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Iodine, an essential micronutrient.

If you think that small things don’t matter,
try spending the night in a room with a mosquito.
The Dalai Lama
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DEFINITIONS AND ABBREVIATIONS

DEFINITIONS AND ABBREVIATIONS
Definitions

Weaning infant: For the purposes of this thesis, a weaning infant is an infant between
six and 24 months who is receiving complementary foods in addition to breastmilk or
a breastmilk substitute. Once that infant no longer receives breastmilk or a breastmilk
substitute, that infant is considered weaned. In some countries, this phase of
development is known as complementary feeding, with the respective infants being
complementary feeders. Alternative terminology includes toddler to imply older
infant, or simply child.
Six to 24-month-old infants comprise most of the weaning group; though weaning
can be both initiated and cease at any age.
Throughout this thesis where applicable weaning infant will be used interchangeably
with 6-24-month-old infant and a precise age-range specified where applicable.

Current global estimates of iodine status: At the time of writing, the Iodine Global
Network (www.ign.org) estimate twenty countries to remain at risk of iodine
deficiency, and eleven at risk of population exposure to excessive iodine intakes,
based on data in school-age children. Thirty-nine countries report inadequate intakes
in pregnant women (Iodine Global Network, April 2018).
Collaborating institutions and study sites: This thesis involves collaborations with
institutions in several countries, and incorporates data from studies conducted at
purposefully-chosen sites, namely:

VIII

DEFINITIONS AND ABBREVIATIONS
Djibouti: national study; data collected in collaboration with UNICEF Djibouti and the
Iodine Global Network; The Gambia: Soma, West Kiang; Medicines Research Council
(UK), Keneba Field Station; Kenya: Kibwezi, Makueni County; Jomo Kenyatta
University of Agriculture and Technology; Morocco: Amizmiz, Al Haouz Province;
Université Cadi Ayyad, Marrakech; The Philippines: Dipolog City, Zamboanga del
Norte, Mindanao; South Africa: University of Stellenbosch; Tanzania: Kinondoni, Dar
es Salaam.

Philippines: Outline Map
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DEFINITIONS AND ABBREVIATIONS
Abbreviations
AI

Adequate intake

AT

Autoimmune thyroiditis

BMIC

Breast milk iodine concentration

CBA

Controlled before-after study

DBS

Dried blood spot

DHS

Demographic and Health Survey

DIT

Diiodotyrosine

DUOX

Dual oxidase enzyme

EAR

Estimated average requirement

EFSA

European Food Safety Authority

EPOC

Effective Practice and Organisation of Care group

FAO

Food and Agriculture Organization (WHO)

GAIN

Global Alliance for Improved Nutrition

GD

Graves' disease

GH

Growth Hormone

GRADE

Grading of Recommendations Assessment, Development and Evaluation

H 2O 2

Hydrogen peroxide

HAZ

Height For-Age Z-Score

HPT

Hypothalamus-pituitary-thyroid axis

ID

Iodine deficiency

IGF

Insulin-like Growth Factor

IGFBP

Insulin-like Growth Factor Binding Protein

IGN

Iodine Global Network

IIH

Iodine-induced hyperthyroidism

IOM

Institute of Medicine (US)

IQR

Interquartile range

IST

Interrupted Time Series study

kcal

Kilocalorie

LOAEL

Lower observed adverse effect level

mBMIC

Median breast milk iodine concentration

MCT-8

Mono carboxylate transporter protein-8

MD

Mean difference

MICS

Multiple Indicator Cluster Survey

MIT

Monoiodotyrosine

MNP

Micronutrient powder

mSIC

Median salt iodine concentration

X
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mUIC

Median urinary iodine concentration

NCH

Non-congenital hypothyroidism

NIS

Sodium-iodine symporter

OR

Odds ratio

PRISMA

Preferred Reporting Items for Systematic Reviews and Meta Analyses

RCT

Randomised controlled trial

RDA

Recommended Daily Allowance

RNI

Recommended Nutrient Intake

ROS

Reactive oxygen species

RR

Risk ratio

SCF

Scientific Committee on Food (EU)

SIC

Salt iodine concentration

SR

Systematic review

T3

Triiodothyronine, active thyroid hormone

T4

Thyroxine, thyroid prohormone

tT4

total T4

Tg

Thyroglobulin

TgAb

Thyroglobulin autoantibodies

TGR

Total Goitre Rate

TH

Thyroid hormone

TPO

Thyroid peroxidase

TPOAb

Thyroid peroxidase autoantibodies

TSH

Thyroid stimulating hormone/thyrotropin

TSH

Thyroid stimulating hormone (thyrotropin)

TSHR

Thyroid stimulating hormone/thyrotropin receptor

TSHRAb

Thyroid stimulating hormone/thyrotropin receptor autoantibodies

TUL

Tolerated upper level

Tvol

Thyroid volume

UF

Uncertainty factor

UIC

Urinary iodine concentration

UNICEF

United Nations Children's Fund

USI

Universal salt iodisation

WAZ

Weight-For-Age Z-Score

WFP

World Food Programme

WHO

World Health Organization
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SUMMARY

