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ABSTRACT

The accurate assessment of population iodine status is necessary to
inform public health policies and clinical research on iodine nutri-
tion, particularly the role of iodine adequacy in normal neurodevel-
opment. Urinary iodine concentration (UIC) directly reflects dietary
iodine intake and is the most common indicator used worldwide to
assess population iodine status. The CDC established the Ensuring
the Quality of Iodine Procedures program in 2001 to provide labo-
ratories that measure urinary iodine with an independent assessment
of their analytic performance; this program fosters improvement in
the assessment of UIC. Clinical laboratory tests of thyroid function
(including serum concentrations of the pituitary hormone thyrotropin
and the thyroid hormones thyroxine and triiodothyronine) are some-
times used as indicators of iodine status, although such use is often
problematic. Even in severely iodine-deficient regions, there is a great
deal of intraindividual variation in the ability of the thyroid to adapt.
In most settings and in most population subgroups other than new-
borns, thyroid function tests are not considered sensitive indicators of
population iodine status. However, the thyroid-derived protein thy-
roglobulin is increasingly being used for this purpose. Thyroglobulin
can be measured in either serum or dried blood spot (DBS) samples.
The use of DBS samples is advantageous in resource-poor regions.
Improved methodologies for ascertaining maternal iodine status are
needed to facilitate research on developmental correlates of iodine
status. Thyroglobulin may prove to be a useful biomarker for both
maternal and neonatal iodine status, but validated assay-specific ref-
erence ranges are needed for the determination of iodine sufficiency
in both pregnant women and neonates, and trimester-specific ranges
are possibly needed for pregnant women. UIC is currently a well-
validated population biomarker, but individual biomarkers that
could be used for research, patient care, and public health are
lacking. Am J Clin Nutr 2016;104(Suppl):8985-901S.
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INTRODUCTION

Adequate iodine nutrition is essential for the production of
thyroid hormones. Pregnant women, infants, and young children
are particularly vulnerable to the effects of iodine deficiency
because of the importance of thyroid hormone for normal neuro-
development. The accurate assessment of population iodine status
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is necessary to inform public health policies and clinical research on
the effects of iodine nutrition. We briefly describe the biomarkers
currently available to assess iodine nutrition and discuss areas in
which additional research is needed.

URINARY IODINE AS A BIOMARKER

Approximately 90% of iodine is excreted in the urine (1).
Urinary iodine concentration (UIC)® directly reflects dietary
iodine intake and is the most common indicator used worldwide
to assess iodine status. The very high day-to-day variability in
the dietary iodine intake of individuals results in very high day-
to-day variation in UIC (2). The large daily flux in UIC limits
the usefulness of this measure for assessing the iodine status of
individuals. It has been estimated that 10 UIC measurements
from spot samples or 24-h collections are required to establish
an individual’s iodine status with 20% precision (3). However,
when evaluated at a population level, UIC from spot samples has
been shown to be a reliable biomarker of recent iodine intake for
the population as a whole (4). Because the 24-h excretion of
creatinine is fairly constant, creatinine adjustment of UIC to
correct for urine volume has been advocated by some authors.

A recent study assessed 4 variables calculated from spot urine
data with respect to their correlations with the observed 24-h
urinary iodine excretion (UIE) and the observed 24-h UIC.
Participants were asked to collect all urine over a 24-h period,
with each void in a separate container. A 24-h urine sample was
prepared by taking a proportional aliquot from each void, taking
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into account individual and total void volumes, to determine the
24-h UIE. Four timed spot urine specimens covering specific
intervals within the 24-h period were selected. Each of the 4
timed spot specimens was analyzed, yielding spot UIC. The 24-h
UIC was calculated as the spot UIC averaged across the 24-h
period. The 4 variables calculated from spot urine data were the
spot UIC, the iodine-to-creatinine ratio, and 2 measures of the
estimated 24-h UIE (iodine:creatinine X 24-h creatinine), each
calculated by a different method for predicting 24-h creatinine
excretion (5). The authors concluded that the 24-h UIC estimate
based on average spot UIC did not differ from the observed 24-h
UIC. Estimated 24-h UIE, when calculated by using predicted
24-h creatinine values based on age, sex, ethnicity, and anthro-
pometric measurements, was most comparable to the observed
24-h UIE. The results of this study suggest that the threshold
values established for population iodine status, which currently
are based on UIC, reflect population-estimated 24-h UIE values.

