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Systematic review using meta-analyses to estimate
dose-response relationships between iodine intake and
biomarkers of iodine status in different population groups

Danijela Risti¢c-Medi¢, Carla Dullemeijer, Jasna Tepsi¢, Gordana Petrovi¢-Oggiano, Tamara Popovic,

Aleksandra Arsi¢, Marija Glibeti¢, Olga W Souverein, Rachel Collings, Adriénne Cavelaars,
Lisette de Groot, Pieter van't Veer, and Mirjana Gurinovic¢

The objective of this systematic review was to identify studies investigating iodine
intake and biomarkers of iodine status, to assess the data of the selected studies, and
to estimate dose-response relationships using meta-analysis. All randomized
controlled trials, prospective cohort studies, nested case-control studies, and
cross-sectional studies that supplied or measured dietary iodine and measured
iodine biomarkers were included. The overall pooled regression coefficient () and
the standard error of [3 were calculated by random-effects meta-analysis on a
double-log scale, using the calculated intake-status regression coefficient () for
each individual study. The results of pooled randomized controlled trials indicated
that the doubling of dietary iodine intake increased urinary iodine concentrations by
14% in children and adolescents, by 57% in adults and the elderly, and by 81% in
pregnant women. The dose-response relationship between jodine intake and
biomarkers of iodine status indicated a 12% decrease in thyroid-stimulating
hormone and a 31% decrease in thyroglobulin in pregnant women. The model of
dose-response quantification used to describe the relationship between ijodine
intake and biomarkers of iodine status may be useful for providing complementary
evidence to support recommendations for iodine intake in different population

groups.
© 2014 International Life Sciences Institute

INTRODUCTION

Adequate intake of iodine is essential for thyroid
hormone synthesis and, consequently, for normal devel-
opment and metabolism."* The main dietary sources of
iodine are iodized salt, saltwater fish, seaweed, and grains
(if grown in iodine-replete soils).>* Iodate obtained
through the diet is almost completely absorbed. Absorp-
tion depends mainly on the level of dietary iodine intake

rather than on the chemical form of iodine or the com-
position of the diet. lodine deficiencies, therefore, are due
primarily to insufficient intake of the nutrient.>® The
World Health Organization (WHO), the International
Council for the Control of Iodine Deficiency Disorders
(ICCIDD), and the United Nations Children’s Fund
(UNICEF) recommend iodine intakes of 90 ug/day for
preschool children, 150 pg/day for adults, and 250 pg/day
for pregnant and lactating women.”* Approximately 44%
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of the European population have mild iodine deficiency,
and iodine intakes in other industrialized countries,
including the United States and Australia, have decreased
in recent years.”’

In order to include the evidence on iodine status and
iodine deficiency disorders in the process of developing
recommendations for iodine intake, it is essential to know
the daily iodine intake level necessary to maintain or
achieve optimal values of iodine biomarkers in blood and
urine.!”"! In a previous systematic review undertaken
within the European Micronutrient Recommendations
Aligned (EURRECA) Network of Excellence,'” four
biomarkers were found to be useful for determining the
iodine status of individuals in various population groups:
urinary iodine (UI), serum or dried whole-blood spot
thyroglobulin (Tg), serum thyroxine (T4), and serum
thyroid-stimulating hormone (TSH).

The aim of this systematic review was to identify and
examine studies investigating iodine intake and
biomarkers of iodine status and to combine these studies
in a meta-analysis to estimate the dose-response relation-
ships between iodine intake and iodine status.

METHODS

This research was conducted within the framework of the
EURRECA Network of Excellence.

Study selection

The search included randomized controlled trials (RCTs),
prospective cohort studies, nested case-control studies,
and cross-sectional studies. RCTs had to involve an iodine
intervention (iodine supplementation given as iodized
salt (potassium iodide, potassium iodate, or sodium
iodide), iodized oil (orally or by injection), iodized water,
iodine tablets, or iodine-enriched food or milk formula),
and observational studies had to evaluate dietary iodine
intake using a validated food frequency questionnaire, a
dietary history method or a 24-h recall method for at least
3 days, or WHO criteria for assessing iodine intake (see
below). In addition, only studies that measured iodine
status with the most robust and sensitive biomarkers were
included, i.e., UL serum Tg, and serum TSH. Studies were
excluded if the intervention period was less than 2 weeks
(for RCTs) or if they were performed in patient popula-
tions. In addition, commentaries, reviews, or duplicate
publications from the same study were excluded. Studies
in which iodine was administered in combination with
another dietary or other lifestyle intervention were also
excluded. Studies that reported insufficient data or had
insufficient data obtainable from the authors to estimate 3
and the standard error (SE) of  (SE[B]) for the assumed
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linear relationship on the log.-log. scale were also
excluded.”

The assessment of iodine intake using the WHO-
specific criteria for calculating iodine intake in epidemio-
logical settings was accepted in the absence of standard
dietary assessment methods.® This method of population
intake assessment is based on the measurement of
the median UI concentration and uses the following
formula to calculate daily iodine intake: UI (ug/L) X
0.0235 x body weight (kg). A median UI concentration of
100 ug/L corresponds to an average iodine intake of
150 pg/day.'* If the WHO method had not been used and
an estimate of intake was needed, median daily iodine
intake was estimated from the median UI concentration
by the method of the Institute of Medicine,"” which
assumes that 92% of dietary iodine is excreted in the urine
and calculates a 24-h urine volume in children by using
body weight and age-specific median urine volumes for
7- to 15-year-old children.'

Search strategy

Ovid Medline, Embase (OvidSP; both available at http://
www.ovid.com), and the Cochrane Central Register of
Controlled Trials (CENTRAL) database (available at
http://www.thecochranelibrary.com) were searched from
inception to February 2010 for relevant studies using the
following search terms: “study designs in humans” AND
“lodine” AND (“intake” OR status”). Database alerts were
checked from February 2010 until December 2011. Details
about the search terms used for all databases can be found
in the Supporting Information for this article, available
online (Table S1). Additionally, 15 reviews were
scrutinized” ' in duplicate to search for additional poten-
tially relevant studies. Moreover, the reference lists of the
RCTs and the observational studies were also checked.
Search results from the three databases were pooled and
duplicates removed. Each article was assessed for inclusion
on the basis of review of the title and abstract (Figure 1).
Full texts were assessed by four investigators to determine
inclusion or exclusion, with independent duplicate assess-
ment of a random sample of 50%. Disagreements among
investigators were resolved through group discussion.