SUMMARY
Background

Iodine is an essential micronutrient required for the synthesis of thyroid hormone,
which maintains vital cellular functions from conception and throughout life.
The Iodine Deficiency Disorders are well described and can be as serious as
permanent cognitive loss and stunted growth. Research since pivotal studies in the
1970’s and 80’s has confirmed that the benefits of iodine repletion are irrefutable. Yet
open questions remain. Stunting has far-reaching consequences and its resolution,
being part of the response to many Sustainable Development Goals, is firmly on the
global health agenda. Undernutrition during critical periods of growth and
development, particularly during the first 1,000 days, yet even before conception,
increases risk. However, despite a physiological plausibility, the precise effect of
iodine deficiency, and of subsequent repletion on growth trajectories, is unclear.
Like many organic systems, iodine nutrition exists in a careful balance. Intakes above
individual requirement can elicit dysfunction in susceptible individuals, though
thyroidal response to acute iodine exposure, even if extreme, shows remarkable
flexibility in euthyroid individuals. Less is known about the effects of chronic iodine
excess on long-term thyroid function and whether such long-term elevated intakes
increase the risk of thyroid disorders. Vulnerable life-stages such as pregnancy and
infancy are of particular concern.
Similarly, pregnant women, lactating women and infants are vulnerable to iodine
deficiency. The critical period extends to age 24 months, and in older infants weaning
from breastmilk, optimal iodine intakes are still indispensable. However, evidence to
support iodine in public health policy for this age group is lacking. Home-prepared
or unfortified weaning foods are typically low in native iodine, and paediatric
1
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recommendations advise to refrain from giving salt to infants aged <12 months. With
a reduction in breastfeeding as complementary foods are introduced, weaning infants
may be at risk of iodine deficiency. On the other hand, iodine intakes are additive,
and little is known about the outcomes from excessive iodine intakes in the weaning
infant age group.
Research objectives

The overall aim of this doctoral thesis was to provide evidence to support and inform
iodine nutrition policy, by responding to these gaps in the evidence base. Our
objectives were to: 1) Examine the effects of iodine deficiency and subsequent iodine
repletion, through fortification or supplementation, on pre-natal and post-natal
growth outcomes at all relevant life stages; 2) Assess the effect of a chronic, excessive
iodine intake on thyroid function across the life cycle; and 3) Evaluate the impact of
weaning practices on iodine nutrition and the effects of iodine status on thyroid
function over a broad range of iodine intakes, from deficiency to excess.
Original studies

Effects of iodine deficiency and iodine on pre-natal and post-natal growth
In a comprehensive systematic review, Manuscript One collated the evidence-base
to date to describe the effect of iodine deficiency on growth outcomes, through the
response to iodine repletion. Following a scoping review to inform and justify our
research question, we developed a protocol in line with the Preferred Reporting Items
for Systematic Reviews and Meta-Analysis Protocols (PRISMA-P) guidelines, which was
registered on the international prospective platform PROSPERO and published for
peer review. We included randomised controlled trials and non-randomised
controlled trials comparing iodine supplementation or fortification with placebo or no
intervention, reporting pre-natal or post-natal growth or growth-related outcomes in
pregnant women, infants, children and adolescents to age 18 years. The systematic
2
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review followed rigorous Cochrane methodology and used the Grading of
Recommendations Assessment, Development and Evaluation (GRADE) system to
assess the quality of our extracted evidence. We reported our findings following
PRISMA recommendations.
We identified 18 eligible studies for inclusion. Supplementing severely iodine
deficient pregnant women with iodine increased mean birthweight by 200 g.
However, evidence for iodine repletion across the other groups was largely unclear
and quality of evidence for all outcomes was low. Meta-analyses of two studies in
moderate-to-mildly iodine deficient schoolchildren showed that iodine repletion may
have a positive effect on biochemical indicators of growth.
Effects of a chronic, excessive iodine intake on thyroid function
Manuscript Two reports a cross-sectional study conducted at two purposefully-

chosen sites in Tanzania and Kenya, with previously-documented excessive iodine
intakes in school-age children. This study aimed to assess the effects of a prolonged
excessive iodine intake on the thyroid function and prevalence of thyroid disorders of
n=3,438 subjects across six vulnerable population groups: pregnant women, lactating
women and their infants, weaning infants, school-age children, and women of
reproductive age, from both countries. We also describe the iodine status of n=1,198
school-age children and pregnant women in a national cross-sectional study in
Djibouti.
Using urinary iodine concentration (UIC) in spot samples as a biomarker of iodine
intake, we showed that habitual iodine intakes were above requirements or excessive,
at all study sites and in all population groups. We assessed thyroid function using
thyroglobulin and the prevalence of thyroid disorders using thyrotropin (TSH) and
thyroxine (tT4). Thyroglobulin titres were elevated (>40 µg/L) in 46% of school-age
children in Kenya and 31% in Tanzania, suggesting an increase in thyroid function in
3
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response to the high iodine intakes. However, we observed a low prevalence of
thyroid disorders across all groups, suggesting thyroidal adaptation. Our results point
to a combination of over-iodised salt and iodine-concentrated ground water being
responsible for the high iodine intakes observed at the study sites in Kenya and
Tanzania, while coverage of iodised salt in Djibouti is absent. The main source of
iodine in Djibouti was groundwater; the median water iodine concentration in three
samples collected was 92 µg/L.
Effects of iodine status on thyroid function in weaning infants
In Manuscript Three, we describe the response of the weaning infant thyroid gland
under a broad range of iodine intakes in a cross-sectional, multi-country study, using
thyroglobulin as a biomarker of thyroid function. Using UIC, we estimated the iodine
intakes