UIC is typically sampled in school-aged children to determine
population iodine status. Median UIC values of 100-199 ug/L
are consistent with optimal iodine nutrition in schoolchildren (6).
Pregnant and lactating women have the highest dietary iodine
requirements. In pregnant women, median UIC values of 150-
249 ug/L are considered consistent with population iodine suffi-
ciency (6). In women who are lactating, because some ingested
iodine is excreted in breast milk and therefore less is excreted in
urine, median UIC values >100 ug/L are considered optimal (6).
Recent studies suggest that UIC measured in US schoolchildren
may not be an appropriate proxy for iodine status in pregnant
women in all regions (7). For example, the United States has
been iodine sufficient overall for decades, but the most recent
NHANES UIC data suggest that US pregnant women have be-
come mildly iodine deficient, whereas school-aged children have
iodine intake that is more than adequate (8, 9).

UIC QUALITY CONTROL: THE EQUIP PROGRAM

Accurate and precise UIC measurement is important to accu-
rately assess the status of iodine nutrition in the United States and
around the world. Erroneous laboratory data can lead to sub-
optimal—and potentially harmful—public health interventions.
For example, a low estimate of the population median UIC might
prompt inappropriate salt iodization that could result in excessive
fortification, a problem that carries its own risks.

The CDC established the Ensuring the Quality of Iodine
Procedures (EQUIP) program in 2001 to provide laboratories that
measure urinary iodine with an independent assessment of their
analytic performance; the program also provides reference ma-
terials as well as technical support for improving laboratory
practices. EQUIP sends participating laboratories 3—5 urine samples
of different concentrations to analyze. The laboratories submit
their results to the EQUIP program staff and receive detailed
reports from the CDC on how well they performed the analyses.
EQUIP results are not used for accreditation or certification;
however, the program does enable laboratories to improve the
precision and accuracy of urinary iodine analyses (10). EQUIP
accuracy is based on National Institute of Standards and Tech-
nology Standard Reference Material 3668. Providing quality-
assurance materials is a service that the CDC provides free of
charge. The program currently works with >180 iodine laboratories
in >70 countries.
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VARIATION IN THYROID FUNCTION TESTS IN
SPECIAL POPULATIONS

Clinical laboratory tests of thyroid function are sometimes
used as indicators of iodine status, although such use is often
problematic for the reasons described in this section and the
following section. The thyroid gland secretes the thyroid hor-
mones triiodothyronine (T3) and thyroxine (T4) in response to
thyrotropin [also known as thyroid-stimulating hormone (TSH)],
which is produced by the pituitary gland. The vast majority of T4
(99.97%) and T3 (99.70%) is tightly bound to thyroxine binding
globulin (TBG) and other plasma proteins, and it is only the
unbound or free thyroid hormones that are bioactive. Serum TSH
is the most sensitive early indicator of thyroid dysfunction (11).
Subclinical hypothyroidism is defined as elevated serum TSH in
the setting of normal serum free thyroxine (FT4). In overt hy-
pothyroidism, serum TSH is elevated and serum FT4 is low.
Serum free and total T3 concentrations usually do not decline
until hypothyroidism is quite advanced, because elevated TSH
stimulates the release of T3 from the thyroid.

The usual reference ranges for thyroid function tests do not
apply to all populations. Thyroid hormone production increases
by ~50% starting in early gestation. Human chorionic gonad-
otropin (hCG), a hormone associated with pregnancy, is an ac-
tivator of the thyroidal TSH receptor (12). In the first trimester,
when hCG concentrations are highest, hCG activation of the
TSH receptor leads to a transient increase in serum FT4, which,
in turn, causes a decrease in serum TSH to concentrations that
may be below the reference range for nonpregnant women (12).
After the first trimester, when hCG concentrations fall, serum
FT4 typically decreases.