Data collection

Data were extracted by five investigators, with indepen-
dent duplicate assessment of a random sample of 20%
conducted by a second investigator. For RCTs, extracted
data included population characteristics, source of iodine,
dose of iodine in intervention and placebo groups, dura-
tion of the study, dietary intake of iodine, mode of deliv-
ery, duration of delivery, mean concentrations of UI,
serum Tg and serum TSH at baseline and at the end of the
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Titles and abstracts retrieved from electronic
database (Medline, Embase, Cochrane,

Additional record-bibliographic searches: n=41

to February 2009): n=4,805

}

A 4

Title and abstracts screened after removing duplicates: n=4,111 |—>| Records excluded: n=3,892

A 4

ordered as full text papers:

All populations groups: n=219
Infants: n=20

Children & adolescents: n=138
Adults & elderly: n=38

Pregnant & lactating women: n=36

Titles and abstracts that appeared potentially relevant,

Papers excluded: n=171
Infants: n=10
Children & adolescents: n=119

\ 4
Full papers included:
Infants: n=10

Children &adolescents: n=19
Adults & elderly: n=14

Pregnant & lactating women: n=18

Y

Final numbers of studies included
Infants: n=12

Y

Adults & elderly: n=24
Pregnant & lactating women: n=18

i

Reasons for exclusion:

« No useable intake data (n=75)

No results (n=5)

Data extraction not possible (n=21)
No I-S-H relation (n=49)

Overview published data (n=2)

No data of separate subgroups (n=4)
No baseline data (n=11)

Other language (n=2)

Not traced (n=2)

Updated search: 636 abstracts and titles
Included studies:
Infants: n=2

Adults & elderly: n=16
Pregnant & lactating women: n=15

A 4

Final numbers of studies included
Infants: 1 RCT, 5 RCTs maternal intakes, 6 Obs
Children & adolescents: 15 RCTs, 7 Obs

Children & adolescents: n=22 «

»| Adults & elderly: UL 7; TSH 8; Tg 3

Children and adolescents: n=3
Adults & elderly: n=2
Pregnant & lactating women: n=3

Studies included (publications of the same
study pool)

RCTs

Infants: TSH 1; maternal intake: TSH 4; Tg 5
Children & adolescents: UI 13; TSH 8; Tg 5

Adults & elderly: 8 RCTs, 8 Obs
Pregnant & lactating women: 9 RCTs, 7 Obs

Pregnant & lactating women: UL 9; TSH 8; Tg 7
Observation studies

Infants: UL 3; TSH 4; Tg 4

Children & adolescents: UI 6; TSH 6; Tg 3
Adults & elderly: UL 7; TSH 3; Tg 5

Pregnant & lactating women: Ul 6; TSH 3; Tg 3

Figure 1 Flow diagram for the identification of studies included in the systematic review of iodine intake and

biomarkers of iodine status.

Abbreviations: 1-S-H, intake-status-health; Obs, observational studies in children and adolescents; RCT, randomized control trial;
Tg, thyroglobulin; TSH, thyroid-stimulating hormone; Ul, urinary iodine.

intervention period, and analytical methods used to
assess iodine status. For the observational studies,
extracted data included population characteristics, mean
iodine intake and method used to estimate intake, con-
centrations of Ul serum Tg, and serum TSH, analytical
methods used to assess iodine status, the association and
type of association (Spearman’s rank correlation coeffi-
cient, Pearson’s correlation coefficient, linear regression
coeflicient) between iodine intake and iodine-related
biomarkers, and information on any transformations
applied to obtain the reported associations. Authors of
papers were contacted to request missing data or to
clarify methods and results.

Data synthesis for RCTs

If a study included two or three iodine-treated groups and
one common control group, it was treated as two or three

Nutrition Reviews® Vol. 72(3):143-161

independent estimates in the analysis, and the control
group was included more than once in the analysis. In
order to check that this approach did not introduce bias to
the results, a sensitivity analysis was carried out, removing
all but one comparison from each study and re-running
the analyses. The control group had to receive either a
placebo or alow-dose iodine supplement (low dose had to
be defined as providing a dose of <100 g of iodine per
day). In studies administering a single annual dose of
iodized oil (mg/yr) and in which the control group
received a certain amount of iodine supplementation, the
time period for data extraction was selected as being after
the lower dose was expected to be fully metabolized (i.e.,
no residual impact on iodine status) but while a potentially
measurable impact on iodine status after the higher dose
was still expected.'® If dietary intake of iodine (on top of
the intervention) was not reported, 100 pg/L/day of Ul
was imputed because this corresponds to the mean daily
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iodine intake of RCTs that did report dietary iodine
intake.'™"” An intake-status regression coefficient () and
the corresponding SE were calculated for each individual
study for use in the meta-analyses."

Risk of bias in individual studies

The overall risk of bias of each individual study was
assessed using indicators of internal validity specific to
RCTs, based on the guidance from the Cochrane Hand-
book.*”? To determine the validity of the included RCTs,
the following were determined: 1) method of sequence
generation and allocation concealment; 2) description of
blinding and type of blinding; 3) number of participants
at start, number of dropouts, and reasons for dropout; 4)
potential funding bias; 5) dose check; 6) dietary intake
data reported; 7) biomarker comparability and reproduc-
ibility; and 8) similarity of most and least exposed groups
at baseline. To explore the variability in study results (het-
erogeneity), subgrouping analyses were used to investi-
gate whether the effect of the type/matrix of the iodine
provided (iodized salt, capsules of iodized oil, or potas-
sium iodide tablets), the iodine dose and frequency (cat-
egory I: single dose <500 mg/yr; single dose 2501 mg/yr;
category II: daily intake <150 ug; daily intake 2151 ug),
and the duration of the trial (in weeks) were variables that
modified the association. A stratified meta-analysis for
gender could not be performed because most of the
studies included were performed in mixed-gender popu-
lations, and data were not available at the individual level
or for gender subgroups.

