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Abstract

The Office of Dietary Supplements (ODS) at the NIH sponsored a workshop on May 12–13, 2011, to bring together

representatives from various NIH institutes and centers as a first step in developing an NIH iodine research initiative. The

workshop also provided an opportunity to identify research needs that would inform the dietary reference intakes for

iodine, which were last revised in 2001. Iodine is required throughout the life cycle, but pregnant women and infants are

the populations most at risk of deficiency, because iodine is required for normal brain development and growth. The CDC

monitors iodine status of the population on a regular basis, but the status of the most vulnerable populations remains

uncertain. The NIH funds very little investigator-initiated research relevant to iodine and human nutrition, but the ODS has

worked for several years with a number of other U.S. government agencies to develop many of the resources needed to

conduct iodine research of high quality (e.g., validated analytical methods and reference materials for multiple types of

samples). Iodine experts, scientists from several U.S. government agencies, and NIH representatives met for 2 d to

identify iodine research needs appropriate to the NIH mission. J. Nutr. 142: 1175S–1185S, 2012.

Introduction

Given the serious consequences of iodine deficiency and uncer-
tainty regarding the iodine status of the most vulnerable

population groups in the US (i.e., pregnant women and infants),
the Office of Dietary Supplements (ODS)16at NIH convened a
workshop to shape the development of an iodine research
initiative with NIH institutes and centers. The overarching goal
of the meeting was to identify the research areas that would
inform future public health activities and policy related to the
identification, prevention, and remediation of iodine deficiency
disorders. Vulnerable populations in the US and Canada were
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emphasized. Recommending specific changes to the dietary
reference intake (DRI) for iodine was beyond the scope of this
workshop, but the US and Canada will work collaboratively in
the future to further refine the DRI, which was last revised in
2001 (1). In the interim, relatively little research relevant to
iodine and human nutrition has been conducted by investigators
in the US or Canada, but researchers from other countries have
been actively engaged in this area.

This summary will focus on iodine adequacy and mild
deficiency because these categories are considered most likely to
be relevant to North America. Although the US and Canada are
often described as iodine sufficient, mild deficiency still exists in
a surprisingly large number of other industrialized countries (2).
Further, investigators with the CDC recently raised concerns
about the adequacy of iodine status of pregnant women in the
US (3). Moderate and severe deficiency also will be reviewed,
primarily to emphasize the more serious and sometimes irrevers-
ible health consequences of clearly inadequate iodine intake.
Various international agencies and organizations17 have made
enormous progress in reducing the prevalence of iodine deficiency
disorders around the world, yet iodine deficiency remains the
primary preventable cause of mental retardation among children
(4). At the other end of the exposure spectrum, our understanding
of the health effects of excessive iodine intake appears to be
inadequate.

History of Iodine Deficiency

The iodine concentration of foods for human consumption is
primarily determined by the concentration of iodine in the soil
where plants grow and animals graze. For this reason, iodine
deficiency undoubtedly dates back to earliest man (5). Simple
goiter, a clinical manifestation of iodine deficiency, was recog-
nized in classical times and depicted in early Christian iconog-
raphy. As reviewed by Zimmermann (6), the cause was unknown,
but goiter was treated with seaweed and tinctures from sponges,
both rich in iodine. For centuries, many European countries
experienced both endemic goiter and cretinism, the latter being
the most severe form of iodine deficiency characterized by mental
retardation, deaf-mutism, stunted growth, delayed sexual mat-
uration, and a variety of complications due to neurological
abnormalities. In the late 1870s, research chemists and physicians
in Western Europe identified the unifying characteristic of
patients with goiter and cretinism as a thyroid that was low in
iodine.

History of iodine deficiency in North America. Evidence of
widespread goiter in the US was documented around World War
I, owing in part to the results of physical examinations
associated with the draft. The condition was prevalent around
what came to be known as the Goiter Belt, including areas
around the Great Lakes and Pacific Northwest regions of the US

and Canada. Growth failure and reproductive problems asso-
ciated with iodine deficiency in humans were observed among
farm animals in the same areas. After extensive lobbying and
education efforts by nutrition scientists, and in spite of strong
opposition from local, state, and federal authorities, interven-
tion studies were eventually conducted by Dr. David Marine
et al. (7,8) between 1917 and 1919 and clearly demonstrated the
efficacy of iodine supplementation among teenage girls with
endemic goiter.

Metabolism and Function

Metabolism. Iodine present in food and supplements occurs
both as salts and in organic forms. Kelp is often used as a source
of iodine in dietary supplements available in the US (9). After
ingestion, inorganic and organic sources of iodine are converted
to iodide and absorbed by the gut. A sodium-iodine symporter
expressed by the apical membrane of enterocytes mediates
intestinal absorption of iodine (10). Absorption of oral doses is
estimated to range from 85 to 90% (11,12). The sodium-iodine
symporter, located on the basolateral membrane of thyrocytes,
mediates uptake of circulating iodide and its concentration in
the thyroid. Absorbed iodine is cleared from the circulation
primarily by the kidneys and thyroid. Fractional renal clearance
appears to be constant (13). In contrast, thyroidal uptake of
iodine varies substantially and increases when intake is low (11).
In iodine-sufficient areas, the adult thyroid retains ;60 mg/d
iodine to compensate for loss in feces and sweat and also to
maintain thyroid hormone (TH) synthesis. Thyroid stores are
estimated to range from 20 mg in severely deficient populations
to ;10–20 mg, depending on usual iodine intake (11).

Biological role. The only known function of iodine is as a
component of TH. The multiple physiological effects of iodine
are attributed to the pleiotropic effects of TH. Most circulating
TH is bound to plasma proteins, particularly to thyroxine (T4)-
binding globulins (14). Only ;0.1% of circulating TH is
unbound and therefore active. There are 2 forms of active TH,
T4 and triiodothyronine (T3). In peripheral tissues, T3 is the
more active form and critical for neurodevelopment (15). Like
other endocrine systems, thyroid homeostasis is maintained by a
negative feedback loop.When circulating TH is low, the pituitary
gland increases production of thyroid-stimulating hormone
(TSH), also known as thyrotropin, resulting in increased synthe-
sis of TH. Similarly, when the TH concentration is too high, TSH
production is reduced.

Factors affecting iodine utilization. Several dietary and
environmental factors affect the absorption and utilization of
iodine, including consumption of foods containing goitrogens,
exposure to perchlorate, and the presence of other micronutrient
deficiencies. Goitrogens such as isothyocyanates are substances
that interfere with the uptake of iodine in the thyroid gland.
Isothyocyanates are present in cassava, cabbage, broccoli,
cauliflower, and other cruciferous vegetables. When ingested at
high levels, isoflavones found in soy products also can inhibit
TH formation (16). Healthy individuals exposed to dietary
goitrogens do not usually develop goiter unless other factors are
present, such as low iodine intake (1). Perchlorate, a chemical
contaminant found in many public drinking-water supplies, also
inhibits the transport of iodine into the thyroid gland (17).
However, like most goitrogenic substances, perchlorate at usual
intake levels does not appear to have a clinically significant effect
unless there is a coexisting iodine deficiency (18).
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Deficiencies of selenium, iron, and vitamin A can exacerbate
iodine deficiency by interfering with normal thyroid function.
Selenium, for example, is a component of the deiodinase enzymes
required for the activation of T4 to T3. New Zealand has a
history of both selenium and iodine deficiency. In a recent study
of older New Zealand residents with marginal status of both
nutrients, joint supplementation improved selenium and iodine
status but did not have a synergistic effect (19). Children in
developing countries often suffer from coexisting deficiencies of
iron and iodine. Thyroid peroxidase, the enzyme that catalyzes
the first 2 steps of TH synthesis, requires an iron-containing heme
prosthetic group. Thus, iron deficiency impairs activity of this
enzyme and could blunt the effects of administered iodine in
populations with goiter (20). In a controlled intervention trial of
Moroccan children, administration of salt fortified with both
iodine and iron dramatically reduced the prevalence of anemia
and also increased the efficacy of supplemental iodine (21).
Vitamin A deficiency, through its effects on the promoter region
of the pituitary TSH gene, may increase risk for goiter in iodine-
deficient children (22). It seems likely that additional interactions
between iodine and other nutrients remain to be discovered,
especially as our understanding of nutrient-gene and nutrient-
nutrient interactions evolves.