In addition, high concentrations of circulating estrogen during
pregnancy increase the circulating concentrations of TBG, which
increases serum total T3 and T4 (13). Severe nonthyroidal ill-
nesses can also cause alterations in serum thyroid hormone and
TSH concentrations, even in individuals with normal underlying
thyroid function. Serum TSH and T3 typically decrease during
the acute phase of illness, and T4 may also become low as illness
progresses (14). During the recovery phase, serum TSH may
transiently increase above the normal range before thyroid function
tests normalize. In infants, serum free and total T4 and T3 con-
centrations normally increase in the first 24 h of life in response to
a physiologic surge in TSH that occurs shortly after birth.
Therefore, age-normative values are needed for the interpre-
tation of thyroid function in newborns (15).

THE RELIABILITY OF THYROID FUNCTION TESTS
FOR ASSESSING IODINE DEFICIENCY

The thyroid gland may adapt to iodine deficiency in several
ways (16). Iodine deficiency will cause an increase in serum TSH,
which, in turn, will trigger increased avidity of the thyroid gland
for available iodine, an increase in the ratio of T3 to T4 pro-
duction (17), increased T4 to T3 conversion in peripheral tissues,
and thyroid gland enlargement (18). In severe iodine deficiency,
these compensatory responses may prove inadequate, and hy-
pothyroidism can result.

In moderately to severely iodine-deficient regions, serum TSH
concentrations may be elevated compared with those seen in
iodine-sufficient regions, serum T4 concentrations may be slightly
low, and serum T3 concentrations may be slightly high (19). After
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successful iodine fortification programs in severely deficient
regions, these changes may reverse (20-22). However, even in
severely iodine-deficient regions, there is a great deal of intra-
individual variation in the ability of the thyroid to adapt (23);
therefore, thyroid function tests (including serum TSH, T3, and
T4) are not considered sensitive indicators of population iodine
status in most settings (4). In some regions of mild-to-moderate
iodine deficiency, paradoxically, average serum TSH values may
be lower than in iodine-sufficient areas, particularly among older
individuals. This is attributable to the increased prevalence of
hyperthyroidism from autonomously functioning nodular goiter
in areas with insufficient iodine intakes (24). Finally, excessive
iodine exposure can lead to thyroid dysfunction; average serum
TSH values may be slightly elevated in regions with excessively
high iodine intakes (25, 26).

The neonatal period is the only setting in which thyroid function
can provide a reliable index of population iodine status. In most of
the developed world, universal TSH screening is carried out in
newborns to detect congenital hypothyroidism. Neonatal serum TSH
is a sensitive marker for population iodine deficiency; the prevalence
of neonatal TSH concentrations >5.0 mIU/L should be <3% in
iodine-sufficient regions (6). Although neonatal T4 concentrations
have been reported to be higher in iodine-sufficient regions than
in iodine-deficient regions, normative values for iodine-sufficient
populations have not been established.

THYROGLOBULIN AS A MARKER FOR IODINE STATUS

Thyroglobulin, a protein synthesized and secreted by the thyroid
gland, is increasingly being used as an index of population iodine
status (27). Thyroglobulin can be measured in serum or dried
blood spots (DBSs). The use of DBS specimens is advantageous
in resource-poor regions because they do not require refrigeration
and can be transported easily. Serum thyroglobulin concentrations
are positively correlated with thyroid volume in iodine-deficient
regions, and mean thyroglobulin concentrations are typically
elevated in regions of both iodine deficiency and excess (28).
Thyroglobulin concentrations change more rapidly than goiter
rates and thus may be a better tool for gauging population re-
sponses to alterations in iodine intake (29).

Reference ranges for DBS thyroglobulin values were recently
established in an international cohort of iodine-sufficient school-
children (30). On the basis of the findings for this cohort, a median
thyroglobulin concentration <13 ug/LL with <3% of thyroglob-
ulin values >40 wg/L indicates iodine sufficiency in school-aged
children. Similar thyroglobulin reference ranges for population
iodine sufficiency have not, to date, been established in other age
groups. It is known that serum thyroglobulin concentrations
normally increase after birth in response to the neonatal TSH
surge (31) and that neonatal values are higher in iodine-deficient
regions than in areas of iodine sufficiency (32). Serum thyro-
globulin concentrations are increased by hCG; therefore, serum
thyroglobulin may be elevated in pregnancy at times when hCG
concentrations are high (12). No normative thyroglobulin ref-
erence ranges currently exist for pregnant women.