Statistical data analyses

Data from RCTs were recalculated as an intake-status
regression coefficient (B) and the corresponding SE(3)
for each individual study, based on the assumption of a
linear relationship on the log.-log.-scale (natural loga-
rithm of intake versus natural logarithm of status).”
Because of the double log. transformation, the overall B
represents the difference in the log.-transformed pre-
dicted value of biomarker for each one-unit difference in
the log.-transformed value in iodine intake. The statistical
transformations to obtain B and the SE(B)" were per-
formed using GenStat version 13-SP2 (Hempstead, UK:
VSN International Ltd.). Meta-analysis was carried out
with RevMan 4.2 software (Copenhagen: The Nordic
Cochrane Centre, The Cochrane Collaboration, 2008)
using a random-effects model with statistical significance
defined as P<0.05. Prespecified potential factors that
could modify the association were explored using
stratified random-effects meta-analyses. Heterogeneity
(expressed as I?) was used to assess the variability between
studies.
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RESULTS

The flow diagram of studies assessed and excluded at
various stages of the review is presented in Figure 1. The
electronic literature search of iodine intake or status
yielded 4,805 references. Another 41 references were
found by additional reference list searches. After remov-
ing duplicates, 4,111 titles and abstracts were screened,
and of these, 219 studies appeared potentially relevant
and were assessed as full-text papers. Fifty-eight papers
for all population groups fulfilled the inclusion and exclu-
sion criteria.”®" Of these, 33 were RCTs, in which sample
sizes ranged from 30 to 646 participants.”® Further
details of included studies are presented in Table 1 and in
the Supporting Information for this article, available
online (Table S2). Three RCTs were judged to be at low
risk of bias, three were judged to be at moderate risk of
bias, and 27 were judged to be at a high risk of bias. The
most common reasons for high risk of bias were inad-
equate information on study funding and lack of
adequate sequence generation and/or allocation.

Thirty observational studies on iodine intake and
status in different population groups were selected.®®*
Five RCT intervention studies in pregnant women were
included as observational studies in the infants of those
women. Participants were infants (9 cross-sectional
studies, 1 prospective cohort study, 1 nested case-control
study), children and adolescents (2 cross-sectional
studies, 5 prospective cohort studies), adults and elderly
(6 cross-sectional studies, 2 prospective cohort studies),
and pregnant and lactating women (4 cross-sectional
studies, 2 prospective cohort studies). Two observational
studies included both pregnant women and their infants
as population groups but did not report the data required
to obtain the B coefficients, and these data could not be
obtained from the authors. The 30 observational studies
included 28,326 subjects in total, with sample sizes
ranging from 30 to 4,616 subjects (see Table S2, available
in the Supporting Information online). Eleven studies
were judged to have a moderate risk of bias, and 14 obser-
vational studies were judged to have a high risk of bias.
The most common reasons for high risk of bias in obser-
vational studies were lack of adequate sequence genera-
tion and lack of allocation.

lodine intake and urinary iodine

Evidence from RCTs in children and adolescents. Thirteen
RCTs** that assessed iodine intake and U in children
and adolescents were identified. Two papers reported data
for boys and girls separately,”** two studies had two
separate iodine intervention dose groups,”** and two
studies had three iodine-treated dose groups®*'; there-
fore, 21 estimates were included in the analysis. These 21
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Study 13 icandem) Visight 3 (ranom)
or subcategory N % BB o %% Cl % 95% CI
01 "Single dose of iodized oil"
Sbye etal. (19953)32 34 34 0.1295 {0.1530) B 1.18 0.13 [-0.17, 0.43]
Abuye et o). (19956) 3 33 93 0.7614 {0.1889) — 0.76 0.76 [0.39, 1.13)
Ba.aists eral. |18823) 4 44 a5 0.0265 (0.001%) . 9.29 0.03 (0.02, 0.03)
Bausists et al. [18528) 2% 50 50 0.0383 (0.001%) = 9.23 0.04 (0.03, 0.04]
Benmiloud et 31, |1992¢)35 36 28 0.5296 {0.0753) —e— 3.34 0.53 ([0.38, 0.68)
Benmiloud e al. [1988s) 3% 36 33 0.5135 {0.1849) e 0.79 0.51 (0.15, 0.88)
Benmiloud et 3l [19920) 35 36 33 0.481% (0.1038) — .13 0.46 [0.26, 0.66)
rurmmr.[zaom:r. 33 137 0.0754 {0.0176) . B.48 0.08 [0.04, 0.11)
Hudulil-(lw‘-P; 133 138 0.1181 {0.0084) " 9.10 0.12 [0.10, 0.13)
Zhaoetsl. (20003 . 69 11 0.1824 {0.0169) . 8.54 0.18 [0.1§, 0.22)
5;“;’;“’::‘::::"22'3&'“, 146 154 0.1397 {0.0236) - 7.40 0.14 (0.08, 0.20)
oo e Bt st ot 12001) 3 33 33 0.1628 {0.0207) a 8.20 0.16 [0.12, 0.20]
Unteco et al. (2006a) 1 93 99 0.1645 {0.0091) . 9.07 0.16 [0.15, 0.18)
Untoeo et . (2006b] > 51 50 0.209L {0.1819) e 0.82 0.21 (=0.15, 0.57)
Unteeo et al, (2008c) 51 51 0.2955 {0.134E) e 0.72 0.30 [-0.09, 0.€3]

51 50 0.356% {0.1568) ———— 0.7¢ 0.36 (-0.03, 0.74]
Subtosal (95%C1) 1007 1162 4 79.7% 0.14 (0.11, 0.16)
Test for hetareganety: Ch = 532.55, df = 15 (P < 0.00001), F = 87.2%
Test for cversll effect: Z = 953 (P < 0.00001)
02 "Daily intake of potassium iodide"
Gordon e al |2009) 37 82 77 0.5085 {0.1014) Coe z.20 0.51 (0.31, 0.71)
wm::e:.:l,usnsajfg 36 30 0.1853 (0.0846) —o— 2.86 0.15 [0.02, 0.35)
Hintze et 3] |1088Y)° 124 96 0.2781 {0.0486) S 5.34 0.28 (0.18, 0.37)
?aﬁakwac:al-l‘ﬂg;l” 308 241 0.2745 (0.0102) [ 9.01 0.27 (0.28, 0.29)
Zheo et 2l [2000b] 63 3 0.7643 {0.1735) —s—) 0.34 0.76 [0.42, 1.11]
Subtotal (35%<1) §16 §12 e 20.25 0.33 [0.23, 0.43)
Test for heterogenety: Chf = 1352, df = & (P= 0.008), B = 71.3%
Test for cversl effect Z = 6.33 (P < 0.00001)
Totnl (55% CI) 1623 1774 ¢ 100.00 0.15 [0.15, 0.22)
Test for heterogenety: Chf = 1119.18, df = 20 (P < 0.00001), F = 58.2%
Test for eversl effect: Z= 10.75 (P < 0.00001)

o 05 0 0s 1

Figure 2 Primary analysis of urinary iodine (ug/L) in children and adolescents. 3 (random) values represent the regression
coefficients for the linear association between log-transformed iodine intake and log-transformed urinary iodine

excretion.

