment
or tea;

2. Mediumamount (8 g dry), for example, food ingredients
including use in soups (MacArtain et al., 2007);

3. Medium amount (25 g fresh), for example, a small side
dish (Noahsen et al., 2020).

We calculated amounts of ingested iodine per portion
size for six popularly consumed algae species based on the
above portion sizes. The following information was used
for assessing the loss, or extraction, of iodine during pro-
cessing: 90%was extracted during blanching of S. latissima
(Nielsen et al., 2020); 62%, 15%, and 10% were extracted
during rehydration of Alaria esculenta, Palmaria palmata,
andUlva, respectively (Nitschke & Stengel, 2016); and 44%
was extracted during washing of Fucus vesiculosus (Mar-
tinelango et al., 2006). No documentation was found for
the effect of processing on the extraction of iodine from
Porphyra spp. tissue during cooking operations. For cal-
culations of the iodine content in fresh seaweed, a water
content of 70% was assumed for all species—a conserva-
tive amount, based on data from Holdt and Kraan (2011).
Data for iodine content in both unprocessed and processed
seaweed are based on the 75% percentile iodine content
(semiconservative approach) (Duinker et al., 2020).

2.3 Modeling of scenarios for iodine
inclusion levels in foods

Modeling of iodine exposure following various inclusion
levels for iodine in foods was performed probabilistically
using @Risk version 8.5.1 (Build 5), which is an add-on
to Excel. The baseline data for iodine intake were taken
from the report by the Norwegian Scientific Committee on
Food and The Environment (Henjum et al., 2020), using
data from the nationally representative Norkost study
(Table 7.3.1.1-1, p. 118). The population iodine intake was
estimated using a Pert function, with the median (P50)
as the typical value, whereas the 5th and 95th percentiles
(P05 andP95)were applied as theminimumandmaximum
values, respectively.
Three iodine inclusion levels in food items containing

seaweed were chosen for the scenario modeling (Table 2),
namely low–medium (50–150 µg iodine/portion), high
(150–600 µg iodine/portion), and extreme inclusion (2500–
10,000 µg iodine/portion). Examples of the first two cate-
gories could be foods where seaweed is added for iodine
fortification purposes or as a taste enhancer/spice. Since
food manufacturers typically would add as much sea-
weed as possible without posing a health risk, the typical
inclusion value was modeled as equaling the maximum
value for these cases. For the extreme inclusion, this sce-
nario portrays consumers adding seaweedwith high iodine
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TABLE 1 Overview of studies selected in the review.

Parameter Description
Study design ∙ Human experimental studies (randomized controlled trials and other controlled studies)

∙ Human observational studies (cross-sectional studies, case–controlle studies, and cohort studies)
∙ Secondary literature (reviews) on both humans and (when relevant) animals

Population ∙ All age groups, males and females
∙ For the outcome “cancer,” one review summarizing both human and animal studies was included

Exposure ∙ Oral iodine intake
∙ Exposure in prioritized order:
1. Exposure from seaweeds (chronic and acute)
2. Exposure from other sources, for example, water (chronic) and contrast media (acute)

Outcome of interest—chronic ∙ Thyroid size (goiter, thyroid volume)
∙ Thyroid function (hypo- and hyperthyroidism, TSH, free thyroid hormones [fT3, fT4] thyroid
antibodies)

∙ Cancer prevalence (thyroid cancer)
∙ Birth outcomes (stillbirth, premature birth, fertility)
∙ Child development (developmental scores, IQ, growth, weight)

Outcome of interest—acute ∙ Thyroid function (hypo- and hyperthyroidism, TSH, fT3, fT4, thyroid antibodies)
∙ Acute reactions

Publication type ∙ Scientific publications and reports
∙ Gray literature

TABLE 2 Modeling parameters (iodine content [µg/portion]) for the various inclusion levels in foods.

Iodine content (µg/portion) in the different scenarios
Low–medium scenario High scenario Extreme scenario

Minimum 50 150 2500
Maximum 150 600 10,000
Typical value 150 600 5000
Function type Perta Pert Pert

aThe Pert function is a smoothed triangular function.

content in their day-to-day cooking, or consumption across
multiple foods per day. The scenario exemplifies the con-
sumption of 1 g of nonblanched, dried sugar kelp one to
three times per day.
The model was run in three simulations, portray-

ing different consumer behaviors (no seaweed intake,
1 item/day, and 1−3 items/day). The consumers eating
one to three items were modeled using a Pert function
with a typical value of 2. The different scenarios were
used to assess the percentage of the population that con-
sumed more than the UL of 600 µg/day and the NOAEL of
1800 µg/day. This part of the modeling only looked at one
relevant population group, namely women (18–70 years)
who take supplements. This consumer group was cho-
sen since young women are vulnerable to iodine excess
while also benefiting from small doses of iodine fortifica-
tion. Supplement userswere chosen in this scenario to take
into account the higher background exposure in this group.
The model was run using 10,000 iterations. A summary is
included in Table 3.

3 RESULTS

3.1 Consequences of long-term
excessive iodine exposure

3.1.1 Goiter

Goiter is a visiblemanifestation of iodine deficiency, where
the lack of iodine may stimulate thyroid follicular cell
growth, causing thyroid gland enlargement (Zimmermann
et al., 2008). It is established that both iodine deficiency
and excess can lead to the formation of goiter (Laurberg
et al., 2009). The incidence of increased thyroidal vol-
ume and goiter upon increased iodine intake has been
thoroughly reviewed elsewhere (Farebrother et al., 2019).
Specific studies of seaweed intake and goiter are scarce in
the Western parts of the world, but several studies have
been conducted in Japan on the topic. In a study from 1965,
the occurrence of goiter was high in school children liv-
ing in the coastal areas of Hokkaido in Japan, where the
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TABLE 3 Summary of the scenario modeling.