of

n=1,543

infants

aged

6-24-months

receiving

breastmilk

and

complementary foods, from purposefully-selected sites in seven countries with
previously-documented deficient, adequate or excessive iodine intakes. We used a
questionnaire to study weaning practices and identify routes of iodine exposure
during weaning, and assessed prevalence of thyroid dysfunction using TSH and tT4.
Across all seven study sites, infants had iodine intakes ranging from about 21 µg/day
to 233 µg/day. Iodine intake and thyroid function had a U-shaped relationship, with
a median thyroglobulin >50 µg/L at iodine intakes <50 µg and >230 µg/day,
suggesting a narrow optimal intake range. Median thyroglobulin was markedly
elevated at the WHO-recommended cut-off for iodine sufficiency of 100 µg/L,
suggesting that this threshold is too low. Overall prevalence of thyroid disorders was
minimal, except for subclinical hyperthyroidism at lower iodine intakes. Thyroglobulin
was not a predictor of thyroid dysfunction, however we confirmed the utility of
thyroglobulin as a biomarker of iodine intake in 6-24-month-old weaning infants.
Criteria to define optimal iodine intakes in this age group, by both UIC and
thyroglobulin, are warranted.
4
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Conclusions

Data evaluating the effects of iodine deficiency on growth were limited. We found no
evidence of an effect of iodine repletion on somatic growth outcomes, however, we
could show that iodine repletion may improve indirect growth markers. Though
current evidence is weak, such biomarkers may offer potential for efficient assessment
of growth outcomes in future human iodine intervention trials.
We observed borderline excessive intakes at study sites in Kenya and Tanzania,
though prevalence of thyroid disorders was generally low. The documentation of
groundwater high in iodine implies that iodine intakes have likely been high in
preceding generations living in the same location. This supports a hypothesis of
thyroidal adaptability to different habitual iodine intakes. The elevated thyroglobulin
observed likely contributes to adaptive mechanisms and strengthens the
recommendation of this biomarker as a sensitive indicator of iodine intake and thyroid
function.
In weaning infants, our data point to a narrow optimal range of iodine intakes, tighter
than in other population groups. A reference range for thyroglobulin in 6-24-monthold weaning infants is warranted, particularly as we confirm it to be a sensitive
biomarker of iodine intake for this age group. This study, to our knowledge, is the
first to present data on weaning, 6-24-month-old infants across a broad range of
iodine intakes. Our findings suggest that current UIC thresholds applied to 6-24month-old infants are too low. Our broad spread of data provides henceforth
comparative framework for data interpretation in weaning infants, and on which to
propose future studies designed to establish rigorous thresholds.
In summary, this thesis has responded to gaps in the evidence base for iodine, and
provides data to inform and support public health policies directed at optimising
iodine nutrition across the life cycle, from iodine deficiency to excess.
5
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Hintergrund

Jod

ist

ein

essentieller

Mikronährstoff,

der

für

die

Synthese

von

Schilddrüsenhormonen benötigt wird und damit vitale Zellfunktionen ab dem
Zeitpunkt der Empfängnis und während des gesamten Lebens aufrechterhält.
Jodmangelerkrankungen sind gut dokumentiert und können schwerwiegende Folgen
wie beispielsweise permanentes kognitives Defizit und Wachstumsstörungen in
unterschiedlichen Ausprägungen haben. Die seit den entscheidenden Studien der
1970er-

und

1980er-Jahre

erfolgte

Forschung

bestätigt

fortlaufend

den

unbestrittenen Nutzen der Jodsupplementierung. Dennoch bleiben offene Fragen.
Wachstumsstörungen haben weitreichende Konsequenzen und deren Bekämpfung,
welche Teil einer Antwort auf viele nachhaltige Entwicklungsziele ist, ist fest in der
globalen Gesundheitsagenda verankert. Unterernährung in den wesentlichen Phasen
des Wachstums und der Entwicklung – insbesondere während den ersten tausend
Lebenstagen und sogar bereits vor der Empfängnis – erhöht das Risiko. Trotz
physiologischer