Abbreviations: Cl, confidence interval; df, degrees of freedom; SE, standard error.

estimates included a total of 3,397 participants with an
age range of 4 to 16 years (Table 1). The median duration
of the included studies was 12 weeks (range, 2-192
weeks). In four RCTs,”**** jodine supplements were
given in the form of potassium iodide, in doses that
ranged from 100 to 1,500 ug/day. Iodized oil supplemen-
tation was used in 10 RCTs,*%*%4!"% with doses ranging
from 120 to 960 mg/day.

Combining the 21 estimates of RCTs provided an
overall pooled B coefficient of 0.19 (95%CI: 0.15-0.22;
3,397 participants, I* =98%) (Figure 2, Table 2). There-
fore, an overall 3 of 0.19 means that, for every doubling in
iodine intake, the difference in UI concentration
increases 2°-fold or by 14%, since 2°'* = 1.14. A stratified
meta-analysis on the basis of 16 RCT estimates using a
single dose of iodized oil yielded an overall B of 0.14
(95%CI: 0.11-0.16; I =97%). A stratified meta-analysis
on five RCT estimates using a daily dose of potassium
iodide yielded an overall B of 0.33 (95%CIL: 0.23-0.43;
I* =71%) (see Table 2 and Figure 2). This means that chil-

Nutrition Reviews® Vol. 72(3):143-161

dren who receive an annual dose of iodized oil of
1,000 mg/yr have a Ul excretion that is 2°'* (1.10-fold) or
10% higher than that in children who receive an annual
dose of 500 mg/yr. However, in studies that investigated a
daily dose of potassium iodide, the difference in UI con-
centration is 2P (i.e., 2°%* = 1.26), or 26%. Thus, children
with an iodine intake of 150 pg/day have a UT concentra-
tion that is 26% higher than that in children who have a
iodine intake of 75 Lg/day.

Evidence from RCTs in adults and the elderly. Seven
RCTs*** on iodine intake and UI in adults and the
elderly (646 participants) were included in the review.
Four studies******* had two groups treated with different
doses of iodine; therefore, 11 estimates were included in
the analysis. Combining the seven RCTs in one meta-
analysis provided an overall pooled B coefficient of 0.65
(95%CTI: 0.39-0.90; 1> =98%), which corresponded to a
2%%% or 1.57-fold increase in UI (Table 2 and Figure 3). A
stratified analysis yielded an overall B of 0.07 (95%CI:
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Study  (random) Weight B (random)
or subgroups N N B (SE) 95% Cl 95% Cl
01 "Single dose of iodized oil"
Philips et al. (1988) 51 13 19 0.0641 (0.0228) - 10.89 0.06 [0.02, 0.11]
Tonglet et al. (1992a) 52 25 25 0.0480 (0.0461) b 10.78 0.05 [-0.04, 0.14)
Tonglet et al. (1992b) 52 25 25 0.0658 (0.0281) - 10.87 0.07 [0.01, 0.12]
Elnageretai.{lBQSE}c; 115 37 0.5834 (0.29%0) —— 6.97 0.58 [0.00, 1.17)
Einager et al. (1995b) 115 41 0.8034 (0.5978) - 3.34 0.80 [-0.37, 1.98]
Subtotal (5% CI) 298 147 b 4z .88 0.07 [(0.03, 0.10]
Test for heterogeneity: Ch# = 467, df =4 (P=0.32), F=14.3%
Test for overall effect: Z = 3.29 (P = 0.001)
02 "Daily intake of potassium iodide"
Kahaly et al. (1997) %8 31 31 0.3988 (0.0654) - 10.64 0.40 [0.27, 0.53]
(';;arc!ereta\(1933a)"'E 10 10 1.0719 (0.13%2) - 9.73 1.07 [(0.80, 1.34]
Garder et al (1988b) 46 10 10 1.1644 (0.0606) - 10.68 1.16 [1.05, 1.28]
Kahaly et al. (1998) 49 31 31 1.0408 (0.1851) —-— g.97 1.04 [0.68, 1.40]
Paul et al. (1988a) 50 9 9 1.1845 (0.3088) — €.80 1.18 [0.58, 1.79]
Paul et al. (1988b)° 9 9 1.1158 (0.0963) - 10.32 1.12 [0.93, 1.30]
Subtotal (95% CI) 100 100 ’ 57.14 0.98 [0.€4, 1.32)
Test for heterogeneity: Chi¥ = 85.69, df = 5 (P < 0.00001), F = 94.2%
Test for overall effect: Z = 5.59 (P < 0.00001)
Total (95% CI) 399 247 P 100.00 0.65 [0.39, 0.90]
Test for heterogeneity: Chi® = 494,82, df = 10 (P < 0.00001), F = 88.0%
Test for overall effect: Z = 4.94 (P < 0.00001)
-4 -2 0 2 4

Figure 3 Primary analysis of urinary iodine (ig/L) in adults and the elderly. B (random) values represent the regression
coefficients for the linear association between log-transformed iodine intake and log-transformed urinary iodine excretion.
Abbreviations: Cl, confidence interval; df, degrees of freedom; SE, standard error.

0.03-0.10; 446 participants, I* = 14.3%) for studies using a
single dose of iodized oil (5 estimates of RCTs) and an
overall B of 0.98 (95%CI: 0.64-1.32; 200 participants,
I* = 94%) for studies using a daily dose of iodine (6 esti-
mates of RCTs), i.e., a 1.05- and 1.97-fold increase in UlI,
respectively (Table 2). Thus, a subject with an annual
intake of iodized oil of 1,000 mg/yr will have a UI excre-
tion that is 5% higher (predicted UT <158 pg/L) than a
person who has an iodine intake of 500 mg/yr (predicted
UT <150 pg/L) given as a single dose of iodized oil.