Consequences of Insufficient Iodine

Intake

Iodine is required for normal growth and development of
humans and animals. Severe deficiency in humans is associated
with goiter and poor pregnancy outcome (e.g., fetal death,
stillbirth, prematurity, stunted growth, and impaired cognitive
and motor function) (23). The nature and severity of adverse
effects associated with iodine deficiency are related to the timing,
degree, and duration of insufficient intake.

Vulnerable groups. Women whose diets are iodine sufficient
before pregnancy have substantial iodine reserves in their
thyroids, ;15–20 mg (4); this is roughly enough to provide
50–70 mg/d over the course of a 280-d pregnancy. Iodine
requirements increase with pregnancy and are associated with
increased maternal metabolism, increased loss of urinary iodine
(UI), and transfer of iodine to the fetus throughout pregnancy for
synthesis of TH (24). Maternal reserves and continued sufficient
intake of iodine during pregnancy are needed to meet fetal
requirements and the later needs of newborns and developing
infants who are breastfed.

The effects of insufficient iodine intake on the developing
fetus are described as the most serious of any population group,
because the damage is permanent, particularly if the deficiency is
severe. The potential benefit of treating infants exposed to severe
deficiency in utero has been studied in countries with high rates
of endemic cretinism. Although the findings are not completely
consistent, it appears that interventions with iodine must occur
early in pregnancy to reduce the risk of prematurity, stillbirth,
and subsequent cognitive impairment during infancy and child-
hood (23).

Infants (i.e., birth to 24 mo) are the population most at risk of
iodine deficiency, because they have the highest requirements per
kilogram of body weight of any age group (11). Clinical signs of
severe iodine deficiency during infancy include growth retarda-
tion and impaired cognitive function (23). In developing coun-
tries, iodine insufficiency of infants is often further complicated
by inadequate intake of other micronutrients.

In areas in which the general population has adequate iodine
intake, exclusively breast-fed infants may be at risk of iodine
insufficiency. Andersson et al. (25) reported that breast-fed
infants in Switzerland were borderline deficient with the
exception of those fed iodine-fortified complementary foods.
This suggests that even in iodine-sufficient areas, breast milk
may not provide adequate iodine and/or home-prepared com-
plementary foods may be low in iodine. Both fortified comple-
mentary foods and iodine-fortified infant formula make
substantial contributions to total iodine intake (26,27).

Observational and intervention studies: progress and
challenges. In the last century and particularly in the last 20
y, assessment of population iodine status provided evidence of
iodine deficiency, which led to iodine intervention programs and
facilitated the transition of many severely and moderately
iodine-deficient countries to iodine sufficiency (4). Relatively
few investigators have conducted observational epidemiologic
studies to assess the relation between iodine intake and health
outcomes. Investigators in Italy studied the association between
UI excretion and intake of selected food items in relation to the
intelligence quotient (IQ) of .1200 school children in Spain
(28). UI excretion, as a proxy for total intake, was inversely
associated with IQ. Intake of noniodized salt and infrequent
consumption of milk were also related to increased risk of lower
IQ. A small prospective cohort study of 26 children born to
mothers living either in iodine-deficient or -sufficient areas of
Spain indicated increased risk of attention deficit and hyperac-
tivity disorders among children in the low-iodine areas (29).

Randomized clinical trials (RCT) are less common, usually
due to cost considerations, but are generally considered at the
top of the hierarchy of study designs. Two RCT related to iodine
deficiency and neurological deficits were conducted decades
apart and in very different settings. The first was conducted in
Papua New Guinea at a time when severe iodine deficiency was
common in that country. Pharoah et al. (30) observed that motor
skills improved among children born to mothers who received
injections of iodized oil and further hypothesized that cognitive
function might also be enhanced by supplementation. In 2009,
New Zealand school children with mild iodine deficiency were
recruited to participate in a controlled trial. Those supplemented
with 150 mg iodine daily for 7 mo had improved cognition and
intellectual performance compared with controls (31).

DRI for Iodine

Reference intake levels for iodine and other nutrients are
established by the Food and Nutrition Board at the Institute of
Medicine (IOM) of the National Academies (Table 1). These
reference values, collectively referred to as DRI, include the
Adequate Intake (AI), Estimated Average Requirement (EAR),
RDA, and Tolerable Upper Intake Level (UL) (1). Other publi-
cations provide definitions of these terms and guidance for
appropriate interpretation and application of DRI values (32,33).

Intake recommendations. Most DRI values require estimates
of nutrient requirements. EAR are particularly important,
because RDA are calculated from them. For adults, the IOM
panel relied on iodine turnover studies in which the mean
uptake, distribution, and release of iodine from body compart-
ments was measured (1). Based on data from these studies, the
committee set the EAR for adult women and adult men at 95mg/d.
For children age 4–18 y, limited data from balance studies and
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extrapolation from adult values yielded an EAR that varied from
65 to 95 mg/d, depending on age.

As noted earlier, pregnant women have increased iodine
requirements (24). The EAR for pregnancy was set at 160 mg/d
based primarily on data from a limited number of balance studies.
Similarly, the iodine requirement also increases during lactation to
compensate for iodine excretion in breast milk. The EAR for
lactation was based on the EAR for adolescent girls and nonpreg-
nant women plus the average daily loss of iodine in human milk,
resulting in a value of 209 mg/d.

Perhaps the most important gap in the DRI is the lack of data
to establish an EAR for infants. Due to lack of experimental
data, the AI for both younger and older infants (110 and 130 mg/
d, respectively) were based onmean iodine intake of infants aged
0–12 mo exclusively fed breast milk. The AI cannot be used to
assess inadequacy of population groups, and thus establishing an
EAR for infancy should be an important goal of future research.
Consideration should also be given to the iodine intake of
infants fed infant formula, because this represents a large
percentage of infants in the US.

UL. In setting the UL, the IOM committee considered adverse
effects of excess iodine, including goiter, hypothyroidism, and
elevated TSH levels (1). Paradoxically, these effects include
some of the same symptoms as those associated with iodine
deficiency, because excess iodine can inhibit TH synthesis and
thereby increase TSH stimulation (34,35). The IOM committee
also considered other adverse effects of excess iodine, including
thyroiditis, papillary cancer of the thyroid, and goiter and
hypothyroidism in newborn infants (1). Because an elevated
TSH is one of the first signs of excess iodine intake, it was
selected as the critical adverse effect upon which to base the
UL. Dose response data for elevated TSH, combined with an
estimated uncertainty factor of 1.5, yielded a UL of 1100 mg/d
for adults, with corresponding lower amounts for other age
groups.

Evidence indicates that healthy individuals are usually tolerant
to iodine intakes up to$1mg, because the thyroid gland is able to
regulate the production of TH within a wide range of iodine

intakes (36,37). However, in a recent RCT conducted in China,
healthy euthyroid adults receiving iodine supplements of 400mg/d
(providing a total daily iodine intake of ~800 mg) showed signs of
subclinical hypothyroidism after 4 wk of supplementation (38).
Although these findings are of uncertain clinical importance, the
researchers recommend revisiting the current upper limit for this
population.

It is well established that certain individuals, including those
with autoimmune thyroid disease and iodine deficiency, may
respond adversely to intakes below the UL (1,36,37). Doses of
iodine in the milligram range or lower may cause hypothyroid-
ism in people with damaged thyroid glands, because the normal
downregulation of iodine transport into thyroid cells does not
occur and the intracellular concentration of iodide remains high,
inhibiting the formation of TH (36,37,39). In individuals with
iodine deficiency, administration of iodine, even at levels well
below the UL, can precipitate iodine-induced hyperthyroidism
(40–42). This may occur because nodules within goiters over-
produce TH when presented with sufficient iodine (37). For
these reasons, caution is warranted when introducing an iodine
fortification program to address iodine deficiency in a popula-
tion. Workshop participants experienced with iodine fortifica-
tion programs reported that gradually increasing the level of
fortification using incremental dosing has been used to help
prevent iodine-induced hyperthyroidism.