Plausibilität

bleiben

die

genauen

Auswirkungen

einer

Unterversorgung mit Jod und der daraus folgenden Supplementierung auf die
Wachstumsverläufe unklar.
Wie viele organische Systeme, befindet sich auch die alimentäre Jodversorgung in
einer sorgfältigen Balance. Jodeinnahmen über dem individuellen Bedarf können bei
anfälligen Personen Dysfunktionen auslösen, allerdings reagiert die Schilddrüse in
schilddrüsengesunden

Individuen

auf

eine

akute

–

sogar

extreme

–

Jodüberversorgung mit einer bemerkenswerten Flexibilität. Weniger bekannt ist
hingegen über den Einfluss einer chronischen Jodüberversorgung auf die
Langzeitfunktionen der Schilddrüse, und ob solche erhöhten Jodeinnahmen über
7
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einen längeren Zeitraum das Risiko von Schilddrüsenerkrankungen steigern.
Besonderes Augenmerk ist auf die Lebensphasen zu richten, in denen Menschen
besonders verletzlich sind, wie beispielsweise in der Schwangerschaft und im
Säuglings- und Kleinkindesalter.
Entsprechend sind schwangere und stillende Frauen sowie Säuglinge und Kleinkinder
für Jodmangel besonders anfällig. Diese verletzliche Phase erstreckt sich bis zum Alter
von 24 Monaten, und in älteren Kleinkindern, die abgestillt werden, sind optimale
Jodeinnahmen nach wie vor unerlässlich. Allerdings fehlt es an Nachweisen, die eine
Förderung von Jodsupplementierung in der öffentlichen Gesundheitspolitik für diese
Altersgruppe rechtfertigen würden. Dennoch ist keine Jodförderung in der
Gesundheitspolitik für diese Altersgruppe nachweisbar. Hausgemachte oder nicht
angereicherte Folgenahrung hat typischerweise einen niedrigen nativen Jodgehalt,
und Ernährungsempfehlungen für Säuglinge und Kleinkinder raten in den ersten zwölf
Monaten von der Verabreichung von Salz ab. Mit der Einführung von Beikost als
Ergänzung zum teilweisen Stillen des Kindes, können diese Kinder dem Risiko einer
Jodunterversorgung ausgesetzt werden. Andererseits sind die Jodeinnahmen aus
verschiedenen Quellen kumulativ, und wenig ist bekannt über die Folgen einer
übermässigen Einnahme in dieser Altersgruppe.
Forschungsziele

Das

übergreifende

Ziel

dieser

Doktorarbeit

bestand

darin,

über

die

Jodernährungsstrategie zu informieren und deren Umsetzung durch das Schliessen
von vorhandenen Wissenslücken weiter zu unterstützen. Unsere Ziele waren: 1) Die
Effekte einer Jodunterversorgung und der daraus folgenden Jodergänzung durch
Supplementation oder Fortifikation auf prä- und postnatales Wachstum in allen
relevanten Lebensstadien zu untersuchen; 2) die Effekte einer chronisch
übermässigen Jodeinnahme auf die Schilddrüsenfunktion über die gesamte
Lebensdauer zu beurteilen; und 3) die Auswirkungen von unterschiedlichen
8
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Stillpraktiken auf die Jodernährung und die Effekte des Jodstatus auf die
Schilddrüsenfunktion,

unter

Berücksichtigung

einer

weiten

Bandbreite

von

Jodeinnahmen von Mangel bis Exzess, zu evaluieren.
Eigenständige Studien

Auswirkung von Jodmangel und Jod auf prä- und postnatales Wachstum
In einer umfassenden systematischen Rezession fasst das erste Manuskript die
aktuellen Beweisgrundlagen zusammen, um die Auswirkungen von Jodmangel auf
das Wachstum als Antwort auf die Jodsupplementierung zu beschreiben. In
Anlehnung an eine Scoping-Literaturübersicht um unsere Forschungsfrage zu
rechtfertigen, haben wir in Einklang mit den «Preferred Reporting Items for
Systematic Reviews and Meta-Analysis Protocols (PRISMA-P)»-Richtlinien ein Protokoll
entwickelt, welches auf der internationalen prospektiven Plattform PROSPERO
registriert und zum peer review veröffentlicht wurde. Wir haben randomisierte,
kontrollierte Studien und nicht-randomisierte, kontrollierte Studien eingeschlossen,
welche Jod-Supplementation oder -Fortifikation mit Placebo oder Nicht-Intervention
verglichen

haben,

und

über

prä-

oder

postnatales

Wachstum

oder

wachstumsbezogene Folgen in schwangeren Frauen, Säuglingen, Kleinkindern,
Kindern

und

Jugendlichen

bis

18

Jahre

berichten.

Die

systematische

Literaturübersicht folgt strikt der Cochrane Methode und verwendet das «Grading of
Recommendations Assessment, Development and Evaluation (GRADE)»-System, um
die Qualität der gewonnenen Erkenntnisse zu beurteilen. Wir haben unsere Resultate
gemäss den PRISMA Empfehlungen präsentiert.
Wir

konnten

18

geeignete

Studien

identifizieren

und

einschliessen.