Evidence from RCTs in pregnant and lactating
women. Seven RCTs*™ that assessed the daily dose of
potassium iodide intake and UT in pregnant and lactating
women (470 participants) were included in the review.
Combining the seven RCTs in one meta-analysis pro-
vided an overall pooled B coefficient of 0.62 (95%ClI:
0.38-0.86; 1*=88.1%), which corresponded to a
2062 =1.52-fold increase in UI (Table 2 and Figure 4). In
the subgroup of pregnant women, the pooled 3 was 0.86
(95%CI: 0.62-1.10; 430 participants, I*=78%) (6 esti-
mates of RCTs), whereas it was 0.27 (95%CI: —0.04-0.58;
291 participants I*=78%, P=0.09) in the subgroup of
women in the postnatal period (4 estimates of RCTs), i.e.,
a 1.84- and 1.20-fold increase in U], respectively (Table 2
and Figure 4). Thus, in pregnant women with an iodine
intake of 200 pg/day in the form of potassium iodide, the
UI concentration was 81% higher than in pregnant
women with an iodine intake of 100 pg/day, and in the
postnatal period, it was 20% higher.

Nutrition Reviews® Vol. 72(3):143-161

Observational evidence in all population groups. Twenty-
two observational studies of iodine intake and UI were
included.®7%81-86888 participants were infants (2 cross-
sectional studies, 1 nested case control study), children
and adolescents (2 cross-sectional studies, 5 prospective
cohort studies), adults and elderly (6 cross-sectional
studies, 1 prospective cohort study), and pregnant and
lactating women (4 cross-sectional studies, 1 prospective
cohort study) (see Table S2, available in the Supporting
Information online). One study presented data for two
population groups: pregnant women and their infants.
The included observational studies reported iodine
intake and iodine biomarker concentrations per category
of iodine deficiency. Since these studies did not report the
association or correlation between intake and status, it
was not possible to estimate the 3 or the SE(B) for a
dose-response meta-analysis. A brief summary of the
key results of these observational studies is shown in
Table 3.

lodine intake and thyroid-stimulating hormone

Evidence from RCTs in children and adolescents. Eight
RCTs*2042-43061 that assessed iodine intake and TSH
concentration in children and adolescents were included.
One study reported data for boys and girls separately,*
and one study had three groups treated with different
doses of iodine,” so 11 estimates with a total of 1,223
participants were included. The overall pooled 3 coeffi-
cient was 0.00 (95%CI: —0.02-0.03; I*=70%, P =0.88)
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Study BB (random) Weight 3 (random)
or subgroups N N B(SE) 95% CI % 95% CI
01 Pregnancy
Antonangeli et al. (2000753 3z 35 1.1580 {0.1811) - 9.51 1.16 [0.80, 1.51]
Glinoer et al. (1995) 54 €0 &0 1.2887 (0.1665) - 5.8z 1.29 [0.96, 1.82]
Lisenkotter et al. (1996) 55 70 38 0.4399 (0.1697) —— 9.75 0.44 [0.11, 0.77]
Pedersen et al. (1993)56 28 28 0.5996 {0.1571) - 10.02 0.60 [0.29, 0.91]
Romano et al. (1991)5% 17 18 0.6711 (0.1440) - 10.29 0.67 [0.39, 0.95)
Silva et al 1981)5% 10 36 0.9845 (0.0743) - 11.47 0.98 [0.84, 1.13)
Subtotal (95 CI) 215 215 % 60.86 0.86 [0.62, 1.10]
Test for heterogeneity: Chif = 22.30, df = 5 (P = 0.0005), F = 77.6%
Test for overall effect: Z = 7.08 (P < 0.00001)
02 After delivery c3
Antonangeli et al. (2002) 3z 35 0.5217 (0.2070 — 8.85 0.52 [0.12, 0.93]
Glinoer et al. (1995)54 &0 &0 -0.2186 (0.239% i 8.24 -0.22 [-0.8%, 0.2%
Pedersen et al. (1993)56 26 28 0.5175 (0.0758) - 11.45 0.52 [0.37, 0.87)
Reinhard et al. (1998)57 24 26 0.1277 {0.1334) 4= 10.50 0.13 [-0.13, 0.39
Subtotal (95% CI) 142 149 k-3 35.14 0.27 [-0.04, 0.58
Test for heterogeneity: Chi# = 13.51, df = 3 (P = 0.004), F=77.8%
Test for overall effect: Z=1.72 (P=0.09)
Total (95% CI} 357 364 4 100.00 0.62 [0.38, 0.86]
Test for heterogeneity: Ch¥ = 75.72, df = 9 (P < 0.00001), F=88.1%
Test for overall effect: Z = 5.06 (P < 0.00001)
-4 -2 0 2 4

Figure 4 Primary analysis of urinary iodine (lLg/L) in pregnancy and lactating women. [3 (random) values represent the
regression coefficients for the linear association between log-transformed iodine intake and log -transformed urinary iodine

excretion.

Abbreviations: Cl, confidence interval; df, degrees of freedom; SE, standard error.

(Table 2). A stratified meta-analysis yielded an overall B of
0.02 (95%CI: 0.01-0.03; I* = 0%) using a single dose of
iodized oil (8 estimates of RCTs, 1,039 participants) and
an overall B of —0.14 (95%CI: —0.34-0.06; I* = 92%) for a
daily dose of iodine (3 estimates of RCTs; 184 partici-
pants) (Table 2). An overall  of 0.02 means that, for every
doubling in iodine intake, the difference in TSH concen-
tration increases by 1%. An annual dose of iodized oil of
1,000 mg iodine/yr translates to a TSH concentration that
is 1% higher than that in a child with an iodine intake of
500 mg in a single dose.

Evidence from RCTs in adults and the elderly. Seven
RCTs*%2% on jodine intake and TSH in adults and
elderly (632 participants) were included in this review.
Four studies******* had two groups treated with different
doses of iodine; therefore, 11 estimates were included in
the analysis. Combining the estimates provided an overall
pooled B coefficient of 0.03 (95%CI: —0.05-0.12; 1> = 60%)
(Table 2). A stratified analysis yielded an overall B of
—0.08 (95%CI: —0.15 to —0.01; I* = 0%) using a single dose
of iodized oil (4 estimates of RCTs, 408 participants) and
of 0.11 (95%CI: 0.06-0.16; I* = 0%) for the daily doses of
iodine (7 estimates of RCTs, 224 participants) (Table 1
and 2). Thus, the TSH concentration is decreased by 5%
in subjects who receive an annual dose of iodized oil and
is increased by 8% in persons who receive a daily dose of
iodine in the form of potassium iodide.