Details
Inclusion level 1. Low–medium (50–150 µg/portion)

2. High (150–600 µg/portion)
3. Extreme inclusion (2500–10,000 µg/portion)

Population group Women (18–70 years) using iodine supplements
Consumer behavior 1. No seaweed intake

2. 1 item/day
3. 1−3 items/day

Output Distribution graphs and percent of the population group ingesting more than 600 tolerable upper intake
level (UL) and 1800 µg iodine/day, which corresponds to the no observed adverse effect level (NOAEL)a

aEFSA (2018).

prevalence of visible goiter was 6.6% in Hidaka and 9.0%
in Rishiri Island. In comparison, the prevalence of goiter
was 1.3% in the control area of Sapporo city. The regions
with high goiter prevalence had traditionally high intakes
of kelp, and for some of the cases, withdrawal of kelp from
the usual diet decreased the size of the goiter (Suzuki et al.,
1965). The high prevalence of goiter in the coastal areas of
Hokkaido has been referred to as “endemic coast goiter”
in the areas of Hidaka and Rishiri Island (Suzuki et al.,
1965). A second study was conducted in the Hokkaido area
five years later, where the same association between high
seaweed intake and goiter was found (Suzuki, 1973). In
a third large epidemiological study in Ishikawa district,
Japan, between 1972 and 1975, the prevalence of goiter was
2.7% and 3.0% in Kanazawa City and Wajima City, which
was considerably lower than in the previous survey from
1965. However, they found that abnormalities in thyroid
gland consistency were more prevalent among girls living
in coastal areas than in urban areas (Inoue et al., 1975).
The intake threshold at which iodine excess increases

the risk of goiter has been uncertain. In 2005, Zimmer-
mann and colleagues found that UIC (urinary iodine
concentration) between 300 and 500 µg/L was not asso-
ciated with increased thyroid volume in children, while
a UIC above 500 µg/L was associated with an increase
(Zimmermann et al., 2005). In 2021, a meta-analysis was
performed to explore the development of goiter associated
with either high iodine concentrations in drinking water
or high UICs in China (Xu et al., 2021), revealing that goi-
ter risk increased with a UIC above 300 µg/day or with an
iodine concentration in drinking water above 100 µg/L for
school children.

3.1.2 Thyroid function

Excess iodine may lead to altered thyroid function, such
as hyperthyroidism (Roti & Uberti, 2001) and hypothy-
roidism (Markou et al., 2001). Such findings have been

found in studies investigating excessive iodine intake from
kelp. In a Korean cohort, the iodine intake over 1 year
was assessed, along with urinary iodine excretion (UIE),
in 184 patients diagnosed with thyroid disorders and
207 controls with normal thyroid function (Kim & Kim,
2000). Both the iodine intake and UIE were higher in
patients with thyroid disease than the euthyroid control
subjects, and the main dietary iodine sources were sea-
weed. Prolonged (>2 weeks) iodine supplementation of
356 µg, through seaweeds (Ascophyllum nodosum), though
below the UL, resulted in elevated TSH in two out of 42
healthy British women of childbearing age (Combet et al.,
2014). The increase may be associated with iodine-induced
hypothyroidism (Combet et al., 2014). A double-blind, ran-
domized crossover study of 25 women using a slightly
higher iodine content (475 µg) from another brown alga (A.
esculenta) for 7 weeks found significantly increased serum
TSH (Teas et al., 2007). A cross-sectional population study
from Japan found that most subjects with hypothyroidism
also reported an almost daily kelp intake (Konno et al.,
1994). Thyroid dysfunction has previously been found in
other Japanese studies, using seaweed as an intervention
(Miyai et al., 2008; Takase et al., 2020). Miyai et al. (2008)
gave healthy adults between 35,000 and 70,000 µg iodine
through kombu (S. japonica1) daily for 7−87 days. This
resulted in a significant increase in TSH and a slight but
statistically nonsignificant decrease in free T3 and T4 (fT3
and fT4). During the longest period of intake (87 days),
the elevated TSH was sustained, while fT3 and fT4 were
almost unchanged. In the other Japanese intervention
study (Takase et al., 2020), blood lipids were the primary
outcome. Participants were given capsules with P. pal-
mata daily for 8 weeks, resulting in an iodine intake of
2000 µg/day. The intervention group had increased TSH
compared with the control group, who received placebo

1 Formerly referred to as Laminaria japonica (Lane, C. E., Mayes, C.,
Druehl, L. D., & Saunders, G. W. (2006). A multi-gene molecular inves-
tigation of the kelp (Laminariales, Phaeophyceae) supports substantial
taxonomic re-organization. Journal of Phycology, 42(2), 493–512.).
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capsules (Takase et al., 2020). Whether hypothyroidism
can be reversed by restricting iodine intake was studied
in a clinical trial in patients with spontaneously occur-
ring hypothyroidism. Twelve of the patients (55%) became
euthyroid after restricted iodine intake for 3 weeks, while
in the remaining 10 patients, the thyroid function did not
improve (Tajiri et al., 1986).
Excessive iodine intake may also result in hyperthy-

roidism, which is characterized by a low or suppressed
TSH (Roti & Uberti, 2001). Several case reports have
shown iodine-induced thyrotoxicosis or hyperthyroidism
after ingestion of kelp (de Smet et al., 1990; Eliason, 1998;
Gherbon et al., 2019; Müssig et al., 2006; Shilo & Hirsch,
1986). The iodine doses ingested through kelp varied from
an estimated 580−990 µg/day (Müssig et al., 2006) to
2800–4200 µg/day (Shilo & Hirsch, 1986) and 336 µg/day
(Gherbon et al., 2019), and in two of the case reports, the
iodine content of the kelp supplements was not known
(de Smet et al., 1990; Eliason, 1998). In all the studies, the
supplements were ingested for a relatively long period of
time (4 weeks to several months). Similarly, dietary sup-
plements containing kelp and seaweed from Norway were
linked to hyperthyroidism (two cases) in the 1970s and
1980s, as summarized in a 34-year-old review (Penning-
ton, 1990). In studies where iodine intake has changed
rapidly due to iodine fortification of salt, changes in thyroid
function have been observed. This has been seen in stud-
ies from, for example, Denmark, Zimbabwe, and Austria
(Bülow Pedersen et al., 2006; Mostbeck et al., 1998; Todd
et al., 1995); however, all these populations were iodine
deficient before fortification, and prolonged iodine defi-
ciency has been suggested to result in susceptibility to
thyroid disease upon increased iodine intake (Laurberg
et al., 2001).
Two of the population groups that are particularly vul-