Iodine Exposure

Individuals ingest iodine from a variety of sources, making
exposure to iodine difficult to assess. The variable concentration
of iodine in individual foods complicates the assessment of intake,
as does the variable use of iodized salt. In addition, supplement
use is widespread in the US, so it is essential to consider intakes
from both foods and supplements when assessing total iodine
intake (43). The contribution of adventitious sources of iodine
further complicates the assessment of iodine intake and it is likely
that these sources contributed substantially to the iodine concen-
tration ofmilk and dairy products in the US prior to the late 1980s
(44). Iodophores were used to sanitize cow udders prior to
milking and also were used during the subsequent milk produc-
tion process. These agents did not eliminate bacteriophage and
were eventually replaced with more appropriate compounds.
Iodine also is found in some medications (e.g., povidone) and
typically in amounts well beyond usual intake.

Food sources of iodine. Seaweed is one of the richest iodine
food sources, but it is highly variable in its concentration (45);
other good sources include marine fish and other seafoods, dairy
products such asmilk, and eggs (46). Fruits and vegetables provide
iodine, but the amounts can be highly variable depending on
the iodine content of the soil, the type of fertilizer used, and
irrigation practices (1). Variation in the iodine content of
animal fodder, including supplemental salts, also influences
the iodine content of meat and dairy products available to
humans (46).

Iodine is present in human breast milk (1), but concentrations
vary depending on the mother’s iodine status and intake during
pregnancy and lactation (47,48). Recently, Pearce et al. (49)
reported that the median iodine concentration of breast milk
samples from healthy women in the Boston, MA area was 155
mg/L18, with median values from other analyses in the US
ranging from 34 to 146 mg/L (1,50–52).

TABLE 1 DRI for iodine in various groups1

AI EAR RDA UL

Infants mg/d

0–6 mo 110 nd2

7–12 mo 130 nd2

Children

1–3 y 65 90 200

4–8 y 65 90 300

9–13 y 73 120 600

14–18 y 95 150 900

Adults 95 150 1100

$19 y

Pregnant women 160 220 900

#18 y

$19 y 160 220 1100

Lactating women 209 290 900

#18 y

$19 y 209 290 1100

1 AI, Adequate Intake; DRI, dietary reference intake; EAR, Estimated Average

Requirement; UL, tolerable upper intake level.
2 nd, not determined; Intake should be from food or formula only. 18 To convert from g iodine/L to mmol iodine/L, multiply by 0.0079.
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The composition of infant formula is regulated in the US and
must provide 5–75 mg iodine/100 kcal (;150 mL) of formula
(53). Infant formula regulations in Canada are similar, with a
required minimum of 5 mg iodine/100 kcal of formula (54).
Measured iodine concentrations of 17 infant formulas have been
reported to range from 84 to 224 mg/L (49) (;13–34 mg/100
kcal). These data indicate that infant formulas meet FDA and
Canadian minimal requirements but are also highly variable in
iodine concentration.

Iodized salt. Unlike Canada and most other industrialized
countries, the US does not mandate fortification of salt with
iodine; iodization is voluntary (55,56). About 70% of the salt in
the U.S. diet comes from processed food and food eaten outside
the home, neither of which is iodized (57). It appears that food
providers (e.g., food manufacturers, fast-food establishments,
and other restaurants) do not use iodized salt because of
perceived undesirable effects on food flavor. However, there is
no published evidence regarding this concern. It is not clear how
much of the salt used in U.S. households (i.e., at the table or in
cooking) is iodized, but iodized salt must be labeled as such and
is required to contain iodine at a concentration of 45 mg/kg.
Specialty forms of salt, such as sea salt and Kosher salt, are not
usually iodized. Most U.S. consumers do not appreciate that
iodine in household salt, which is typically in the form of
potassium iodide, is not stable and sublimates over time under
conditions of high humidity and heat (57). In other parts of the
world, potassium iodate is frequently used to iodize salt because
it is more stable, particularly in tropical climates (58).

Dietary supplements. Dietary supplement use among a rep-
resentative sample of the U.S. population is monitored as part of
NHANES. Use of individual ingredients such as calcium or
supplement categories such as multivitamins-multiminerals
(MVMM) is assessed. In a recent NHANES survey, 53% of
adults reported the use of at least one dietary supplement in the
last 30 d and the majority reported daily use (43). MVMM are
the most widely used of all the supplement categories (59). Use
of dietary supplements containing iodine can be calculated from
recent NHANES data and those analyses are in progress.

Prenatal supplements. Pregnant women are encouraged to
take a prenatal dietary supplement, and the American Thyroid
Association recommends 150 mg of supplemental iodine daily
for all women who are pregnant, lactating, or planning a
pregnancy (60). In a brief report of NHANES data collected
between 2001 and 2006, ;70% of pregnant women in the US
reported supplement use, but only 20% reported use of a
product that contained iodine (61).

Assessment of Iodine Intake

In the US, the assessment of nutrient intake must include
contributions from foods and dietary supplements, particularly
if the contribution from supplement ingredients of interest is
substantial (62). Both FFQ and 24-h recalls are used to collect
qualitative and quantitative information about what people eat and
also to assess their use of supplements to estimate total intake.
Intake of iodine and other nutrients from supplements can be
estimated based on label information provided by study partici-
pants, as is done in NHANES (63). However, it is not currently
possible to link information about usual intake of iodine from foods
to food composition tables, because comprehensive information on

the iodine content of foods is not yet available in the US or Canada.
Therefore, the exposure of interest currently cannot be directly
measured and a surrogate biomarker, usually UI, is used to estimate
intake. UI has been used as a proxy for recent intake based on
reasonable correlations between iodine intake and its excretion in
urine (11). In industrialized countries, where people consume a
wide variety of foods, UI provides no information on the primary
sources of iodine within populations. This information would
enhance surveys and the planning and conduct of observational
studies and interventions.

In the US, 2 government agencies, the FDA and the USDA,
currently conduct studies to estimate the iodine content of foods.
These efforts could lead to the development of food composition
tables for iodine if a number of obstacles can be overcome. Both
groups have identified a number of foods for analysis. The FDA
determines iodine levels in .250 foods collected as part of the
FDA Total Diet Study (27). These sample units are collected
from 3 locations in each of 4 regions in the US and composites
are prepared and analyzed in an FDA laboratory. Annual trends
of iodine intake and the major contributors to total intake are
identified. These estimates, however, do not include data about
the variability of iodine in different brands of foods that are
collected in a given year. To evaluate the variability of iodine in
selected foods that are important sources of iodine, the USDA
Nutrient Data Laboratory is now commissioning preliminary
analyses of archived food samples that were collected as part of
the National Food and Nutrient Analysis Program. These foods
are also included in the Total Diet Study and include products
such as fluid milk, ready-to-eat breakfast cereals, and white
bread. After review and statistical analysis to assess variability,
results will be compared with those obtained by the FDA. This
approach is promising for a variety of reasons, including the
successful development of food composition tables for selenium
(64). Like iodine, the selenium concentration of foods is highly
dependent on its concentration in the soil and is largely
determined by geography. Although the ongoing iodine food
composition work is encouraging, no decision has been made to
develop a food composition table for iodine to assess intake
using NHANES data.

Eventually, it may be possible to conduct observational
epidemiologic studies (case-control or cohort) to assess the
relation between iodine intake and health outcomes of interest
(e.g., pregnancy outcome) in otherwise healthy populations.
In preparation for a cohort study, investigators in Norway
validated multiple FFQ and diet records as determinants of
dairy intake (65). It was known beforehand that dairy products
would be high in iodine, because fortification of cattle fodder is
mandatory in Norway. The validity coefficients for total
consumption of dairy products were higher for the food diary
instrument (0.94) than the more easily administered FFQ
(0.65). A coefficient of 0.52 was reported for 24-h UI excretion,
which also can be used as a biomarker of total iodine intake. A
group from Denmark (66) provided data suggesting that the
validity coefficient associated with UI as a biomarker of dairy
intake and potentially total intake could be improved by using
two 24-h urine collections.