Evidence from RCTs in pregnant and lactating
women. Seven RCTs*?%*** on jodine intake and TSH
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concentration in pregnant and lactating women (511 par-
ticipants) were included in this review. Combining the
seven RCTs in one meta-analysis resulted in an overall
pooled B coefficient of —0.13 (95%CIL: —0.27-0.01;
I =90%) (Table 2). In the subgroup of pregnant women,
the pooled B was —0.18 (95%CI: —0.36-0.00; I* =77%,
P <0.05) (6 estimates of RCTs, 461 participants) during
pregnancy and 0.02 (95%CI: —0.39-0.44; I = 95.8%,
P=0.91) in the postnatal period (5 estimates of RCTs, 335
participants) (Table 2). Therefore, daily intake of iodine
as potassium iodide, with an overall B of —0.18, results in
a decrease in TSH concentration of 12% for every dou-
bling in iodine intake in pregnant women.

Observational evidence in all population groups. Nine-
teen observational studies of iodine intake and TSH (see
Table S2, available in the Supporting Information online)
were selected for inclusion.®%%7727 Participants were
infants (7 cross-sectional study, 1 prospective cohort
study), children and adolescents (2 cross-sectional
studies, 4 prospective cohort studies), adults and elderly
(3 cross-sectional studies), and pregnant and lactating
women (2 cross-sectional studies) (see Table S2, available
in the Supporting Information online). The 19 observa-
tional studies included a total of 8,288 participants, with
sample sizes ranging from 20 to 1,584 subjects. Since no
correlations between iodine intake and status were pre-
sented by these studies, a meta-analysis was not possible.
A brief summary of iodine intake and TSH levels in dif-
ferent population groups in the observational studies is
included in Table 3.

Nutrition Reviews® Vol. 72(3):143-161
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lodine intake and thyroglobulin

Evidence from RCTs in children and adolescents. Five
RCTs*¥4042%3 that assessed iodine intake and Tg were
included. One study® reported data for boys and girls
separately, and one study® had three different iodine-
treated groups; therefore, eight estimates were included in
the analysis. Combining the five RCTs (760 participants)
provided an overall pooled [ coefficient of —0.02 (95%CI:
—0.08-0.03; 1>’=88%, P=0.41) (Table2). A stratified
meta-analysis yielded an overall B of —0.04 (95%CI:
—0.10-0.03; *=91%) when based on studies using a
single dose of iodized oil (5 estimates of RCTs, 498 par-
ticipants) and an overall B of 0.00 (95%CI: —0.24-0.24;
I*=85%) when based on studies using a daily dose of
potassium iodide (3 estimates of RCTs, 261 participants)
(Table 2).

Evidence from RCTs in adults and the elderly. Three
RCTs**% on iodine intake and Tg concentration were
included (114 participants). Combining the three esti-
mates of RCTs in one meta-analysis yielded an overall
pooled B of —0.23 (95%CI: —0.50-0.03; I* = 59%, 144 par-
ticipants) (Table 2).

Evidence from RCTs in pregnant and lactating
women. Seven RCTs>*”%** on jodine intake and Tg con-
centrations in pregnant and lactating women (849 par-
ticipants) were included. Combining the seven RCTs in
one meta-analysis yielded an overall pooled 3 coeflicient
of —0.60 (95%CIL: —0.70 to —0.49; I =85%) (Table 2). In
the subgroup of pregnant women, the pooled § was —0.54
(95%CI: —0.76 to —0.32; I* =48%) (5 estimates of RCTs,
415 participants), whereas it was —0.38 (95%CI: —0.82-
0.05; I* = 89%, P < 0.09) in the subgroup of women in the
postnatal period (5 estimates of RCTs, 415 participants)
(Table 2). Therefore, daily iodine intake as potassium
iodide, with an overall B of —0.54, results in a decrease in
Tg concentration of 31% for every doubling in iodine
intake. Thus, in pregnant women with an iodine intake of
200 pg/day, the Tg concentration is 31% lower than that
in pregnant women with an iodine intake of 100 pg/day.
This corresponds to predicted Tg levels of 10 ng/L and
15 ng/L in pregnant women with intakes of 200 pg/day
and 100 ug/day, respectively.

Observational evidence in all population groups. Twenty
observational studies of iodine intake and Tg were
selected for inclusion (see Table S2, available in the
Supporting Information online).?%%3%69-73737678-8083,86-89
Participants were infants (6 cross-sectional studies, 1 pro-
spective cohort study, 1 nested case control study), chil-
dren and adolescents (3 prospective cohort studies),
adults and elderly (4 cross-sectional studies, 2 prospective
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cohort studies), and pregnant and lactating women (3
cross-sectional studies). In regions of mild iodine defi-
ciency, four observational studies in adults with baseline
Tg levels of 6-15 ng/L showed a decrease in Tg of 4 ng/L
when the intake of iodine was adequate (>100 pg/day)
and a decrease in the range of 1.7-7 ng/L when the intake
of iodine was more than adequate (>200 pg/day)”>7>767

A brief summary of levels of iodine intake and TSH
levels in different population groups is included in
Table 3.

Summary evidence: iodine intake, urinary iodine,
thyroid-stimulating hormone, and thyroglobulin
in infants

Seven studies®*%**% that reported prenatal iodine
intake in relation to iodine biomarkers in infants were
included ( see Table S2 available in Supporting Informa-
tion online). Only four of these studies, however, investi-
gated the association between iodine intake and status,
which is not sufficient to justify a meta-analysis. Cord
blood Tg levels were significantly lower in neonates
treated prenatally with 100-200 pug of iodine per day
from approximately 14-17 weeks of gestation to term
compared with levels in nontreated neonates.”***%® Three
studies showed that TSH levels were unaltered in infants
treated prenatally with 100-230 ug of iodine per
day,”*** and three studies®****® (100-300 pg of iodine
per day, respectively) described higher TSH levels in the
cord blood of neonates born to iodine-treated mothers.
Ul in neonates, reported in only two studies,** was
higher in infants when mothers were supplemented with
iodine during pregnancy. Kurtoglu et al.*’ found no cor-
relation between iodine content in breast milk and UI but
found a positive correlation between TSH and estimated
dietary intake of iodine.””* TSH, as an indicator of iodine
deficiency in infants, was higher in neonates from areas of
moderate iodine deficiency than in neonates from areas
of adequate iodine intake.” An RCT by Roghan et al.®®
did not confirm that increased iodine intake (272 pg/L
versus 68 lg/L in milk formula) in preterm infants would

improve circulating concentrations of thyroid hormones
(Table 1).