nerable to excessive iodine consumption are the fetus and
infants. Several studies describing this risk are reported
from Asian cultures. Studies have indicated that excessive
iodine intake from seaweed by mothers during pregnancy
or lactation was associated with hyperthyrotropinemia
or hypothyroidism in their infants (Emder & Jack, 2011;
Hamby et al., 2018; Nishiyama et al., 2004). The studies by
Emder and Jack (2011) and Hamby et al. (2018) are case
reports, where mothers have ingested seaweed soup dur-
ing and/or after pregnancy, causing thyroid dysfunction
in the infants. In the study by Nishiyama et al. (2004), 34
Korean infants who were positive for congenital hypothy-
roidism screening were selected, among whom 15 infants
were diagnosed with hyperthyrotropinemia due to excess
iodine consumption by themothers during pregnancy. The
mothers had consumed kombu, other seaweeds, and sea-
weed soup, at an estimated iodine intake of between 820
and 3200 µg/day. Another Korean study found that sub-
clinical hypothyroidism in preterm infants was associated

with high iodine levels in breast milk, mostly due to sea-
weed consumption (Chung et al., 2009), where themedian
iodine content in the breastmilkwas 2529 µg/L. This breast
milk iodine concentration is excessive compared to what
is required to maintain a sufficient infant iodine intake,
and a breast milk iodine concentration of 150 and 71 µg/L
in colostrum and mature breast milk, respectively, has
been suggested to ensure sufficient iodine intake by others
(Nazeri et al., 2018).
There are also studies where excessive iodine intakes

have not been associated with any negative effects on
thyroid function. A large multicenter study from Kenya
and Tanzania, including 4636 participants from several
population groups (school-aged children, women of repro-
ductive age, pregnant and lactating women, and infants),
found chronic excessive iodine intakes (indicated by a UIC
of >300 µg/L) in all the population groups (Farebrother
et al., 2018). The iodine exposure in this study was not
from seaweed but mainly from iodized salt and ground-
water. This study showed little effect on thyroid function,
except for a <15% prevalence of subclinical hyperthy-
roidism and hypothyroxinemia in women of reproductive
age and pregnant women, respectively. Thyroglobulin (Tg)
concentrations were, however, elevated in all groups. A
Korean study with 349 mother–infant pairs found that
women in the highest quartile of iodine intake during preg-
nancy (≥647 µg/day) had similar thyroid function as the
women with lower iodine intake (Ju et al., 2023). Seaweed
and seaweed soup were major dietary iodine sources. The
thyroid function among the infant pairs was not reported
in the study.

3.1.3 Cancer prevalence

Some Asian studies have investigated the association
between iodine intake (by assessing UIC) and cancer
prevalence. A retrospective analysis of South Korean
patients with thyroid nodules concluded that patients
with relatively low (<300 µg/L) or extremely excessive
(≥2500 µg/L) UIC were more likely to have thyroid cancer
compared to patients with UIC between 300 and 2500 µg/L
(theseweremore likely to have benign nodules) (Kim et al.,
2017). Only patients with thyroid nodules were included
(no controls). According to WHO guidelines, over half
the patients had excessive iodine status (≥300 µg/L). A
more recent case–control study, also from South Korea,
found a higher prevalence of excessive iodine status (UIC
of ≥300 µg/L) in patients with papillary thyroid cancer
than in controls, and excessive iodine intake was iden-
tified as a risk factor for papillary thyroid cancer (Kim
et al., 2021). However, a question was raised about whether
UIC can rightly be used as an indicator for iodine intake
in this patient group, after a meta-analysis performed by
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CONSEQUENCES OF EXCESSIVE IODINE INTAKE 7 of 18

Yan et al. (2019). Their study suggested that the high UIC
associated with papillary thyroid cancer was a character-
istic of the disease and not a risk factor. Among others,
the aforementioned primary studies were used in the
meta-analysis.
Two studies from Japan investigated the association

between seaweed intake and thyroid cancer. These stud-
ies characterized seaweed consumption in terms of days
per week (not in terms of iodine content), with 2 days or
less being the lowest consumption rate. The first study,
conducted by Michikawa et al. (2012), found an increased
risk of thyroid cancer for postmenopausal women con-
suming seaweeds three times a week or more compared
to those consuming seaweeds two times a week or less.
There was no association for premenopausal women. In
contrast, the second study, conducted byWang et al. (2016),
found no association between seaweed consumption rate
and thyroid cancer risk. The latter study also attempted to
investigate the effects in men, but the incidence rate for
men was too low. Both studies were prospective studies
with over 30,000 women and a mean follow-up period of
≥12 years.
Due to the complexity of this issue, a more mechanistic

understanding could be beneficial for assessing causalities.
In this respect, Zimmermann and Galetti (2015) conducted
a thorough review of iodine intake and thyroid cancer,
including both human and animal studies. They found
that studies performed on rats or mice typically found no
association between excessive iodine intake and cancer
prevalence in these animals. It should be noted that rats
have a much higher tolerance for excessive iodine than
humans andwill not respond to iodine excesswith increas-
ing TSH levels, as observed in humans (Lee et al., 2015).
During simultaneous exposure to either excess or deficient
iodine alongside a carcinogen, the number of instances
of thyroid cancer increased. Based on these observations,
the authors suggested that iodine excess functions as a
promoter rather than a carcinogen itself (Zimmermann &
Galetti, 2015). Furthermore, the authors compared iodine
status in various populations with the incidence of thy-
roid cancer over time. Based on these historical data, they
concluded that a correlation between iodine excess and
thyroid cancer, in general, could not be found, but that
evidence is more convincing for a shift in thyroid can-
cer type upon increasing iodine status in a population.
Specifically, a shift from anaplastic thyroid cancer and
follicular thyroid cancer to papillary thyroid cancer has
been observed, which in turn decreases mortality from
thyroid cancer in general. This was also pointed out in
an earlier review study by Feldt-Rasmussen (2001), and
a more recent review by Kitahara and Schneider (2022)
on the epidemiology of thyroid cancer refers to the same
conclusions.