Die

Jodsupplementierung von schwangeren Frauen, die unter starkem Jodmangel leiden,
hat das durchschnittliche Geburtsgewicht um 200 g erhöht. Dennoch sind die
Beweise für Jodergänzung bei anderen Populationsgruppen weitgehend unklar und
9
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die Beweisqualität war für sämtliche Erkenntnisse zu schlecht. Meta-Analysen von
zwei Studien in mittel bis leicht mit Jod unterversorgten Schulkindern zeigten, dass
die Jodsupplementierung einen positiven Effekt auf biochemische Indikatoren, die
für das Wachstum stehen, haben könnte.
Folgen von chronisch exzessiver Jodeinnahme auf die Schilddrüsenfunktion
Das zweite Manuskript beschreibt eine Querschnittstudie, welche an zwei Standorten
in Tansania und Kenia durchgeführt wurde, wo zuvor übermässige Jodeinnahmen in
Schulkindern dokumentiert wurden. Mit dieser Studie wollten wir die Auswirkungen
einer langfristig erhöhten Jodeinnahme auf die Schilddrüsenfunktionen und Prävalenz
von Schilddrüsenerkrankungen in n=3’438 Teilnehmenden aus sechs als verwundbar
eingestuften Bevölkerungsgruppen in beiden Ländern aufzeigen: in Schwangeren,
stillenden Frauen und ihren Säuglingen oder Kleinkindern, Kleinkindern im
Entwöhnungsprozess, Kindern im Schulalter und Frauen im gebärfähigen Alter.
Zusätzlich beschreiben wir den Jodstatus von n=1’198 Schulkindern und
schwangeren Frauen in einer nationalen Querschnittsstudie in Djibouti.
Mittels der Urin-Jod-Konzentration (UIC) in Urin-Stichproben als Biomarker für die
Jodeinnahme konnten wir zeigen, dass die übliche Jodeinnahme über dem täglichen
Bedarf lag oder gar exzessiv war, und dies an allen Studienorten und in allen
Bevölkerungsgruppen.

Wir

haben

die

Schilddrüsenfunktion

mithilfe

von

Thyreoglobulin und die Prävalenz von Schilddrüsenerkrankungen anhand von
Thyrotropin (TSH) und Thyroxine (tT4) beurteilt. Die Thyreoglobulin Titer waren bei
46% der Schulkinder in Kenia und 31% in Tansania erhöht (>40 µg/L), was eine
gesteigerte Schilddrüsenfunktion durch die erhöhte Jodeinnahme suggeriert.
Dennoch

konnten

wir

über

alle

Gruppen

eine

niedrige

Prävalenz

von

Schilddrüsenerkrankungen feststellen, was eine Anpassung der Schilddrüse vermuten
lässt. Unsere Resultate weisen auf eine Kombination von überjodiertem Salz und
jodhaltigem Grundwasser als Ursache für die hohe Jodeinnahme hin, welche an
10
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beiden Studienorten in Kenia und Tansania beobachtet wurde, während in Djibouti
keine flächendeckende Versorgung mit jodiertem Salz festgestellt werden konnte.
Die Hauptquelle für Jod in Djibouti war das Grundwasser.
Einfluss des Jodstatus auf die Schilddrüsenfunktion in Säuglingen und Kleinkindern,
die abgestillt werden
Im

dritten

beschreiben

Manuskript

wir

in

einer

länderübergreifenden

Querschnittstudie die Reaktion der Schilddrüse von Säuglingen und Kleinkindern, die
abgestillt werden, auf eine weite Bandbreite unterschiedlicher Jodeinnahmen, mit
Thyreoglobulin als Biomarker für die Schilddrüsenfunktion. Mittels UIC haben wir die
Jodeinnahme von n=1’543 Säuglingen und Kleinkindern im Alter von 6-24 Monaten
eingeschätzt,

die

zum

damaligen

Zeitpunkt

mit

Muttermilch

und

Nahrungsergänzungsmittel gefüttert wurden und in sieben Ländern mit zuvor
dokumentierter mangelhafter, adäquater oder exzessiver Jodeinnahme lebten. Zur
Ermittlung der Stillpraktiken und Identifikation allfälligen Jodexpositionen während
des Stillens haben wir einen Fragebogen verwendet. Die Abschätzung der Prävalenz
von Schilddrüsendysfunktionen erfolgte mittels TSH und tT4 Konzentrationen.
An allen sieben Studienorten lagen die Jodeinnahmen von Säuglingen und
Kleinkindern

zwischen

21

µg/d

und

233

µg/d.