DISCUSSION

This review is the first dose-response meta-analysis on
the relationship between iodine intake and biomarkers of
iodine excretion and status. RCTs that examined iodine
supplementation showed a significant effect of supple-
mentation on all markers of iodine status, and this effect
was particularly strong for UI and TSH across all popu-
lation groups. The dose-response relationship was much
stronger for potassium iodide than for other types of

Nutrition Reviews® Vol. 72(3):143-161
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iodine supplements. RCTs that investigated a daily
potassium iodide supplement showed an increase in Ul
concentration in adults (97%), pregnant women (81%),
and children (26%). RCTs that investigated serum TSH
concentrations in pregnant women showed that doubling
the iodine intake as potassium iodide significantly
decreased the serum TSH concentration by 12%. This
dose-response effect on TSH hormone levels is reflected
by the guidance of the Technical Consultation, which
proposed an increase in the current Food and Agriculture
Organization of the United Nations (FAO)/WHO recom-
mended nutrient intake for iodine during pregnancy
from 200 pg/day to 250 pg/day to prevent maternal sub-
clinical hypothyroidism (an increased concentration of
TSH in the second trimester).””*' In adults, doubling the
iodine intake significantly increases the serum TSH con-
centration by 8% (P < 0.005). The dose-response relation-
ship between serum Tg and iodine intake indicates a
decrease of 31% in pregnant women (with daily intake)
for every doubling of the daily iodine intake. It should be
emphasized that serum Tg represents a very sensitive
index of thyroid hyperstimulation and reflects iodine
deficiency."

Several assumptions were needed to conduct the
meta-analyses presented here. For six RCTs, indepen-
dence of estimates was assumed when two or three inter-
vention groups were compared with the same placebo
group. Another option for handling studies with multiple
intervention groups would have been to use only one of
the intervention groups. A sensitivity study using only
one intervention group for each study (the group with the
most common dosage) showed similar results (data not
shown). Therefore, as much information as possible was
included in the current meta-analysis. A further potential
limitation that should be considered in interpreting the
results is that, in some included studies, the control
groups were not given placebo but instead were given a
low dose of iodine supplement. Iodine intervention
studies are often carried out in areas of severe iodine
deficiency, and therefore an RCT with a placebo group
receiving no iodine at all would be ethically unfeasible.
However, a low-dose control group would reduce, rather
than exaggerate, the differences between the intervention
and control groups. For RCTs in which there was no
indication of habitual iodine intake (above that given as a
supplement), an average intake value (100 pg/day) based
on median urinary excretion was assigned to the popula-
tion so that total iodine intake could be compared.
Though this introduces a potential source of error, it was
agreed that this was a less erroneous way of dealing with
the data than to ignore habitual intake entirely and
compare only supplemented doses. Iodine intake is diffi-
cult to determine by dietary assessment because the
iodine content of foods is variable, and reliable values are

Nutrition Reviews® Vol. 72(3):143-161

not always available in food composition tables. No
studies on the relevance of dietary assessment methods
for iodine intake in infants, children, and adolescents
were identified.”

These meta-analyses required transformations of the
intake and biomarker data to a common scale, as the
studies included had diverse ways of presenting the data
and the relationship between intake of iodine and
biomarkers of iodine status in urine and blood. Such dif-
ferences between studies are a challenge when trying to
quantitatively summarize the data using conventional
methods of meta-analysis. A linear relationship on the
double-log. scale permitted the pooling of B coefficients
and the presentation of these as a dose-response relation-
ship between iodine intake and UT excretion, serum TSH,
and serum Tg. As compared with a standard meta-
analysis of mean differences between subjects with high
versus low exposure, a linear relationship on the double-
log. scale allows biomarker status levels to be modeled as
a nonlinear but monotonic concave function of iodine
doses, which is believed to be a more likely shape. The
RCTs included in the present meta-analyses differ in
follow-up time, study population, supplemental forms of
iodine, dose and dose frequency of iodine, and the ana-
Iytical laboratory methods used to measure UlI, serum
TSH, and serum Tg. Although these factors were coupled
with each study’s specific aims and study design, they
interfered with the comparison of results and contributed
to the large between-study heterogeneity. In the stratified
analyses for supplemental forms of iodine, a reduction in
the between-study heterogeneity was observed only for
the association with the UI concentration in adults
(Table 2).

In addition to the evidence from RCTs, data from 30
observational studies were identified and extracted, but
they were too heterogeneous to combine in a meta-
analysis (see Table S2 available in Supporting Information
online). A basic comparison of data from supplemented
pregnant women in regions of moderate iodine defi-
ciency shows similarities between the results of RCT
meta-analyses and the observational studies. In observa-
tional studies, pregnant women with an iodine intake of
150 ug/day had a UI concentration of 100 ug/L to
130 ug/L. In women with intakes of 300 pg/day, the Ul
concentration was doubled to 200 ug/L. The pooled 3
from comparable RCTs suggested that UI concentrations
were 81% higher in pregnant women supplemented with
300 pg/day versus 150 pg/day. Review analyses of all
included observational studies indicated that recom-
mended values for iodine intake should be specific for
each individual country due to differences in the preva-
lence of iodine deficiency.

A recently published paper by Zimmermann and
Andersson’ estimates the prevalence of iodine deficiency
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in Europe in 2010 on the basis of a systematic review to
update the WHO Vitamin and Mineral Nutrition Informa-
tion System database.”® The studies included in the present
meta-analysis were checked against the WHO database
(http://www.who.int/vmnis/iodine/data/en/index.html).

Most of the RCTs*?7%*#*4-% included in meta-analyses
and relevant cross-selection studies™?**73777%82848 i the
review presented here represent additional references
included in the WHO database. Certain studies included
here37,40,44,46754,56,57,60,72,78,80,81,83,85—90 are not included in the
WHO database, probably because they had a low number
of participants that would not be sufficient to accurately
assess iodine intake in the country. The process of moni-
toring the prevention of iodine deficiency disorders
should include the assessment of iodine status. As demon-
strated by the meta-analyses in this review, Ul may be
the best indicator of WHO-UNICEF-ICCIDD iodine
program effectiveness. Assessment of iodine status is nec-
essary to identify iodine deficiency within a nation or
region. In some countries, however, implementation of a
salt iodization program may not be feasible in all areas.
Results from the meta-analyses of RCTs presented here
suggest that single-dose iodine supplementation is a good
option in areas of severe iodine deficiency where universal
salt jodization cannot be rapidly implemented. Overall,
analysis of the included studies confirmed UT as an effec-
tive biomarker that reflects changes in iodine status and
dose response to iodine intake.