Dietary Supplement Ingredient Database. The Nutrient
Data Laboratory, Beltsville Human Nutrition Research Center,
Agricultural Research Service, USDA, has collaborated with
ODS and other federal agencies to plan and develop a Dietary
Supplement Ingredient Database (DSID) to evaluate levels of
ingredients in dietary supplement products. The data are unique
in that the values are analytically validated rather than obtained

NIH workshop on iodine research needs 1179S

Downloaded from https://academic.oup.com/jn/article-abstract/142/6/1175s/4694096
by guest
on 15 June 2018



from label information. A publicly available database has been
released that includes data on values for adult MVMM (67) and
is being expanded to include other products of public health
importance (63,68).

A study evaluating the vitamin and mineral content of over-
the-counter prenatal MVMM is currently underway (69). A
sampling plan was developed to obtain a representative sample
of products and was based on information from NHANES, the
Nutrition Business Journal, published studies, and store surveys.
Retail products were purchased in 6 regions of the US in mass
markets and vitamin and health food stores. Direct sales
products were purchased via the Internet and through multilevel
marketing channels. Multiple lots of ;70 representative pro-
ducts were obtained,;80% of which contained a label claim for
iodine. The label amounts ranged from 25 to 300 mg iodine/
serving, with the most commonly labeled value of 150 mg/
serving, which is 100% of the Daily Value for labeling purposes.
Approximately one-half of the supplements listed potassium
iodide as the iodine source and the rest listed kelp.

The purchased supplements were chemically analyzed for
iodine using both a titration (70) and inductively coupled plasma
MS method of analysis (71). Both methods were evaluated over
time against the National Institute of Standards and Technology
(NIST) Standard Reference Material (SRM) 3280, a MVMM
tablet containing a certified level of iodine. Each method
provided mean results within the certified range. The inductively
coupled plasma MS method was determined to be superior,
because it was more precise and will be used exclusively for
DSID studies. For the 55 over-the-counter prenatal products
analyzed for the DSID study, preliminary results show a mean
percent difference from label values of 25% above, with a range
of 30% below label to 116% above. Approximately two-thirds
of the analyzed products exceeded the labeled values.

Analytical Methods

The development of any database that is dependent on chemical
analysis requires implementation of analyses that are fit-for-
purpose, validated, accurate, and can be reproduced by others.
The goal of these activities is harmonization of methods of
analysis to ensure integrity of the data and to allow pooling and
comparison of data across studies.

Harmonization of methods. There are several options avail-
able when considering harmonization and the path depends to a
great extent upon the available resources (72). The best option
requires the availability of reference materials and one or more
reference measurement procedures (RMP). RMP can be used to
assign values to reference materials, which are then employed by
laboratories to assess measurement accuracy of specific analytes.
RMP also can be used as a reference point when evaluating the
accuracy of routine methods. A side-by-side comparison of the
results of an RMP and a routine method can provide an estimate
of measurement bias associated with the routine method.

The development of SRM has been a major program within
the NISTAnalytical Chemistry Division, with an inventory now
approaching 1000 matrix-based or pure materials. With the
objective of providing improved quality assurance support and
the provision of traceability for iodine status monitoring and
dietary intake, a new measurement program has been initiated
to increase the inventory of SRM with measured values for
iodine. SRM 2670a, a freeze-dried urine, is already available and
certified for iodine concentration (88.2 mg/L). This will be
supplemented soon with a new material, SRM 3668, which is a

2-level, fresh-frozen urine having a certified iodine concentration
of 142.7 mg/L in Level I and 279 mg/L in Level II.

Assessment of iodine intake and monitoring change in
exposure following iodine supplementation is an important
area in the assessment of iodine status and nutrition of
populations around the world. Two relevant SRM are currently
available with certified values for iodine, consisting of SRM
1548a, Typical Diet, with a certified value of 0.759 mg/kg, and
SRM 3280, a multivitamin supplement, with a certified value of
0.1327 mg/g. A program to add iodine values to other important
nutritional SRM, namely SRM 3233 (fortified breakfast cereal),
SRM 1549a (whole milk powder), SRM 1845a (whole egg
powder), SRM 1849a (infant/adult nutritional formula) (73),
SRM 2383a (baby food composite), and SRM 1954 (fortified
human milk), is underway.

Iodine supplementation by means of the addition of iodine
compounds (either potassium iodide or potassium iodate, depend-
ing on the region) to table salt has been a predominant mechanism
for ensuring sufficient iodine nutrition in many countries (11). The
currently accepted reference method for analytical determination
of iodized salt is titration (74), but there are no matrix reference
materials yet available for quality assurance of such measure-
ments. With this in mind, 2 new SRM, consisting of SRM 3530,
iodized table salt (iodide) and iodized table salt (iodate), are being
developed.

Assessment of Iodine Status

UI concentration. In most circumstances, the iodine status of
individuals participating in observational or intervention studies
is not estimated by assessing dietary iodine intake. Instead, urine
is the biospecimen most frequently collected for assessing
iodine status. For 2 physiological reasons, UI concentration is
almost universally used as a proxy for iodine intake. First,
the absorption of iodine is typically in the range of 85–90%
across a wide range of intakes (11,12). Second, renal fractional
clearance of circulating iodide is reported to be constant,
making UI an appropriate estimate of recent iodine intake (75).
Pregnant women appear to be an exception to the rule given
the pronounced increase in glomerular filtration rate during
gestation (76).

Due to the expense and practical difficulties associated with
24-h urine collections by free-living populations, spot urine
collections (casual urine samples) are usually collected instead.
Some investigators recommend timed urine collections, because
there could be a difference between fasting urine samples and
those collected during other parts of the day (77). In addition,
there are various ways of expressing UI, including UI concen-
tration and UI concentration adjusted for creatinine. Nearly all
variations of UI are expressed per liter of urine.

The WHO developed reference ranges for UI concentration
and those values are widely used to evaluate iodine nutritional
status, ranging from severe deficiency to excessive intake (Table
2) (58). Reference ranges were established for various stages of
the life cycle, including the groups most vulnerable to iodine
deficiency. The WHO UI criteria for children and nonpregnant,
nonlactating adults are based on the correlation between rates of
endemic goiter in populations and the corresponding median
24-h UI excretion (78).

In preparation for a planned national sodium reduction
initiative in the US and subsequent monitoring of progress, the
CDC and other federal partners are analyzing data from a
recent pilot study designed to determine if timed urine samples
can be used to replace the current gold standard of 24-h urine
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collections for determination of daily sodium excretion. Using
24-h urine collections would be too expensive in a large national
survey (i.e., NHANES) designed to determine whether the
sodium reduction initiative is effective. Additional urine samples
from the pilot study have been collected for measurement of
iodine to determine if timed urine samples are an adequate
substitute for 24-h collections. This study is expected to provide
important new data on the adequacy of casual urine samples for
the assessment of iodine intake. The results for sodium and
iodine will be available in 2012.

U.S. and Canadian population surveys of iodine status.
The US and Canada conduct national population surveys to
assess and monitor iodine status. UI concentration (mg/L) has
been the proxy index of iodine intake used in NHANES. Median
values are evaluated against the WHO reference values (Table 2).
In 1998, Hollowell et al. (79) noted a dramatic decline in
median UI concentration from NHANES I (1971–1974) to
NHANES III (1988–1994). The median concentration of the
population decreased from 320 to 145 mg/L between the 2
surveys and increased slightly to 167.8 mg/L in a subsequent
survey (NHANES 2001–2002) (80). A variety of factors,
including reduced use of iodophores by the dairy industry, were
proposed as contributors to the initial decline of;50% but were
never clearly identified.