Die

Jodeinnahme

und

Schilddrüsenfunktion zeigten ein U-förmiges Verhältnis, mit einem Thyreoglobulin
Median von >50 µg/L zu Jodeinnahmen von <50 µg/d und >230 µg/d. Dies deutet
auf eine enge Bandbreite für die optimale Jodeinnahme hin. Der Median von
Thyreoglobulin war bei dem von der WHO empfohlenen Grenzwert zur Jodsuffizienz
von 100 µg/L deutlich erhöht, was darauf hindeutet, dass dieser Grenzwert zu niedrig
ist. Die Gesamtprävalenz von Schilddrüsendysfunktionen war minimal, ausser für
subklinische Schilddrüsenüberfunktionen bei geringer Jodeinnahme. Thyreoglobulin
war kein Indikator für Schilddrüsendysfunktionen, dennoch konnten wir den Nutzen
von Thyreoglobulin als Biomarker für die Jodeinnahme bei 6-24 Monate alten
11
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Säuglingen und Kleinkinder, die abgestillt werden, bestätigen. Kriterien zur Definition
optimaler Jodeinnahmen, sowohl mithilfe von UIC als auch Thyreoglobulin, sind
gefragt.
Schlussfolgerungen

Daten über den Einfluss einer Jodunterversorgung auf das Wachstum waren limitiert.
Wir konnten keinen Nachweis zur Auswirkung von Jodsupplementierung auf das
Zellwachstum erbringen, jedoch eine potentielle Verbesserung der indirekten
Wachstumsmarker durch die Jodergänzung aufzeigen. Obwohl die heutige
Beweisgrundlage dafür schwach ist, könnten solche Biomarker künftig für eine
effizientere Bewertung von Wachstumsstörungen in Interventionsstudien zur
Jodversorgung des Menschen eingesetzt werden.
Wir beobachteten grenzwertig exzessive Jodeinnahmen an den Studienorten in Kenia
und Tansania, obwohl die Prävalenz für Schilddrüsenerkrankung generell niedrig war.
Die Dokumentierung von Grundwasser mit hohen Jodgehalten impliziert, dass die
Jodeinnahme vermutlich bereits in den vorangegangen, am selben Ort ansässigen
Generationen hoch war. Das unterstützt die Hypothese über die Anpassungsfähigkeit
der Schilddrüse an unterschiedliche gewohnheitsmässige Jodeinnahmen. Das
erhöhte Thyreoglobulin trägt wahrscheinlich zu den adaptiven Mechanismen bei und
stärkt die Empfehlung für diesen Biomarker als sensitiver Indikator zur Untersuchung
der Jodeinnahme und Schilddrüsenfunktion.
Bei Säuglingen und Kleinkindern, die abgestillt werden, deuten unsere Daten auf eine
enge optimale Bandbreite für die Jodeinnahme hin, enger verglichen mit anderen
Bevölkerungsgruppen.

Die

Notwendigkeit

einer

Referenzbandbreite

für

Thyreoglobulin in dieser Altersgruppe ist gerechtfertigt, vor allem weil wir
Thyroglobulin als sensitiven Biomarker für die Jodeinnahme in dieser Altersgruppe
bestätigen konnten. Unseres Wissens ist dies die erste Studie, die Daten zu 6-24
12
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Monate alten Säuglingen und Kleinkindern, die abgestillt werden, über eine weite
Bandbreite von unterschiedlichen Jodeinnahmen aufzeigt und darauf hinweist, dass
die offiziellen UIC-Grenzwerte für 6-24 Monate alte Säuglinge und Kleinkinder zu tief
sind. Die breite Streuung unserer Daten bietet künftig einen Vergleichsrahmen zur
Dateninterpretation für Säuglinge und Kleinkinder, die abgestillt werden, mit
welchem zukünftige Studien zur Festlegung präziser Grenzwerte vorgeschlagen
werden können.
Zusammenfassend konnte diese Doktorarbeit vorhandene Wissenslücken zum
Spurenelement Jod schliessen und Daten zur Information und Unterstützung der
öffentlichen Gesundheitspolitik liefern, welche eine Optimierung der alimentären
Jodversorgung über den gesamten Lebenszyklus, von Jodmangel bis -exzess,
anstrebt.
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Iodine is an essential micronutrient and integral part of thyroid hormone. Thyroid
hormone regulates vital processes in the body from the agglomeration of foetal cells
after conception (1) through to maintenance of cellular energy and metabolism in
adulthood (2). Though the effects of seaweed on the resolution of goitre were
established millennia ago (3), pivotal work in parts of South America, Africa and
Australasia (3), and Japan (4) in the second half of the 20th Century brought iodine
nutrition firmly to the public health agenda.
The Iodine Deficiency Disorders (IDD) are well described can be as severe as cretinism
and stunting (5). Stunting increases risk of poorer educational outcomes and lower
adult wages (6), and thus carries consequences for the individual and society. Stunting
is marked in myxoedematous cretinism caused by severe iodine deficiency during
gestation (7), however, the precise effect of iodine deficiency on growth trajectories
in individuals not affected by cretinism remains unclear.
Over the last 50 years, great progress has been made towards the resolution of IDD,
particularly through the implementation of iodised salt programmes. Recent research
has, however, confirmed a U-shaped relationship between iodine intake and thyroid
function (8), and current estimates put 11 countries at risk of population iodine excess
(9). Healthy thyroid glands can tolerate acute exposure to remarkably high intakes of
iodine (10), still, iodine intakes above requirements may risk morbidity in susceptible
individuals (11). Aetiology is variable. Yet, the extent to which long-term exposure to
elevated iodine intakes affects prevalence of thyroid disorders has not, to date, been
assessed. Further, risk may be highest during gestation and infancy, yet reported
outcomes are conflicting (12).
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Indeed, pregnancy and infancy, part of the first 1,000 days of life, are recognised key
periods of growth and development and essential for optimising iodine intakes (13,
14). Pregnant women and infants are a priority for iodine research, and have been
recent focus populations for the Human Nutrition Laboratory (15, 16). Yet, the first
1,000 days extends to 24 months of age. Weaning, when infants start to transition
from breastmilk to solid foods, is the last phase of the first 1,000 days and
optimisation of iodine intakes remains essential during this time. With the changes in
alimentation and societal differences in weaning practice, the risks for under- or overexposure to iodine in this age-group may be higher. Yet despite this, the weaning
period has received less research attention and gaps in the evidence base for iodine
nutrition for weaning infants remain.
This doctoral thesis aims to provide evidence to support and inform iodine nutrition
policy, by responding to these gaps in the evidence base. Our objectives are: 1)
Identify the role of iodine repletion, through fortification or supplementation, on prenatal and post-natal growth outcomes at all relevant life stages, to subsequently
better understand the effects of iodine deficiency on growth; 2) Assess the effect of
a chronic, excessive iodine intake on thyroid function across the life cycle; and 3)
Strengthen the evidence base on iodine nutrition for weaning infants, including
evaluating the impact of weaning practices on iodine nutrition and the effects on
thyroid function in weaning infants of a broad range of iodine intakes, from deficiency
to excess.
This thesis is organized into three main parts. Firstly, a review of the literature presents
current thinking and evidence in each of these three principal research areas.
Secondly, three core manuscripts present original data aimed at answering these
research questions. Thirdly, a final chapter provides interpretation of the ensemble,
with public health recommendations in respect to our aims and objectives.
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LITERATURE REVIEW
This literature review is comprised of three parts:
Part One: Thyroid Function and Growth: The Mechanisms of Iodine comprises a