3.1.4 Birth outcomes and fertility

No studies assessing the effect of seaweed intake were
found on this topic, so we summarized information on
other iodine sources. Adverse consequences on birth
outcomes (e.g., stillbirth, premature birth) have been asso-
ciated with severe iodine deficiency (Zimmermann, 2009).
Given iodine’s U-shaped relationship between intake and
risk of negative health consequences (Laurberg et al.,
2009), such outcomes may also occur as a consequence
of iodine excess. As summarized in a 34-year-old review,
case reports from the 1940s to the 1970s report that large
doses of iodine supplied as potassium iodide or Lugol’s
solution (e.g., as a treatment for asthma, hyperthyroidism,
and tachycardia) to pregnant women resulted in adverse
effects on infants including death (six cases), respiratory
distress, brain damage, goiter, and hypothyroidism (Pen-
nington, 1990). More recently, a study of 1569 pregnant
women found that more than adequate or excessive iodine
intakes (UIC > 250 µg/L) were linked to an increased risk
of macrosomia (Xiao et al., 2018). In another study, high
iodine status (UIC > 249 µg/L) had a higher rate of abnor-
mal amniotic fluid (Yang et al., 2018). Iodine status has
also been found to affect fertility in males. Both iodine
deficiency and excess were associated with reduced semen
quality (semen volume and semen concentration) in Chi-
nese men (Sun et al., 2020). A correlation between low
fertility and higher median urinary iodine content has also
been reported elsewhere (Partal-Lorente et al., 2017).

3.1.5 Child development

Iodine deficiency has been named as one of the main
risk factors for preventing children from attaining their
developmental potential (Walker et al., 2011), and there is
general agreement that correcting iodine deficiency is ben-
eficial for child development (Aburto et al., 2014; Bougma
et al., 2013). Even though both iodine deficiency and excess
are known to affect thyroid hormone synthesis similarly,
very little research has been dedicated to excessive iodine
intake and child development.
Fetuses and young childrenmay be particularly vulnera-

ble to inadequate iodine intake and, thus, also to excessive
seaweed consumption. In Japan and Korea, seaweeds are
incorporated into the dietary culture, and seaweed intake
is perceived as good for pregnancy and lactation (Orito
et al., 2009; Rhee et al., 2011). Thyroid dysfunction in
newborns and young children aftermaternal seaweed con-
sumption has been reported (Chung et al., 2009; Emder &
Jack, 2011; Nishiyama et al., 2004); however, few studies
have been found related to outcomes on child develop-
ment. One study of Japanese pregnant women showed

 15414337, 2024, 6, D
ow

nloaded from
 https://ift.onlinelibrary.w

iley.com
/doi/10.1111/1541-4337.70037 by N

ofim
a, W

iley O
nline L

ibrary on [08/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



8 of 18 CONSEQUENCES OF EXCESSIVE IODINE INTAKE

a wide variation in UIC, and a positive correlation was
seen between maternal UIC and TSH levels. However, no
apparent negative effects were seen on fetal maturation
scores or developmental testing of the infants at 3, 6, 9, and
12 months (Orito et al., 2009).
Since the literature reporting risks of child developmen-

tal outcomes in correlation with seaweed consumption
is limited, studies reporting risks associated with other
iodine sources are also described here. China has areas
with both iodine excess and deficiency, due to variable lev-
els of iodine in drinking water (Du et al., 2014). Several
Chinese studies have investigated the relationship between
iodine excess and children’s intelligence. However, many
of these are only published in Chinese. A review andmeta-
analyses published in 2021 summarized findings from 17
studies published between 1985 and 2020 (16 published
in Chinese and one in English) on the effect of iodine
excess on children’s intelligence in China (Li et al., 2022).
They concluded that the intelligence level of children who
were exposed to high iodine concentrations was reduced.
However, the results from the primary studies showed
inconsistency in this association, and the authors under-
line the lack of conclusive evidence to confirm the effect of
iodine excess on children’s IQ (Li et al., 2022). In a recent
Chinese study published in 2023, maternal iodine nutri-
tion above requirements (UIC ≥ 250 µg/L or total serum
iodine more than the 90th percentile) negatively affected
infant language development and fine motor skills (Wu
et al., 2023). In Australia and New Zealand, table salt and
salt used in bread are iodized; in addition, pregnantwomen
are advised to take iodine supplements during pregnancy.
This has raised concern regarding potential high iodine
intakes in this population group (Sullivan et al., 2024). In a
prospective cohort of 699 pregnant women and young chil-
dren from Australia, they found that both too low and too
high iodine intakes in pregnancywere associatedwith poor
outcomes related to neurodevelopment, where language
and cognitive scores were negatively affected by iodine
intakes >350 µg/day (Sullivan et al., 2024). As highlighted
in a systematic review on the effect of iodine supple-
mentation during pregnancy (Dineva et al., 2020), some
observational studies have found that a sudden change
in iodine intake in pregnancy, through supplementation,
is negatively associated with child development, such as
motor development, behavioral problems, and attention
deficit hyperactivity disorder (ADHD) diagnosis (Abel,
Caspersen, et al., 2017; Abel, Ystrom, et al., 2017; Markhus
et al., 2018).
Less discussed are the effects on physical growth that

may be associated with excessive iodine intake (Rigutto-
Farebrother, 2023). Stunting is a recognized IDD, with the
potential mechanism for this resulting from changes to
thyroid hormone synthesis (hypothyroidism) due to expo-