Iodine status of pregnant women has been monitored in
several surveys and median values compared with WHO criteria
for adequacy (150–249 mg/L) (Table 2). NHANES is a very large
multipurpose survey of the U.S. population that is not specif-
ically designed to emphasize pregnancy and does not include a
large number of pregnant women. In NHANES I (1971–1974)
and NHANES III (1988–1994), median UI concentrations of
pregnant women were 327 and 141 mg/L, respectively, but were
greater than those of nonpregnant women (79). In a subsequent
report based on NHANES data from 2001–2006 (3), the median
UI concentration of 326 pregnant women was 153 mg/L and
dairy products contributed substantially to iodine intake. Most
recently, Caldwell et al. (81) reported NHANES data from 2005–
2008; the median UI concentration of 184 pregnant women was
125 mg/L. Although the decline in median UI concentrations of
pregnant women after 1994 is of concern, a much larger sample
size would be needed to adequately evaluate changes over time in
this critical population group.

UI concentration and iodine intake in Canada also are being
assessed using data from 2 different surveys: the Canadian
Community Health Survey and the Canadian Health Measures
Survey (82). The studies are in a relatively early phase and the
data on intake and iodine status are not yet published.

Assessing iodine exposure at the population level: statis-
tical considerations. Assuming that UI concentration is a
reliable measure of daily iodine exposure from a large sample of
individuals, the median UI concentration of the population is
frequently the statistic of immediate interest. To obtain addi-
tional and more useful information from the distribution of
population exposure, within-person variability in iodine excre-
tion should be determined. This step requires 2 or more
independent UI concentrations from at least a subsample of
individuals representing age, gender, and other categories of
interest. Ignoring the within-person variance in exposure
decreases the precision of UI estimates in the most essential
areas of the distribution curve, the tails. Recent studies (66,83–
85) indicate that the within-person variability in iodine excre-
tion is non-negligible relative to the between-person variability.

Further, the failure to assess and adjust for within-person
variability may bias the proportion of persons with excretion
below or above given thresholds (i.e., ,150 or .500 mg/L
among pregnant women) (86,87). In general, the proportion of
individuals in the lower part of the distribution will be
overestimated and the proportion in the upper end of the
distribution tail will be underestimated.

Functional indices of iodine status. Given that iodine is
intimately associated with thyroid function, it is not surprising
that various biomarkers of thyroid function have been used to
assess iodine status in addition to the more commonly used
measure of UI concentration. Some investigators have reported
that TH concentrations (e.g., free T3 or T4) are not adequately
sensitive to change in iodine status (88,89). Thyroglobulin,
however, has emerged as a promising biomarker of iodine
nutrition status (90). Other investigators are actively pursuing
the development of dried blood-spot thyroglobulin as a means to
study iodine nutrition, especially in populations where labora-
tory and storage resources are limited (91). The ODS Analytical
Methods and Reference Materials Program works with a variety
of groups to support methods development for many ingredients
found in dietary supplements. The program also involves a
collaboration with NIST to develop SRM, including one for
blood-spot thyroglobulin.

Biomarkers of Nutrition for Development initiative. Nutri-
tional status is often assessed by measuring exposure and/or
functional indices of nutrient adequacy or excess. Ideally, one or
both approaches will have predictive value for the health
outcomes of interest. The Eunice Kennedy Shriver National
Institute of Child Health and Human Development (NICHD) at
NIH is actively engaged in developing a research initiative in this
area with a focus on biomarkers (92). The program, Biomarkers
of Nutrition for Development, is intended to meet the increasing
need for discovery, development, and implementation of reliable
and valid biomarkers to assess nutrient exposure, status,
function, and effect. Iodine is 1 of 6 nutrients currently being
developed under the Biomarkers of Nutrition for Development
initiative (93).

Summary of Research Needs

The workshop provided an opportunity to identify and
prioritize research likely to advance the assessment of iodine
status of the U.S. population, with emphasis on the most
vulnerable populations. Additional details are provided below.
Intervention studies are not mentioned as a high-priority research
need (Table 3), given the extent of preliminary research needed to
even consider an RCT. Only one DRI is mentioned to emphasize
what was felt to be the most important gap to be addressed to
inform future DRI.

Assessment of total iodine intake. The assessment of total
iodine intake is important, because it represents the exposure of
interest. Dietary assessment instruments are regularly admin-
istered to individuals participating in a variety of observational
studies, including population surveys, but food composition
tables for iodine are not available. The USDA and FDA are
collaborating to develop such tables for the U.S. population
and are working on another database providing the iodine
content of dietary supplements. A successful effort would
provide an opportunity to obtain better estimates of the total
iodine intake of various segments of the U.S. population and to
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determine the relative contributions from various sources for a
variety of age-gender groups.

UI. In the absence of food composition tables, UI concentration
is the most commonly used surrogate for total iodine intake. It is
important to determine whether UI concentration is an appro-
priate proxy for 24-h urine collections and daily iodine intake.
The first question will be answered when the results of the
previously mentioned pilot study designed by the CDC and other
federal partners are made available. This study will also be
useful for assessing the validity of the multiple correction factors
used to estimate total daily UI excretion based on a determina-
tion of UI concentration.

Information about intra-individual variation of UI concen-
tration is also needed to obtain additional information from the
distribution of population exposure. This is particularly impor-
tant, because the tails of the distribution curve reflect the
exposures of interest, i.e., deficiency and excess. This requires at
least 2 urine collections and 2 UI determinations per participant
and is rarely done.

Indices of iodine status related to thyroid function.
Thyroglobulin appears to be a promising index of iodine status
and should be evaluated in more studies of pregnant women and
infants. As a relatively new index of iodine status, tests of
sensitivity and specificity would be useful. Low concentrations

TABLE 2 Epidemiological criteria for assessing iodine nutrition in a population based on median and/or
range of UI concentrations1

Population Iodine intake Iodine nutrition

School-aged children2

,20 mg/L Insufficient Severe iodine deficiency

20–49 mg/L Insufficient Moderate iodine deficiency

50–99 mg/L Insufficient Mild iodine deficiency

100–199 mg/L Adequate Optimal

200–299 mg/L Above requirement May pose a slight risk in the overall population, but likely to provide

adequate intake for pregnant/lactating women

.300 mg/L Excessive Risk of adverse health consequences (iodine-induced hyperthyroidism,

autoimmune thyroid disease)

Pregnant women

,150 mg/L Insufficient

150–249 mg/L Adequate

250–499 mg/L More than adequate

$500 mg/L Excessive3

Lactating women4

,100 mg/L Insufficient

$100 mg/L Adequate

Children ,2 y old

,100 mg/L Insufficient

$100 mg/L Adequate

1 To convert from mg iodine/L to mmol iodine/L, multiply by 0.0079. Reproduced with permission from (94). UI, urinary iodine.
2 Also applies to nonpregnant and nonlactating adults.
3 The term ‘‘excessive’’ means in excess of the amount required to prevent and control iodine deficiency.
4 In lactating women, the figures for median UI are lower than the iodine requirements because of the iodine excreted in breast milk.

TABLE 3 Summary of an NIH workshop to identify research needed to improve the monitoring of iodine status in the US and to
inform the DRI1

Research need Use

Assessment of iodine intake

Develop food composition tables for iodine Dietary assessment instruments

Develop dietary supplement database for iodine Assess contribution of supplements to total intake

Evaluate UI concentration as an index of 24-h excretion Assess UI as a proxy of daily iodine exposure

Refine population distribution curves by assessing intra-individual

variation of UI concentration

Obtain critical information from the tails of the distribution curve

Evaluate TH as indices of iodine status Resolve current controversy regarding sensitivity and specificity of TH

Continue to develop validated analytical methods and SRM for a

variety of matrices

Quality control which will facilitate comparison between studies and

allow pooling of studies related to iodine nutrition.

Modeling studies If additional iodine fortification is contemplated, predictive

mathematical models would be very useful for assessing potential

impact on all segments of the population.