review of the mechanisms of iodine in the physiology of growth during the first 1,000
days, excerpted as a chapter from the recently-published textbook, The Biology of
the First 1,000 Days.
Part Two: Excessive Iodine Intake: Sources, prevalence, Assessment and Effects on

the Thyroid, is a review of iodine excess in all age groups, prepared for and presented
at the World Health Organization Technical Consultation “Risk of excessive intake of
vitamins and mineral delivered through public health interventions – current practices
and case studies”, held in Panamá City, Panamá, on 4th to 6th October 2017.
Part Three: Iodine nutrition for weaning infants, describes the current knowledge

around iodine nutrition for weaning infants, including the current requirements for
iodine in this age group, thyroid function and thyroid function disorders, and sources
of iodine with a review of risk of deficiency and risk of excess.
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PART ONE:
THYROID FUNCTION AND GROWTH: THE MECHANISMS OF IODINE

Abstract

Iodine deficiency was highly prevalent around the world, though great progress
towards

reducing

iodine

deficiency

disorders

has

been

achieved

since

implementation of salt iodisation programs and other prevention strategies. However,
large numbers of people are still affected. The foetus, neonate and infant are
important groups at risk, due to the profound negative effects that iodine deficiency
can have during perinatal development. Iodine requirements during these life stages
are higher than for the general population. A component of thyroid hormones,
adequate iodine is therefore essential for many metabolic reactions influencing
growth and development, including accelerated myelination of nerves in the brain
and central nervous system of the developing foetus. Thyroid hormones also promote
the growth and maturation of peripheral tissues and the skeleton and raise the basal
metabolic rate. They can exert their effects directly via thyroid hormone receptors,
via non-genomic mechanisms, or indirectly via other hormonal axes, the most
consequent of which involves growth hormone. Though there is strong evidence from
the literature that links iodine deficiency during the first 1,000 days to reduced
cognition and cretinism, there is a lack of literature on the effects of iodine on infant
and child growth outcomes, despite the characterization of biological mechanisms
clearly implicating iodine in the growth process. Given the paucity of available
evidence about the effect of iodine deficiency on growth as an outcome measure, the
objective of this chapter is to elucidate the underlying mechanisms linking iodine
nutrition to growth during the life stages of the first 1,000 days.
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1. Introduction: Consequences of suboptimal iodine status during the first 1,000
days