One drawback to the use of thyroglobulin as a marker for
iodine status is the fact that it cannot be reliably measured in
people with detectable anti-thyroglobulin antibodies, who com-
prise ~10% of the adult population (33, 34). Anti-thyroglobulin
antibodies are more frequent in women than in men and are more
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prevalent with increasing age. In addition, despite the develop-
ment of a National Institute of Standards and Technology Stan-
dard Reference Material for serum thyroglobulin, laboratory
assays for this biomarker remain highly method dependent (35).

AREAS FOR FURTHER RESEARCH

Median UIC values can be used to assess population iodine
status as long as quality-control programs such as EQUIP are
used to ensure the accuracy of laboratory UIC measurements.
Serum or DBS thyroglobulin values can be used as population
biomarkers of iodine status in school-aged children, whereas
TSH values can be used in neonates. However, currently there is
no validated biomarker that allows the determination of the io-
dine status of individual patients. This lack has important im-
plications for public health monitoring, routine patient care, and
study development.

Pregnant women and their offspring are especially vulnerable
to the effects of iodine deficiency disorders. Therefore, the ac-
curate assessment of the iodine sufficiency of pregnant women is
particularly critical. Many research efforts currently are focusing
on the examination of associations between maternal iodine
status and child developmental outcomes. Improved methodol-
ogies for ascertaining maternal iodine status are needed to fa-
cilitate this research. In many regions, median UIC values are
available for school-aged children but not for pregnant pop-
ulations. National surveys of pregnant populations would be
informative for public health recommendations in many areas.
Changes in maternal UIC over the course of gestation are not well
understood. Thyroglobulin may prove to be a useful biomarker
for both maternal and neonatal iodine status, but validated assay-
specific and possibly trimester-specific reference ranges are needed
for the determination of iodine sufficiency in these groups.

Alternative individual and population iodine biomarkers have
been suggested, including hair and toenail iodine content. The
authors of a recent population study of hair iodine content pro-
posed a reference range for adequate long-term iodine status (36).
However, it is unclear whether hair might be contaminated by
exposures to iodine-containing dyes and other hair products. To
date, no methods for measurement of hair iodine content have
been validated. Toenails have frequently been used as a source of
biomarkers for other nutrients such as selenium (37). Valida-
tion studies for toenail iodine content are lacking, and it is
unclear whether nail polishes might contain iodine or interfering
substances.

Many cohort studies collect, freeze, and store serum samples
for potential future analysis; it would be appealing to be able to
use such samples for the analysis of plasma or serum iodine content
as a nutritional biomarker. However, despite some recent advances
(38), plasma and serum iodine measurements are currently limited
by the lack of reliable, well-characterized reference intervals.

In conclusion, UIC is currently a well-validated population
biomarker, but individual biomarkers that could be used for
research, patient care, and public health are lacking. Such bio-
markers, particularly for pregnant women and other population
groups who are the most vulnerable to the effects of iodine de-
ficiency, would be of great value.

We thank Gay Goodman, Iodine Initiative Consultant to the NIH Office
of Dietary Supplements, for expert technical editing of the manuscript.



IODINE BIOMARKERS

The authors’ responsibilities were as follows—ENP and KLC: contributed
to writing the manuscript and read and approved the final manuscript. Nei-
ther of the authors declared a conflict of interest.

REFERENCES

1.

2.

10.

11.

12.

13.

14.

16.

17.

18.

Zimmermann MB, Anderson M. Assessment of iodine nutrition in
populations: past, present and future. Nutr Rev 2012;70:553-70.
Andersen S, Karmisholt J, Pedersen KM, Laurberg P. Reliability of
studies of iodine intake and recommendations for number of samples in
groups and in individuals. Br J Nutr 2008;99:813-8.

. Konig 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.

. Rohner F, Zimmermann M, Jooste P, Pandav C, Caldwell K, Raghavan

R, Raiten DJ. Biomarkers of nutrition for development—iodine review.
J Nutr 2014;144(Suppl):13225-42S.