DRI

EAR for infants To establish a RDA for a high risk population

1 DRI, dietary reference intake; EAR, Estimated Average Requirement; SRM, Standard Reference Material; TH, thyroid hormone; UI, urinary iodine.
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of circulating TH are sometimes equated with iodine insuffi-
ciency without providing a more direct measure of iodine status.
In addition, questions about TH sensitivity and specificity
should also be addressed.

Analytical methods. Many basic research tools needed for
conducting iodine research are now available. These include
validated analytical methods for measuring iodine concentration
of various samples (e.g., urine, baby formula, milk) and a variety
of important SRM produced by NIST. Development of methods
for assessing iodine in foods is not as far advanced but is
progressing. In addition, it is essential for investigators to
provide details in publications about the analytical methods
employed, including information about quality control.

Modeling studies. If additional fortification with iodine is
someday considered for the US, mathematical modeling of the
proposed intervention could be very useful. Ideally, the development
of methods to simulate changes in iodine intake from a fortified
food or foods would minimize the prevalence of both inadequate
and excessive intake of the population and various subgroups.

Intervention studies. Many industrialized countries are de-
fined as mildly iodine deficient, but few studies have been
conducted to evaluate iodine supplementation of pregnant
women and subsequent health effects on their children. A better
understanding of the effect of mild iodine deficiency on
subsequent cognition and motor function of children is needed.
No such intervention studies have been conducted in the US or
Canada, but until more data on the iodine status of pregnant
women in these countries are available, these studies would be
premature. Nonetheless, it is important to begin to develop the
research questions to be addressed and also develop the most
cost-efficient research designs.

DRI. The formulation of an EAR for infants is the most pressing
DRI issue. In addition, the EAR of specific age and gender
groups should be less dependent on extrapolation of data.
Additional studies examining the effects of high-iodine intakes
on thyroid disorders and other adverse effects are also needed.

Acknowledgments
ODS thanks the following individuals for their roles during
the workshop. Session moderators: C.J.H. and K.L.C.; speakers:
M.B.Z., S.S., E.N.P., P.R.T., C.Z., K.W.A., A.C., S.E.L., R.L.B.,
K.M.S., K.W.P., S.P.J.B.; Paul M. Coates, ODS; Amir Makhmudov,
CDC; KarenMurphy, NIST; Allison Yates, USDA; Daniel J. Raiten,
NICHD; other workshop participants providing information ap-
pearing in the manuscript: Robert M. Russell, ODS; Christopher
T. Sempos, ODS;Marion J. Balsam, NICHD; ODSWorkshop Plan-
ning Committee: C.A.S., J.T.D., R.L.B., J.M.B., C.J.H., Jody Engel,
Cindy Lentino, and Cindy Rooney. The authors also thank
Theodora Radcliffe for her editorial assistance. A special thanks
to ODS Director Paul M. Coates for his support of the work-
shop and continued development of an iodine initiative. C.A.S.
and C.J.H. wrote the manuscript drafts and finalized the
manuscript with contributions from all authors. All authors
read and approved the final manuscript.

Literature Cited

1. Institute of Medicine, Food and Nutrition Board. Dietary Reference
Intakes for vitamin A, vitamin K, arsenic, boron, chromium, copper,

iodine, iron, manganese, molybdenum, nickel, silicon, vanadium, and
zinc. Washington, DC: National Academy Press; 2001.

2. Zimmermann MB. Iodine deficiency in industrialized countries. Clin
Endocrinol (Oxf). 2011;75:287–8.

3. Perrine CG, Herrick K, Serdula MK, Sullivan KM. Some subgroups of
reproductive age women in the United States may be at risk for iodine
deficiency. J Nutr. 2010;140:1489–94.

4. Zimmermann MB, Jooste PL, Pandav CS. Iodine-deficiency disorders.
Lancet. 2008;372:1251–62.

5. Dobson JE. The iodine factor in health and evolution. Geogr Rev. 1998;
88:3–28.

6. Zimmermann MB. Research on iodine deficiency and goiter in the 19th
and early 20th centuries. J Nutr. 2008;138:2060–3.

7. Marine D, Kimball OP. Prevention of simple goiter in man. Fourth
paper. Arch Intern Med. 1920;25:661–72.

8. Carpenter KJ. David marine and the problem of goiter. J Nutr. 2005;
135:675–80.

9. Leung AM, Pearce EN, Braverman LE. Iodine content of prenatal
multivitamins in the United States. N Engl J Med. 2009;360:939–40.

10. Bizhanova A, Kopp P. Minireview: the sodium-iodide symporter NIS
and pendrin in iodide homeostasis of the thyroid. Endocrinology.
2009;150:1084–90.

11. Zimmermann MB. Iodine deficiency. Endocr Rev. 2009;30:376–408.

12. Hurrell RF. Bioavailability of iodine. Eur J Clin Nutr. 1997;51 Suppl 1:
S9–12.

13. Oppenheimer JH, Schwartz HL, Surks MI. Determination of common
parameters of iodothyronine metabolism and distribution in man by
noncompartmental analysis. J Clin Endocrinol Metab. 1975;41:319–24.

14. Benvenga S. Thyroid hormone transport proteins and the physiology of
hormone binding. In: Braverman LE, Utiger RD, editors. Werner and
Ingbar’s The thyroid: a fundamental and clinical text. 9th ed.
Philadelphia: Lippincott Williams and Wilkins; 2005. p. 97–108.

15. de Escobar GM, Ares S, Berbel P, Obregon MJ, del Rey FE. The
changing role of maternal thyroid hormone in fetal brain development.
Semin Perinatol. 2008;32:380–6.

16. Doerge DR, Sheehan DM. Goitrogenic and estrogenic activity of soy
isoflavones. Environ Health Perspect. 2002;110 Suppl 3:349–53.

17. Leung AM, Pearce EN, Braverman LE. Perchlorate, iodine and the
thyroid. Best Pract Res Clin Endocrinol Metab. 2010;24:133–41.

18. Trumbo PR. Perchlorate consumption, iodine status, and thyroid func-
tion. Nutr Rev. 2010;68:62–6.

19. Thomson CD, Campbell JM, Miller J, Skeaff SA, Livingstone V.
Selenium and iodine supplementation: effect on thyroid function of
older New Zealanders. Am J Clin Nutr. 2009;90:1038–46.

20. Zimmermann M, Adou P, Torresani T, Zeder C, Hurrell R. Persistence of
goiter despite oral iodine supplementation in goitrous children with iron
deficiency anemia in Cote d’Ivoire. Am J Clin Nutr. 2000;71:88–93.

21. Zimmermann MB, Wegmueller R, Zeder C, Chaouki N, Rohner F,
Saissi M, Torresani T, Hurrell RF. Dual fortification of salt with iodine
and micronized ferric pyrophosphate: a randomized, double-blind,
controlled trial. Am J Clin Nutr. 2004;80:952–9.

22. Zimmermann MB, Jooste PL, Mabapa NS, Schoeman S, Biebinger
R, Mushaphi LF, Mbhenyane X. Vitamin A supplementation in
iodine-deficient African children decreases thyrotropin stimulation
of the thyroid and reduces the goiter rate. Am J Clin Nutr.
2007;86:1040–4.

23. Dunn JT. Iodine. In: Shils ME, Shike M, Ross AC, Caballero B, Cousins
RJ, editors. Modern nutrition in health and disease. 10th ed. Baltimore:
Lippincott Williams and Wilkins; 2005. p. 300–11.

24. Glinoer D. The regulation of thyroid function in pregnancy: pathways
of endocrine adaptation from physiology to pathology. Endocr Rev.
1997;18:404–33.

25. Andersson M, Aeberli I, Wust N, Piacenza AM, Bucher T, Henschen I,
Haldimann M, Zimmermann MB. The Swiss iodized salt program
provides adequate iodine for school children and pregnant women, but
weaning infants not receiving iodine-containing complementary foods
as well as their mothers are iodine deficient. J Clin Endocrinol Metab.
2010;95:5217–24.

26. Thomson BM, Vannoort RW, Haslemore RM. Dietary exposure and
trends of exposure to nutrient elements iodine, iron, selenium and
sodium from the 2003–4 New Zealand Total Diet Survey. Br J Nutr.
2008;99:614–25.