sure to inadequate iodine intakes in early life. Considering
that at high intakes, similar changes to thyroid hormone
production may occur as at low intakes, it follows that
physiological growth may also be affected. Thyroid hor-
mones act on the skeleton; thyroid hormone receptors have
been identified in osteoblast cell lines and human bone
samples, indicating a direct role in skeletal development
(Yen, 2001). Moreover, indirect mechanisms via Growth
Hormone and Insulin-like Growth Factors also promote
skeletal growth controlled, in part, by thyroid hormone
(Cabello & Wrutniak, 1989; Laron, 2003; Robson et al.,
2002).
As described previously, chronic iodine excess may

cause hypo- or hyperthyroidism. In China, in an area
of high iodine water intake (range 150−963 µg/L), chil-
dren were found to be 4 cm taller than their counterparts
in areas with water with normal iodine concentrations
(range 13−51 µg/L); however, thyroid disorders were more
prevalent in the high iodine cohort, and an increased thy-
roid volume was correlated with increasing iodine intake.
A UIC of ≥600 µg/L was independently associated with
subclinical hypothyroidism (Sang et al., 2013). Though
reporting from literature without a direct growth out-
come, it is important to note that a further consequence
of chronic excess iodine exposure is the potential earlier
development of Graves’ disease in subjects with a genetic
disposition, as seen in younger age groups in Iceland
when compared to a population in Denmark with low-to-
average iodine intake, where hypothyroidism prevalence
was associated with multinodular toxic goiter and single
toxic adenoma rather than autoimmunity (Laurberg et al.,
1991). This is of concern in younger populations, since
Graves’ disease in pregnancy can increase the risk of low
birth weight and intrauterine growth restriction (Nguyen
et al., 2018), and in childhood, it can lead to a shorter
adult stature due to accelerated growth rates causing pre-
mature closure of epiphyses and/or cranial plates (Bassett
& Williams, 2016; Williams, 2013).

3.2 Consequences of acute and
occasional excessive iodine exposure

No studies describing the consequences of acute iodine
exposure in humans from seaweed containing iodine lev-
els above the ULs were found during our explorations.
One study describing the consequences of a single expo-
sure below the ULwas found (Noahsen et al., 2020), where
seaweed containing a maximum of 300 µg iodine in each
portion (25 g Greenlandic F. vesiculosus salad) was used.
After consumption of this amount, the TSH increased in
participants (n = 3), but none had levels above normal
values, and the levels returned to normal by day 2.
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CONSEQUENCES OF EXCESSIVE IODINE INTAKE 9 of 18

Other dietary sources of acute iodine exposure include
potassium iodine (KI) taken at infrequent intervals. An
intervention study from 1998 administered KI in vari-
ous intervals (ranging from biweekly to yearly) in 304
schoolchildren aged 7−13 in an iodine-deficient area, in
doses ranging from 8700–993,000 µg (Todd & Dunn, 1998).
Since the area was severely iodine deficient, having a con-
trol group was considered unethical and, therefore, was
not included. The study reported no adverse effects. How-
ever, some children in all study groups complained of sore
throat, headache, and abdominal pain. The number of chil-
dren with TSH levels above normal in the group receiving
993,000 µg KI once per year (n= 50) was changed from 4 at
baseline to 6 after 13 months. In comparison, for children
receiving 8700 µg KI every other week (n= 52), the number
of children with elevated TSH went from 8 at baseline to 3
after 13months. The thyroid volume decreased for children
receiving 8700 µg KI biweekly or 29,700 µg KI monthly,
but not for the remaining participants in groups receiving
other doses.
Another source of acute iodine exposure is radiographic

iodinated contrast media (ICM), which are commonly
administered intravenously to hospital patients prior to
computed tomography (CT) scans. A relatively recent
review summarized the risk for ICM-induced thyroid dys-
function (Lee et al., 2015). They found that the typical doses
for CT scans range from 2500 to 5000 µg of bioavailable
iodine and 15−37 g of total iodine (including nonbioavail-
able iodine). According to the authors, thyroid dysfunction
may arise after a single ICM use. In patients without
preexisting thyroid disease, the risk of developing hypo-
or hyperthyroidism increased 1.6–3.0 times after a single
ICM exposure. Although the dysfunctions were normally
transient, some patients developed permanent hypothy-
roidism following the administration of ICM. In euthyroid
patients (50–84 years), TSH decreased following a single
ICM administration when measured at 4 and 8 weeks
after administration (Conn et al., 1996). In the latter study,
two out of 73 patients developed hyperthyroidism, and
one developed atrial fibrillation in response to abnormal
thyroid values.
Some older case studies describe the acute effects

of intentional or unintentional acute iodine exposure
through tinctures or medical solutions. These were pre-
viously summarized by Pennington (1990), but a brief
summary is included here. Very high, acute exposure to
iodine is characterized as poisoning and may, in the worst
case, lead to death. The reported cases outlined intentional
poisoning by tinctures of iodine (18 cases), and death usu-
ally occurred within 48 h. The doses were reported in
nine of the cases and ranged from 1184 to over 9000 mg
iodine. Other reported acute effects of very high doses
of iodine include vomiting, abdominal cramps, anuria,

acute renal fever, hemolytic anemia, metabolic acidosis,
delirium, weak pulse, fever, collapse, coma, and cyanosis,
among others (Pennington, 1990).