The amount of iodine needed to prevent iodine defi-
ciency disorders and to maintain body stores, as well as to
reduce the risk of iodine deficiency disorders, is the basis
for establishing micronutrient recommendations. This
meta-analysis was designed to quantify the dose-response
relationship between iodine intake and biomarkers of
iodine status. This information is useful for establishing
the dose of iodine to recommend for different population
groups, especially pregnant women and infants, since
fetuses and infants have increased sensitivity to the effects
of iodine deficiency during periods of rapid and
new growth and are at higher risk of brain damage
from iodine deficiency. Healthy women maintain iodine
stores of 15-20 mg in the thyroid'; during pregnancy,
these significant iodine stores can be used to help meet
the approximate 50% increase in maternal iodine
requirement.

This meta-analyses model for RCTs was carried out
within the context of the EURRECA project as a means to
provide additional evidence to support reference values
for iodine and to contribute evidence to substantiate the
daily dose of iodine necessary to maintain normal Ul
levels or optimal levels of biomarkers for iodine status.”
The focus of the EURRECA work was micronutrient
deficiencies; therefore, less emphasis has been placed on
intakes at the upper end of the normal range and into
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excess intakes. In some areas of the world, however,
higher intakes are an important issue to be considered in
establishing the best practice for the usefulness (or
adequacy) of biomarkers in assessing intake within a
population. Higher intakes are also a key area of concern
when setting reference values, as tolerable upper limits
are often established in order to prevent the toxicity
issues associated with excess intakes. Although iodine is
largely the focus of deficiency research at present, it is
important that intakes at the other end of the spectrum
are not ignored. Perhaps more important in the context of
population monitoring is understanding how the rela-
tionship between intake and status evolves as populations
move from deficiency to adequacy, and how to monitor
these changes using the most appropriate biomarkers.
The vast majority of studies that were included in this
review were conducted in populations with some degree
of iodine deficiency (see Table 1 and Table S2, available in
the Supporting Information online). Populations were
typically classified as having endemic goiter or severe or
mild iodine deficiency, with very few deemed to have
adequate iodine status and none identified within the
higher range of intake/status. This makes interpretation
of the intake-status relationship at higher concentrations
difficult within the context of this study and perhaps
highlights a limitation of this review as well as a gap in the
current knowledge. Future research on the relationships
between iodine intake, iodine status, and health in infants
and the elderly is particularly important, as iodine
requirements and health effects in these population
groups are presently lacking.”

The relationship of UT to iodine intake is relevant to
establish dietary requirements for iodine, but as an indi-
cator of iodine intake, the median UI concentration
reflects short-term intake and does not provide direct
information about thyroid function and longer-term
iodine exposure. Serum TSH and Tg concentrations pri-
marily indicate thyroid function, which is largely depen-
dent on iodine intake, as a means of detecting functional
iodine deficiency. Serum Tg is easier to assess than
thyroid volume measurement. However, reference ranges
for tests of thyroid hormones (TSH, free T4, Tg) are wide,
making it difficult to use such tests to assess iodine status.
Biomarkers of iodine status are required to study iodine
deficiency disorders in different parts of the world and to
evaluate the effects of fortification strategies, but it is
inadvisable to rely on a single biomarker to clearly iden-
tify iodine deficiency within a population. As the results
of this review indicate, certain biomarkers are more reli-
able and useful in particular population groups, but the
aim of this review was not to assess the usefulness or
limitations of these markers. This work was previously
undertaken within the context of EURRECA and was
used to inform the selection of biomarkers for the current

Nutrition Reviews® Vol. 72(3):143-161

¥202 Iudy 01 uo 1senb Aq 80Z2zZG8 L/ L/S/Z /8101 B/SMBIARIUO)LINU/WOD dNO"dlWwapede//:sdiy wolj papeojumoq


http://www.who.int/vmnis/iodine/data/en/index.html
http://onlinelibrary.wiley.com/doi/10.1111/nure.12092/suppinfo

review.'"'? The previous systematic review found that all
of the following appear to be useful biomarkers of iodine
status: 1) Ul in children and adolescents as well as in
general populations with low or moderate baseline iodine
status, 2) serum Tg in children and adolescents, and 3)
TSH in pregnant and lactating women and in adult
females, but not in children and adolescents or in those
with moderate baseline TSH status.'”” Normal levels of
serum Tg are geographically sensitive, because they are
affected by the availability of iodide. In countries where
iodine intake is adequate, the reference serum level for Tg
in Tg-antibody-negative euthyroid populations is
approximately 3-40 ng/mL, using analytical standards.”
Both the mean level of Tg in a population and the upper
reference limit of Tg can be increased relative to the
degree of iodine deficiency in iodine-deficient countries.
The meta-analyses presented here showed a dose-
response effect between iodine intake and decreased
serum Tg and in pregnant women, a finding that is rel-
evant for programs that aim to eliminate jodine defi-
ciency disorders.

CONCLUSION

The principal aim of this review was to use the meta-
analyses model to provide an estimate of the dose-
response relationship between iodine intake and
biomarkers of iodine status. The dose-response regres-
sion indicated that, in the dose range of 120-500 pg/day,
doubling the daily intake of potassium iodide increased
the UI by 1.97-fold (97%) in adults, by 1.81-fold (81%) in
pregnant women, and, though less strong, by 1.26-fold
(26%) in children. For TSH concentrations, the data indi-
cated a 1.08-fold (8%) increase for every doubling of
intake in the adult population and a 0.88-fold decrease in
pregnant women. Pooled estimates obtained for Tg indi-
cated a 31% decrease in this biomarker in pregnant
women when the daily dose of iodine was doubled.
Further RCTs are required to examine target serum and
urinary biomarker concentrations in relation to thyroid
function, a broader range of intakes of iodine within the
population groups, and interindividual variability. The
model of dose-response used to describe the relationship
between iodine intake and status in this review may, in
the future, have applications for setting iodine require-
ments in different population groups.
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