NIH workshop on iodine research needs 1183S

Downloaded from https://academic.oup.com/jn/article-abstract/142/6/1175s/4694096
by guest
on 15 June 2018



27. Murray CW, Egan SK, Kim H, Beru N, Bolger PM. US Food and Drug
Administration’s Total Diet Study: dietary intake of perchlorate and
iodine. J Expo Sci Environ Epidemiol. 2008;18:571–80.

28. Santiago-Fernandez P, Torres-Barahona R, Muela-Martinez JA, Rojo-
Martinez G, Garcia-Fuentes E, Garriga MJ, Leon AG, Soriguer F.
Intelligence quotient and iodine intake: a cross-sectional study in
children. J Clin Endocrinol Metab. 2004;89:3851–7.

29. Vermiglio F, Lo Presti VP, Moleti M, Sidoti M, Tortorella G, Scaffidi G,
Castagna MG, Mattina F, Violi MA, Crisa A, et al. Attention deficit and
hyperactivity disorders in the offspring of mothers exposed to mild-
moderate iodine deficiency: a possible novel iodine deficiency disorder
in developed countries. J Clin Endocrinol Metab. 2004;89:6054–60.

30. Pharoah PO, Buttfield IH, Hetzel BS. Neurological damage to the fetus
resulting from severe iodine deficiency during pregnancy. Lancet.
1971;1:308–10.

31. Gordon RC, Rose MC, Skeaff SA, Gray AR, Morgan KM, Ruffman T.
Iodine supplementation improves cognition in mildly iodine-deficient
children. Am J Clin Nutr. 2009;90:1264–71.

32. Murphy SP, Poos MI. Dietary Reference Intakes: summary of applica-
tions in dietary assessment. Public Health Nutr. 2002;5:843–9.

33. Atkinson SA. Defining the process of Dietary Reference Intakes:
framework for the United States and Canada. Am J Clin Nutr. 2011;
94:S655–7.

34. Markou K, Georgopoulos N, Kyriazopoulou V, Vagenakis AG. Iodine-
induced hypothyroidism. Thyroid. 2001;11:501–10.

35. Pennington JA. A review of iodine toxicity reports. J Am Diet Assoc.
1990;90:1571–81.

36. Zimmermann MB. Iodine requirements and the risks and benefits of
correcting iodine deficiency in populations. J Trace Elem Med Biol.
2008;22:81–92.

37. Bürgi H. Iodine excess. Best Pract Res Clin Endocrinol Metab. 2010;
24:107–15.

38. Sang Z, Wang PP, Yao Z, Shen J, Halfyard B, Tan L, Zhao N, Wu Y,
Gao S, Tan J, et al. Exploration of the safe upper level of iodine intake in
euthyroid Chinese adults: a randomized double-blind trial. Am J Clin
Nutr. 2012;95:367–73.

39. Utiger RD. Iodine nutrition: more is better. N Engl J Med. 2006;354:
2819–21.

40. Roti E, Uberti ED. Iodine excess and hyperthyroidism. Thyroid. 2001;
11:493–500.

41. Delange F, de Benoist B, Alnwick D. Risks of iodine-induced hyperthy-
roidism after correction of iodine deficiency by iodized salt. Thyroid.
1999;9:545–56.

42. Chow CC, Phillips DI, Lazarus JH, Parkes AB. Effect of low dose iodide
supplementation on thyroid function in potentially susceptible subjects:
are dietary iodide levels in Britain acceptable? Clin Endocrinol (Oxf).
1991;34:413–6.

43. Bailey RL, Gahche JJ, Lentino CV, Dwyer JT, Engel JS, Thomas PR,
Betz JM, Sempos CT, Picciano MF. Dietary supplement use in the
United States, 2003–2006. J Nutr. 2011;141:261–6.

44. Pennington JA, Schoen SA. Total Diet Study: estimated dietary intakes
of nutritional elements, 1982–1991. Int J Vitam Nutr Res. 1996;66:
350–62.

45. Teas J, Pino S, Critchley A, Braverman LE. Variability of iodine content in
common commercially available edible seaweeds. Thyroid. 2004;14:836–41.

46. Pennington JAT, Schoen SA, Salmon GD, Young B, Johnson RD, Marts
RW. Composition of core foods of the U.S. food supply, 1982–1991. III.
Copper, manganese, selenium, and iodine. J Food Compost Anal.
1995;8:171–217.

47. Semba RD, Delange F. Iodine in human milk: perspectives for infant
health. Nutr Rev. 2001;59:269–78.

48. Dorea JG. Iodine nutrition and breast feeding. J Trace Elem Med Biol.
2002;16:207–20.

49. Pearce EN, Leung AM, Blount BC, Bazrafshan HR, He X, Pino S,
Valentin-Blasini L, Braverman LE. Breast milk iodine and perchlorate
concentrations in lactating Boston-area women. J Clin Endocrinol
Metab. 2007;92:1673–7.

50. Kirk AB, Martinelango PK, Tian K, Dutta A, Smith EE, Dasgupta PK.
Perchlorate and iodide in dairy and breast milk. Environ Sci Technol.
2005;39:2011–7.

51. Gushurst CA, Mueller JA, Green JA, Sedor F. Breast milk iodide:
reassessment in the 1980s. Pediatrics. 1984;73:354–7.

52. Kirk AB, Dyke JV, Martin CF, Dasgupta PK. Temporal patterns in
perchlorate, thiocyanate, and iodide excretion in human milk. Environ
Health Perspect. 2007;115:182–6.

53. U.S. FDA. Code of Federal Regulations. CFR 21, section 107.100
(21CFR.107.100); 2011 [cited 2011 Oct 20]. Available from: http://
www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?
fr=107.100.

54. Canadian Food Inspection Agency. Food and Drug Regulations, C.R.C.,
c.870, section B.25.054. 2011 [cited 2011 Oct 20]. Available from:
http://laws.justice.gc.ca/PDF/C.R.C.,_c._870.pdf.

55. U.S. FDA. Code of Federal Regulations. CFR 21, sections 184.1634 and
184.1265 2011 [cited 2011 Dec 3]. Available from: http://www.
accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?
CFRPart=184.

56. Institute of Medicine, Food and Nutrition Board. Food chemicals
codex. 4th ed. Washington, DC: National Academy Press; 1996.

57. Dasgupta PK, Liu Y, Dyke JV. Iodine nutrition: iodine content of iodized
salt in the United States. Environ Sci Technol. 2008;42:1315–23.

58. WHO. Assessment of iodine deficiency disorders and monitoring their
elimination, a guide for programme managers. 3rd ed. Geneva: WHO;
2007.

59. Gahche J, Bailey R, Burt V, Hughes J, Yetley E, Dwyer J, Picciano MF,
McDowell M, Sempos C. Dietary supplement use among U.S. adults has
increased since NHANES III (1988–1994). 2011:1–8.

60. Stagnaro-Green A, Abalovich M, Alexander E, Azizi F, Mestman J,
Negro R, Nixon A, Pearce EN, Soldin OP, Sullivan S, et al. Guidelines of
the American Thyroid Association for the diagnosis and management of
thyroid disease during pregnancy and postpartum. Thyroid. 2011;21:
1081–125.

61. Gregory CO, Serdula MK, Sullivan KM. Use of supplements with and
without iodine in women of childbearing age in the United States.
Thyroid. 2009;19:1019–20.

62. Fulgoni VL III, Keast DR, Bailey RL, Dwyer J. Foods, fortificants, and
supplements: where do Americans get their nutrients? J Nutr. 2011;
141:1847–54.

63. Dwyer JT, Holden J, Andrews K, Roseland J, Zhao C, Schweitzer A,
Perry CR, Harnly J, Wolf WR, Picciano MF, et al. Measuring vitamins
and minerals in dietary supplements for nutrition studies in the USA.
Anal Bioanal Chem. 2007;389:37–46.

64. Holden JM, Schubert A, Wolf WR, Beecher GR. A system for evaluating
the quality of published nutrient data: selenium, a test case. Food Nutr
Bull. 1987;9:177–93.