. Perrine CG, Cogswell ME, Swanson CA, Sullivan KM, Chen TC,

Carriquiry AL, Dodd KW, Caldwell KL, Wang CY. Comparison of
population iodine estimates from 24-hour urine and timed-spot urine
samples. Thyroid 2014;24:748-57.

. World Health Organization/United Nations Children’s Fund/International

Council for the Control of Iodine Deficiency Disorders. Assessment of
the iodine deficiency disorders and monitoring their elimination. A guide
for programme managers. 3rd ed. Geneva (Switzerland): World Health
Organization; 2007.

. Wong EM, Sullivan KM, Perrine CG, Rogers LM, Pefia-Rosas JP.

Comparison of median urinary iodine concentration as an indica-
tor of iodine status among pregnant women, school-age children,
and nonpregnant women. Food Nutr Bull 2011;32:206-12.

. Caldwell KL, Pan Y, Mortinsen ME, Makhmudov A, Merrill L, Moye

J. Iodine, status in pregnant women in the National Children’s Study
and in U.S. women (15-44 years), NHANES 2005-2010. Thyroid
2013;23:927-37.

. 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.
Caldwell KL, Makhmudov A, Jones RL, Hollowell JG. EQUIP:
a worldwide program to ensure the quality of urinary iodine procedures.
Accredit Qual Assur 2005;10:356-61.

Spencer CA, LoPresti JS, Patel A, Guttler RB, Eigen A, Shen D, Gray
D, Nicoloff JT. Applications of a new chemiluminometric thyrotropin
assay to subnormal measurement. J Clin Endocrinol Metab 1990;70:
453-60.

Glinoer D, de Nayer P, Bourdoux P, Lemone M, Robyn C, van Steirteghem
A, Kinthaert J, Lejeune B. Regulation of maternal thyroid during preg-
nancy. J Clin Endocrinol Metab 1990;71:276-87.

Krassas GE, Poppe K, Glinoer D. Thyroid function and human re-
productive health. Endocr Rev 2010;31:702-55.

Van den Berghe G. Non-thyroidal illness in the ICU: a syndrome with
different faces. Thyroid 2014;24:1456-65.

. Elmlinger MW, Kiihnel W, Lambrecht HG, Ranke MB. Reference

intervals from birth to adulthood for serum thyroxine (T4), triiodo-
thyronine (T3), free T3, free T4, thyroxine binding globulin (TBG) and
thyrotropin (TSH). Clin Chem Lab Med 2001;39:973-9.

Dayan CM, Panicker V. Interpretation of thyroid function tests and
their relationship to iodine nutrition: changes in TSH, free T4, and free
T3 resulting from iodine deficiency and iodine excess. In: Preedy VR,
Burrow GN, Watson RR, editors. Comprehensive handbook of iodine:
nutritional, biochemical, pathological and therapeutic aspects. Boston:
Academic Press; 2009. p. 47-54.

Stevenson C, Silva E, Pineda G. Thyroxine (T4) and triiodothyronine
(T3): effects of iodine on the serum concentrations and disposal rates in
subjects from an endemic goiter area. J Clin Endocrinol Metab 1974;
38:390-3.

Patel YC, Pharoah PO, Hornabrook RW, Hetzel BS. Serum triiodo-
thyronine, thyroxine and thyroid-stimulating hormone in endemic
goiter: a comparison of goitrous and nongoitrous subjects in New Guinea.
J Clin Endocrinol Metab 1973;37:783-9.

19

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

901S

. Chopra 1J, Hershman JM, Hornabrook RW. Serum thyroid hormone
and thyrotropin levels in subjects from endemic goiter regions of New
Guinea. J Clin Endocrinol Metab 1975;40:326-33.

Azizi F. Todized oil: its role in the management of iodine deficiency
disorders. Int J Endocrinol Metab 2007;2:91-8.

Mirmiran P, Kimiagar M, Azizi F. Three-year survey of effects of io-
dized oil injection in schoolchildren with iodine deficiency disorders.
Exp Clin Endocrinol Diabetes 2002;110:393-7.