3.3 Seaweed as food ingredients

The iodine content in seaweed is affected by the cook-
ing and processingmethods applied. Examples of common
methods include washing, blanching, boiling, fermenta-
tion, steaming, pulsed electric field processing, drying,
and rehydration (Blikra et al., 2021). The iodine con-
tent is typically reduced during processing, with steps
involving immersion in warm water being more efficient
(Blikra et al., 2024; Blikra, Skipnes, et al., 2022; Bruhn
et al., 2019; Correia et al., 2021; Nielsen et al., 2020;
Nitschke & Stengel, 2016; Stévant et al., 2018; Sun et al.,
2022). For sugar kelp, a loss of iodine of about 90% has
been achieved using blanching (Nielsen et al., 2020). For
species containing less iodine, such as P. palmata and
Ulva, smaller losses (10%–15%) in iodine content have been
found (Nitschke & Stengel, 2016). Thus, the degree of
processing is highly important for the iodine content in
the seaweed used for consumption, especially for brown
algae.
The estimations made in the present work show that

iodine amounts can be high compared to both daily
requirements and the UL, especially for dry, unprocessed
brownalgae (Table 4). Althoughprocessing greatly reduces
the ingested amount of iodine per portion size, the
amounts of iodine present may still be very large, as exem-
plified by one portion of 8 g blanched, dry S. latissima
containing 3700 µg iodine (Table 4).
A recent project report described the fate of the iodine

content in 55 g fermented S. latissima cooked in 200 mL
tap water (Stévant et al., 2021), which could exemplify one
portion of seaweed soup. Prior to cooking, the portion of
kelp contained a total of ∼21,000 µg iodine, whereas after
cooking, only ∼3000 µg iodine (14%) was found in the
kelp. Based on measurements of the iodine content in the
liquid fraction, and mass balance calculations, they con-
cluded that most of the extracted iodine was still present
in the liquid fraction after 15 min of boiling (∼15,000 µg or
72%; i.e., low-to-negligible evaporation). This iodine may
be ingested in the case of soup.

3.4 Scenarios for iodine inclusion levels
in foods

The Norwegian, dietary supplement-consuming women
(18-70 years) used in this scenario showed an adequate
iodine status (baseline exposure) (Figure 1a). Additional
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10 of 18 CONSEQUENCES OF EXCESSIVE IODINE INTAKE

TABLE 4 Iodine contents in unprocessed and processed popular seaweed species, with estimations of ingested iodine per portion size.

Phylogeny Species

Iodine (P25–P75; µg/g dw)
Portion size (g)

Ingested iodine (µg)4
Unprocessed1 Processed2 Unprocessed1 Processed2

Brown Saccharina
latissima

2600–4600 260–460 1 g dry 4600 460
8 g dry 37,000 3700
25 g fresh3 1600 160

Alaria esculenta 450–1100 170–420 1 g dry 1100 420
8 g dry 8800 3300
25 g fresh 390 150

Fucus
vesiculosus

210–520 120–290 1 g dry 520 290
8 g dry 4200 2300
25 g fresh 190 100

Red Palmaria
palmata

130–430 110–370 1 g dry 430 370
8 g dry 3400 2900
25 g fresh 150 130

Porphyra spp. 15–100 n.a. 1 g dry 100 n.a.
8 g dry 800 n.a.
25 g fresh 40 n.a.

Green Ulva spp. 29–290 30–260 1 g dry 290 260
8 g dry 2300 2100
25 g fresh 100 90

Note: [1] Using data fromDuinker et al. (2020); [2] Assuming 90 % reduction during blanching of S. latissima (Nielsen et al., 2020), 62, 15 and 10 % reduction during
rehydration of A. esculenta, P. palmataand Ulva, respectively (Nitschke & Stengel, 2016), and 44 %reduction during washing of F.vesiculosis (Martinelango et al.,
2006). [3] Assuming 70 % water contentfor all spp. - a conservative amount, based on data from Holdt and Kraan (2011). [4] Calculated using the 75 %percentile
iodine content.

TABLE 5 Population (%) above the tolerable upper intake level (UL) and no observed adverse effect level (NOAEL) for iodine in women
aged 18−70 consuming supplements.

Population (%) exceeding threshold values for iodine intake

Threshold levels Consumer behavior
Low–medium
(50–150 µg/portion)

High
(150–600 µg/portion)

Extreme (2500–
10,000 µg/portion)

>600 µg/daya No seaweed intake 0.0 0.0 0.0
1 item/day 0.0 77.8 100.0
1–3 items/day 7.9 91.6 100.0

>1800 µg/dayb No seaweed intake 0.0 0.0 0.0
1 item/day 0.0 0.0 100.0
1–3 items/day 0.0 5.9 100.0

aRecommended maximum daily intake level.
bNOAEL.

iodine intake through food items containing 50−150 µg
iodine/portion (low-medium scenario) shifted the total
iodine intake predictably, but for consumers eating one
portion per day, the intake remained below the maximum
recommended intake per day of 600 µg. For consumers
eating between 1 and 3 items/day, 88% had an iodine
intake above 600 µg/day (Table 5). Substituting the added
iodine content with 150−600 µg iodine/portion (high sce-
nario) shifted the tendency considerably (to the right)
for consumers, and >77% of those eating one portion

per day exceeded the intake limit of 600 µg/day. Looking
at consumers having a more frequent intake of seaweed
food items (1–3 portions/day), 92% ingested more than
600 µg of iodine, whereas roughly 6% had an iodine
intake above NOAEL in the high scenario (Figure 1b). This
tendency is more exaggerated for iodine additions of 2500–
10,000 µg/day, which is included as a scenario to portray
consumers of unprocessed, dried, high-iodine-containing
seaweed such as sugar kelp. In this case, portions of 1 g
sugar kelp eaten 1 or 1−3 times/day are modeled to repre-
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CONSEQUENCES OF EXCESSIVE IODINE INTAKE 11 of 18

F IGURE 1 The probability density for daily iodine intake for
women aged 18−70 consuming supplements modeled for three
seaweed inclusion rates in food items: (a) low-to-medium, (b) high,
and (c) extreme seaweed scenarios. The simulation was run for the
three consumption behaviors (baseline [no seaweed intake],
1 item/day, and 1−3 items/day).

sent addition as a spice/condiment during home cooking.
For the latter case, both consumer behaviors represent
intakes above the NOAEL (Figure 1c).