65. Brantsaeter AL, Haugen M, Julshamn K, Alexander J, Meltzer HM.
Evaluation of urinary iodine excretion as a biomarker for intake of milk
and dairy products in pregnant women in the Norwegian Mother and
Child Cohort Study (MoBa). Eur J Clin Nutr. 2009;63:347–54.

66. Rasmussen LB, Ovesen L, Bulow I, Jorgensen T, Knudsen N, Laurberg
P, Pertild H. Dietary iodine intake and urinary iodine excretion in a
Danish population: effect of geography, supplements and food choice.
Br J Nutr. 2002;87:61–9.

67. USDA Agricultural Research Service, Beltsville Human Nutrition
Research Center, Nutrient Data Laboratory. Dietary Supplement
Ingredient Database; 2009 [cited 2012 Jan 17]. Available from: http://
dietarysupplementdatabase.usda.nih.gov/.

68. Dwyer JT, Picciano MF, Betz JM, Fisher KD, Saldanha LG, Yetley EA,
Coates PM, Milner JA, Whitted J, Burt V, et al. Progress in developing
analytical and label-based dietary supplement databases at the NIH
Office of Dietary Supplements. J Food Compost Anal. 2008;21:S83–93.

69. Roseland JM, Holden JM, Andrews KW, Zhao C, Schweitzer A, Harnly
J, Wolf WR, Perry CR, Dwyer JT, Picciano MF, et al. Dietary
supplement ingredient database (DSID): preliminary USDA studies on
the composition of adult multivitamin/mineral supplements. J Food
Compost Anal. 2007;21:S69–77.

70. AOAC International. Methods 935.14 and 932.21 modified. Official
Methods of Analysis. 18th ed. Gaithersburg (MD): AOAC Interna-
tional; 2009.

71. Sullivan D, Zywicki R. Method of analysis for the determination of
total iodine in foods and dietary supplements using inductively coupled
plasma-mass spectrometry. J AOAC Int. 2012;95:195–202.

72. Greg Miller W, Myers GL, Gantzer ML, Kahn SE, Schonbrunner ER,
Thienpont LM, Bunk DM, Christenson RH, Eckfeldt JH, Lo SF, et al.
Roadmap for harmonization of clinical laboratory measurement pro-
cedures. Clin Chem. 2011;57:1108–17.

1184S Supplement

Downloaded from https://academic.oup.com/jn/article-abstract/142/6/1175s/4694096
by guest
on 15 June 2018



73. Sharpless KE, Lindstrom RM, Nelson BC, Phinney KW, Rimmer CA,
Sander LC, Schantz MM, Spatz RO, Thomas JB, Turk GC, et al.
Preparation and characterization of Standard Reference Material 1849
infant/adult nutritional formula. J AOAC Int. 2010;93:1262–74.

74. Jooste PL, Strydom E. Methods for determination of iodine in urine and
salt. Best Pract Res Clin Endocrinol Metab. 2010;24:77–88.

75. Alexander WD, Harden RM, Harrison MT, Shimmins J. Some aspects
of the absorption and concentration of iodide by the alimentary tract in
man. Proc Nutr Soc. 1967;26:62–6.

76. Laurberg P, Andersen S, Bjarnadottir RI, Carle A, Hreidarsson A,
Knudsen N, Ovesen L, Pedersen I, Rasmussen L. Evaluating iodine
deficiency in pregnant women and young infants–complex physiology
with a risk of misinterpretation. Public Health Nutr. 2007;10:1547–52,
discussion 1553.

77. Thomson CD, Smith TE, Butler KA, Packer MA. An evaluation of
urinary measures of iodine and selenium status. J Trace Elem Med Biol.
1996;10:214–22.

78. Delange F, Dunn JT. Iodine deficiency. In: Braverman LE, Utiger RD,
editors. Werner and Ingbar’s the thyroid: a fundamental and clinical
text. 9th ed. Philadelphia: Lippincott Williams and Wilkins; 2005. p.
264–86.

79. Hollowell JG, Staehling NW, Hannon WH, Flanders DW, Gunter EW,
Maberly GF, Braverman LE, Pino S, Miller DT, Garbe PL, et al. Iodine
nutrition in the United States. Trends and public health implications:
iodine excretion data from National Health and Nutrition Examination
Surveys I and III (1971–1974 and 1988–1994). J Clin Endocrinol
Metab. 1998;83:3401–8.

80. Caldwell KL, Jones R, Hollowell JG. Urinary iodine concentration:
United States National Health And Nutrition Examination Survey
2001–2002. Thyroid. 2005;15:692–9.

81. Caldwell KL, Makhmudov A, Ely E, Jones RL, Wang RY. Iodine status
of the U.S. population, National Health and Nutrition Examination
Survey, 2005–2006 and 2007–2008. Thyroid. 2011;21:419–27.

82. Tremblay M, Wolfson M, Gorber SC. Canadian Health Measures
Survey: rationale, background and overview. Health Rep. 2007;18
Suppl:7–20.

83. König F, Andersson M, Hotz K, Aeberli I, Zimmermann MB. Ten repeat
collections for urinary iodine from spot samples or 24-hour samples are

needed to reliably estimate individual iodine status in women. J Nutr.
2011;141:2049–54.

84. Rasmussen LB, Ovesen L, Christiansen E. Day-to-day and within-day
variation in urinary iodine excretion. Eur J Clin Nutr. 1999;53:401–7.

85. Busnardo B, Nacamulli D, Zambonin L, Mian C, Piccolo M, Girelli
ME. Restricted intraindividual urinary iodine concentration variability
in nonfasting subjects. Eur J Clin Nutr. 2006;60:421–5.

86. Carriquiry AL. Assessing the prevalence of nutrient inadequacy. Public
Health Nutr. 1999;2:23–33.

87. Jahns L, Carriquiry A, Arab L, Mroz TA, Popkin BM. Within- and
between-person variation in nutrient intakes of Russian and U.S.
children differs by sex and age. J Nutr. 2004;134:3114–20.

88. Thomson CD, Colls AJ, Conaglen JV, Macormack M, Stiles M, Mann J.
Iodine status of New Zealand residents as assessed by urinary iodide
excretion and thyroid hormones. Br J Nutr. 1997;78:901–12.

89. Paul T, Meyers B, Witorsch RJ, Pino S, Chipkin S, Ingbar SH, Braverman
LE. The effect of small increases in dietary iodine on thyroid function in
euthyroid subjects. Metabolism. 1988;37:121–4.

90. Vejbjerg P, Knudsen N, Perrild H, Laurberg P, Carle A, Pedersen IB,
Rasmussen LB, Ovesen L, Jorgensen T. Thyroglobulin as a marker of
iodine nutrition status in the general population. Eur J Endocrinol.
2009;161:475–81.

91. Zimmermann MB, de Benoist B, Corigliano S, Jooste PL, Molinari L,
Moosa K, Pretell EA, Al–Dallal ZS, Wei Y, Zu–Pei C, et al. Assessment
of iodine status using dried blood spot thyroglobulin: development of
reference material and establishment of an international reference
range in iodine-sufficient children. J Clin Endocrinol Metab.
2006;91:4881–7.

92. Raiten DJ, Namaste S, Brabin B, Combs G Jr, L’Abbe MR, Wasantwisut
E, Darnton-Hill I. Executive summary: biomarkers of nutrition
for development: building a consensus. Am J Clin Nutr. 2011;94:
S633–50.

93. NIH. Eunice Kennedy Shriver National Institute of Child Health and
Human Development. Biomarkers of Nutrition for Development
(BOND) Program; 2011 [cited 2012 Jan 17]. Available from: http://
www.nichd.nih.gov/global_nutrition/programs/bond/.

94. Zimmermann MB. Methods to assess iron and iodine status. Br J Nutr.
2008;99 Suppl 3:S2–9.

NIH workshop on iodine research needs 1185S

Downloaded from https://academic.oup.com/jn/article-abstract/142/6/1175s/4694096
by guest
on 15 June 2018