Zimmermann MB, Wegmiiller R, Zeder C, Torresani T, Chaouki N.
Rapid relapse of thyroid dysfunction and goiter in school-age children
after discontinuation of salt iodization. Am J Clin Nutr 2004;79:642-5.
Delange F, Hershman JM, Ermans AM. Relationship between the se-
rum thyrotropin level, the prevalence of goiter and the pattern of iodine
metabolism in Idjwi Island. J Clin Endocrinol Metab 1971;33:261-8.
Knudsen N, Biilow I, Jgrgensen T, Laurberg P, Ovesen L, Perrild H.
Comparative study of thyroid function and types of thyroid dysfunction
in two areas in Denmark with slightly different iodine status. Eur J
Endocrinol 2000;143:485-91.

Meng F, Zhao R, Liu P, Liu L, Liu S. Assessment of iodine status in
children, adults, pregnant women and lactating women in iodine-replete
areas of China. PLoS One 2013;8:e81294.

Laurberg P, Cerqueira C, Ovesen L, Rasmussen LB, Perrild H,
Andersen S, Pedersen IB, Carlé A. Iodine intake as a determinant of
thyroid disorders in populations. Best Pract Res Clin Endocrinol
Metab 2010;24:13-27.

Ma ZF, Skeaff SA. Thyroglobulin as a biomarker of iodine deficiency:
a review. Thyroid 2014;24:1195-209.

Zimmermann MB, Aeberli I, Andersson M, Assey V, Yorg JA, Jooste P,
Juki¢ T, Kartono D, Kusi¢ Z, Pretell E, et al. Thyroglobulin is a sen-
sitive measure of both deficient and excess iodine intakes in children
and indicates no adverse effects on thyroid function in the UIC range of
100-299 ug/L: a UNICEF/ICCIDD study group report. J Clin Endo-
crinol Metab 2013;98:1271-80.

Zimmermann MB, Moretti D, Chaouki N, Torresani T. Development of
a dried whole-blood spot thyroglobulin assay and its evaluation as an
indicator of thyroid status in goitrous children receiving iodized salt.
Am J Clin Nutr 2003;77:1453-8.

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:
4881-17.

Pezzino V, Filetti S, Belfiore A, Proto S, Donzelli G, Vigneri R. Serum
thyroglobulin levels in the newborn. J Clin Endocrinol Metab 1981;52:
364-6.

Taylor PN, Okosieme OE, Dayan CM, Lazarus JH. Therapy of endo-
crine disease: impact of iodine supplementation in mild-to-moderate
iodine deficiency: systematic review and meta-analysis. Eur J Endo-
crinol 2014;170:R1-15.

Hollowell JG, Stachling NW, Flanders WD, Hannon WH, Gunter EW,
Spencer CA, Braverman LE. Serum TSH, T(4), and thyroid antibodies
in the United States population (1988 to 1994): National Health and
Nutrition Examination Survey (NHANES III). J Clin Endocrinol Metab
2002;87:489-99.

Spencer CA, Wang CC. Thyroglobulin measurement: techniques,
clinical benefits, and pitfalls. Endocrinol Metab Clin North Am 1995;
24:841-63.

Schlumberger M, Hitzel A, Toubert ME, Corone C, Troalen F,
Schlageter MH, Claustrat F, Koscielny S, Taieb D, Toubeau M, et al.
Comparison of seven serum thyroglobulin assays in the follow-up of
papillary and follicular thyroid cancer patients. J Clin Endocrinol
Metab 2007;92:2487-95.

Momcéilovi¢ B, Prejac J, Visnjevi¢ V, Skalnaya MG, Mimica N, Drmi¢
S, Skalny AV. Hair iodine for human iodine status assessment. Thyroid
2014;24:1018-26.

Morris JS, Stampfer MJ, Willet W. Dietary selenium in humans: toe-
nails as an indicator. Biol Trace Elem Res 1983;5:529-37.

Michalke B, Witte H. Characterization of a rapid and reliable method
for iodide biomonitoring in serum and urine based on ion chromatography-
ICP-mass spectrometry. J Trace Elem Med Biol 2015;29:63-8.