4 DISCUSSION

4.1 Consequences of chronic and acute
excessive iodine exposure

Studies on the consequences of chronic excessive iodine
exposure from seaweed were found for goiter, thyroid
function, and cancer, but for birth outcomes and child
development, we did not find any studies on seaweed
intake. Therefore, other exposures were included. As seen
from the results, negative health effects have been reported

after excessive iodine intake from seaweed at variable lev-
els. As noted already by Pennington in 1990, an iodine
intake of ≤1000 µg/day could be tolerated by many, but
intakes in the range between 200 and 1000 µg/day may
cause harmful effects in some individuals depending on
a range of factors (Pennington, 1990). The negative health
outcomes from iodine excess are thought to be mediated
through the thyroid hormones (including TSH). Several
studies with an experimental design have found associa-
tions between iodine excess and thyroid function, and the
outcome is often a mild and transient rise in TSH (Combet
et al., 2014; Miyai et al., 2008; Teas et al., 2007). However,
variations in TSH, evenwithin reference ranges, have been
associated with adverse health outcomes (Taylor et al.,
2013). Furthermore, other studies reported more severe
effects on thyroid function (Chung et al., 2009; Nishiyama
et al., 2004; Takase et al., 2020), and physiological changes
may be triggered in susceptible groups, especially pregnant
women, infants, and those previously exposed to iodine
deficiency (Farebrother et al., 2019).
As such, conflicting evidence exists on chronic exces-

sive iodine intake. Regarding goiter and thyroid function,
large studies in different population groups have not seen
any adverse effects on thyroid function from chronic exces-
sive iodine intakes (Farebrother et al., 2018; Ju et al., 2023).
Excessive iodine intake in relation to cancer is, however,
a complex issue, and findings point in different directions.
A review on iodine intake and thyroid cancer pointed out
that a correlation between iodine excess and thyroid can-
cer, in general, cannot be found, though some evidence
supports a shift in thyroid cancer type when the popula-
tion’s iodine status is increased (Zimmermann & Galetti,
2015). For birth outcomes, studies on the consequences
of iodine excess are scarce. However, evidence on the
association between thyroid function and birth outcomes
is more established, which might be seen as an indirect
effect of iodine excess. A systematic review and meta-
analysis examining 10,736 pregnant women exposed to
iodine intake above requirements found that six of the nine
studies included reported hypothyroidism during preg-
nancy; however, subclinical and overt hyperthyroidism,
as well as hypothyroxinemia, were also reported (Can-
dido et al., 2023). Thus, it seems that the increased risk of
thyroid disorders (indirect effect of iodine excess), includ-
ing subclinical disorders, increases the risk of negative
birth outcomes. Thyroid dysfunction has been found to
give an increased risk of complications during pregnancy,
including pre-eclampsia, perinatal mortality, (recurrent)
miscarriage, and preterm delivery (van den Boogaard
et al., 2011; Yang et al., 2018). For child development, sev-
eral observational studies have found an association with
excessive iodine intake (Li et al., 2022; Sullivan et al.,
2024; Wu et al., 2023). However, since these studies are of
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12 of 18 CONSEQUENCES OF EXCESSIVE IODINE INTAKE

observational design, other factors cannot be excluded, and
well-designed randomized controlled trials are warranted
on this topic.
Regarding acute or occasionally high iodine exposure,

ICM use could increase the risk of developing iodine-
induced thyroid dysfunction, even in euthyroid individuals
(Lee et al., 2015). These authors found that typical doses for
CT scans range from 2500 to 5000 µg of bioavailable iodine
and 15 to 37 g of total iodine. For comparison, the bioavail-
able portion of the administered iodine is in the range of
an 8-g portion of processed, dried S. latissima,A. esculenta,
or P. palmata, or 1 g dry unprocessed S. latissima (Table 4).
As summarized in our previous review, iodine from brown
algae is bioavailable (Blikra, Henjum, et al., 2022). Thus,
we cannot rule out that certain species of seaweed could
induce acute toxic effects, if not used with caution.
The risk for developing iodine-induced hypothyroidism

after acute iodine exposure is higher for fetuses and
neonates, and even transient fetal and neonatal hypothy-
roidism can be detrimental to neurodevelopment (e.g.,
Lee et al., 2015). Older people are at risk of other seri-
ous complications, including atrial fibrillation and coma.
Apart from low and high age, risk factors for develop-
ing thyroid dysfunction following acute iodine exposure
include long-standing iodine deficiency, latent thyroid dis-
ease, or having a history of thyroid disease. In some cases of
ICM administration, preventive therapy using antithyroid
drugs, for example, methimazole, is given (Lee et al., 2015),
illustrating that the risks following acute iodine exposure
are acknowledged in medical fields.
Seaweed is a diverse group, and the iodine content may

vary widely between species (Duinker et al., 2020); how-
ever, a large variety of seaweed does not accumulate high
amounts of iodine content. The risk of consuming exces-
sive iodine from seaweed will, therefore, depend on the
species and amounts consumed. From this review, it seems
that adverse health effects from acute excessive iodine
exposure may emerge at higher doses than those seen in
the studies on chronic excessive iodine exposure. How-
ever, the evidence is limited. The UL for iodine is the
maximum level of total chronic intake. Since seaweed is
consumed infrequently by many, this could result in occa-
sional, rather than chronic, high iodine intakes. Whether
an occasional iodine intake above the UL could pose a risk
is a topic that needs further investigation. To the best of
our knowledge, no safe upper intake level is established
for acute iodine exposure. According to the literature on
ICM administration, intakes ranging from 2500 to 5000 µg
of bioavailable iodine increase the risk of thyroid dysfunc-
tion, even if ingested once or occasionally (Lee et al., 2015).
Extreme iodine intakes (>2500 µg, equivalent to 1 g unpro-
cessed, dry sugar kelp) could, therefore, cause a health risk
even for occasional seaweed consumers. However, data for

occasional high iodine exposure are lacking, and the safe
upper limit for occasional high iodine intake may be well
below 2500 µg.

4.2 Seaweed inclusion levels in foods

Adding seaweed to foods must be done thoughtfully to
avoid the risk of exceeding thresholds for iodine intake.
By exceeding the UL, the risk of an adverse health effect
increases. The NOAEL is the highest concentration of a
substance where no adverse effect has been detected in the
studied populations; thus, by exceeding this limit, the risk
of an adverse health effect would increase further. Indeed,
adverse effects have been observed with iodine intakes
above the NOAEL for iodine. In the modeled scenarios
for iodine inclusion, the addition of 50−150 µg of iodine
per portion size resulted in most of the women (>92%)
remaining below the threshold of 600 µg iodine/day if
consuming between one and three portions of seaweed-
containing foods per day (Table 5). As shown in Table 4, the
addition of 1 g of dried seaweed per portion size easily sur-
passes 50−150 µg of iodine, even when applying processed
seaweeds. This suggests that both species- and processing-
specific calculations are needed to determine appropri-
ate inclusion levels of seaweed in foods. High inclusion
rates of 150−600 µg iodine/portion led to most women
(>97%) surpassing the maximum recommended daily
intake and some exceeding the NOAEL of 1800 µg/day
(5%–12%).
Some population groups should be especially careful

with excessive iodine consumption, including persons
with underlying thyroid disease, neonates, pregnant
and lactating women, and older persons. According to a
meta-analysis conducted by Garmendia Madariaga et al.
(2014), 6.7% of the European population had undiagnosed
thyroid dysfunction assessed biochemically, including
hypo- and hyperthyroidism, with most cases being sub-
clinical. The proportion of the European population
estimated to be pregnant (numbers from 2021) was 0.9%.2
Thus, it can be estimated that 5%−10% of the European
population is especially susceptible to iodine excess. High
iodine inclusion rates in food items (i.e., 150−600 µg
iodine/portion) could pose a health risk for these
consumers.
In Norway, it is currently not mandatory to label

seaweed food products with iodine content. This has,
however, been a concern for decades, and already in
1991, a paper in the journal for the Norwegian Medical
Association concluded that “nature products” contain-

2 Calculated based on the number of born children, that is, not factoring
multiple pregnancies or loss during pregnancy or birth.
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ing iodine should be subject to public control and that
the iodine content should be regulated. In the same
paper, several cases of hypo- and hyperthyroidism were
found in Norwegian patients following the consumption
of iodine-containing supplements or seaweeds, though all
cases normalized after discontinuing these products (Jør-
gensen & Svindland, 1991). The Norwegian Food Safety
Authority (NFSA) published, in 2024, guidance on the
production and marketing of seaweed and kelp as food
(NFSA, 2024). Regarding iodine, as well as metals, the
NFSA recommends developing a plan for sampling and
analyses to control the content of iodine in the products.
The heterogeneity of the analyte needs to be considered
in such a plan. For iodine, the content may vary both
within and between species and may also vary consider-
ablywith different processing techniques (Blikra, Henjum,
et al., 2022). These aspects are important to consider when
choosing sampling methods and analyzing the results.
The EU recommendation (EU) 2018/464 on monitoring
metals and iodine in seaweeds used as food and feed
(European Commission, 2018) refers to the sampling pro-
cedures for iodine stating that they must be conducted
in accordance with Commission Regulation (EC) No
333/2007.
It is also appropriate to mention that although these

inclusion levels of seaweed in food are small, they can still
contribute to taste and functionality beyond iodine forti-
fication (e.g., Blikra et al., 2021; Gullón et al., 2021; Rioux
et al., 2017; Vilar et al., 2020). Seaweed can thus provide a
useful food ingredient, but it is necessary to monitor and
control the iodine content in the resulting food products to
avoid excessive intake.

4.3 Limitations of the study

This narrative review does not employ the rigorous
approach of a systematic review, and therefore, the results
presented cannot be considered as a summarization of evi-
dence with a degree of certainty. Though we are confident
to have obtained relevant literature to enlighten this topic,
since no systematic search was done, we cannot rule out
that important studies were left out. We have included
studies of variable size and design, most of which are of
observational design and therefore not optimal to assess
causal relationships between iodine intake and health con-
sequences. Furthermore, no risk of bias assessment has
been made; thus, we cannot account for potential bias
in the included studies. Yet, even if this review cannot
be compared to the evidence of a systematic review, we
believe that this work highlights some important topics
and provides considerable insights into this field of emerg-
ing consumer importance. Additionally, if taking a hazard

identification approach, adverse effects have been reported
from excessive iodine intakes, which implies that precau-
tion should be applied and further investigations should be
conducted.

4.4 Recommendations for future
research

We highlight that the literature on chronic and acute
iodine exposure from seaweed remains scarce, and con-
flicting results exist. To be able to assess the burden of
evidence in this area, we call for robust systematic reviews
on both acute and chronic exposure in relation to the
different outcomes outlined in this paper. As there are sev-
eral difficulties in assessing the potential risk of excessive
iodine intake in randomized controlled trials, we believe
studies of both experimental and observational design
should be included. In addition, studies quantifying the
health risks of chronic/acute excessive iodine consump-
tion and studies enabling or performing modeling of the
risk/benefit of seaweed inclusion in the diet (e.g., DALYs),
considering both iodine deficiency/excess and other con-
stituents (e.g., heavy metals, bioactive components, fiber,
etc.), are called for.

5 CONCLUSION

Macroalgae concentrate iodine, and many species contain
high amounts of iodine. Negative health outcomes for both
chronic and acute iodine exposures were found in this
review. Vulnerable groups, including persons with under-
lying thyroid disease and pregnant women are especially
susceptible and estimated to be in the range of 5%−10%
of the European population. The chronic and acute iodine
exposures needed to result in negative health outcomes
may easily be ingested by macroalgae consumption. Thus,
we believe there are good reasons to be cautious when rec-
ommending macroalgae to the general population. How-
ever, the addition of macroalgae to food could be done in
such away that safe limits are not surpassed, such as by the
addition of small amounts of processed algae of a species
with a preferably lower iodine content. As of now,macroal-
gae is treated as a collective term, and in the future, itmight
be useful to divide recommendations into different species,
since the iodine content in different species varies dramat-
ically. The ambiguity of seaweed as a healthy food item
is, however, difficult to communicate to the general pub-
lic, and industrial applications may be easier to envisage
than domestic use, since even small amounts of seaweed
may provide functionality beyond iodine fortification and
taste.
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