Iodine deficiency used to be highly prevalent in many parts of the world until salt
iodisation programs and other prevention strategies were implemented and scaled
up, beginning in the 1980s in most countries (1). Great progress toward reducing
iodine deficiency and its consequences has been achieved since; however, large
numbers of people continue to be affected (2, 3).
The foetus and the neonate are important at-risk groups, both with regard to
physiological needs and supply from the mother, and because of the profound
negative effects that iodine deficiency can have during perinatal development (4, 5).
During pregnancy and lactation, maternal iodine requirements are increased to
supply the foetus, neonate, and, later, infant, and iodine stores (if available at the
onset of pregnancy) can become rapidly depleted if the pregnant or lactating woman
does not consume sufficient dietary iodine (6–9). Iodine requirements during these
life stages are thus higher than for the general population.
Figure 1.1 summarises the consequences of iodine deficiency during the first 1,000
days, along with a judgment of the quality of evidence for each effect and each early
life stage. All effects presented are child-related and do not include adverse effects
on pregnant or lactating women. Upward arrows indicate an improvement of the
situation. For example, an upward arrow indicates less child cretinism if iodine is
provided during pregnancy. These effects are usually stronger when intervening in
populations that are severely iodine deficient, but, to some extent, they also apply in
situations of moderate deficiency.
In summary, there is strong evidence as to the negative consequences of suboptimal
iodine status during the first 1,000 days, such as reduced cognition, cretinism, and
lower birth weight, as outlined in several recent reviews. Whereas Bougma et al. (11)
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concluded that iodine deficiency has an important association with the mental
development in children under 5 years, Zimmermann (10) concluded that iodine
supplementation at varying levels before or during early pregnancy among women
living in moderate to severely iodine-deficient areas eliminates cretinism, increases
cognitive development in young children, increases birth weight, and reduces infant
mortality. Similarly, Gunnarsdottir and Dahl (12) suggest that an improved prenatal
iodine status is associated with improvements in cognitive function for infants and
toddlers to 18 months. In contrast, there is little evidence on the effect of iodine status,

Figure 1.1. Summary of the effect of iodine interventions on known consequences of
iodine deficiency during the first 1000 days, by outcome and quality of evidence1

Outcome
Cretinism2

Life stage of intervention
Pregnancy
Lactation
Infancy/childhood
*
n/a8
n/a8

Cognition3
Birthweight4

n/a8

n/a8

Growth5
Perinatal /infant mortality6
Abortion/stillbirth7
1

**

n/a8

Quality of evidence:
Low
Medium
High
Insufficient
literature
No effect
Positive effect
Negative effect

→
↗
↘

Quality of evidence rating criteria: insufficient literature: only individual studies that are

somewhat unclear or conflicting; low: small number of studies, but mostly consistent findings;
medium: existing meta-analyses or systematic reviews, but somewhat conflicting findings
across; high: existing meta-analyses or systematic reviews, mostly consistent findings across.
2

Sources for cretinism: (10); 3Sources for cognition: (10-12); 4Sources for birthweight: (10, 12);

5

Sources for growth: (13, 14); 6Sources for perinatal and infant mortality: (10); 7Sources for

abortion/stillbirth: (15); 8Intervention-outcome combination not applicable for this life stage.
*Graded medium level despite only a few studies available: studies showed consistent and
clear improvements and thus, for ethical reasons, intervention studies to further corroborate
findings are no longer feasible; **Iodine supplements were given to neonate directly, not via
maternal breast milk.
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or iodine supplementation or fortification on infant and child growth outcomes (13).
However, as seen in the aforementioned reviews, in the case of iodine there are clear
positive effects of correcting iodine status on infant morbidities, likely due to the
underlying mechanisms of action of iodine in the body. Iodine plays an essential role
in the synthesis of thyroid hormones; these hormones are required for many
metabolic reactions essential to growth and development such as protein synthesis,
and bone turnover and regulation, which will be discussed in more detail later.
Given the paucity of available evidence about the effect of iodine deficiency on
growth as an outcome measure, the objective of this chapter is to elucidate the
underlying mechanisms linking iodine nutrition to growth during the life stages of the
first 1,000 days.
2. Iodine metabolism and thyroid hormones

The only known function of iodine in the human body is for the synthesis of thyroid
hormones, which makes it an essential micronutrient for optimal health. The thyroid
hormones T4 and T3 are hereafter collectively referred to as “thyroid hormones” (TH).
The functions of TH in the human body are many-fold; those directly involved with
somatic growth and development are discussed in section 3.
The thyroid pro-hormones 3,5,3’,5’-L-tetraiodothyronine (thyroxine, T4) and its
biologically active counterpart 3,5,3’-L-triiodothyronine (T3) are small, biphenolic
compounds produced by the thyroid gland in a process that is rate-limited by iodine
availability. Very little T3 is secreted by the thyroid gland itself, since T3 is principally
formed in the peripheral tissues by the deiodination of circulating T4 (16). Iodine
comprises 65% and 59 % of T4 and T3 respectively. They are structurally identical,
except for one less iodine at the 5’ position on the outer ring of T3. Figure 1.2
provides a visual overview of the following sections of this chapter and will be referred
to frequently.
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Iodine uptake from the gut
After ingestion, iodine uptake into the bloodstream is facilitated by the sodium/iodine
(Na/I) symporter (NIS), found on the apical surface of enterocytes in the stomach and
duodenum (17), as shown in Figure 1.2. Uptake is autoregulated; with increasing
concentrations of iodine in the gut, a regulatory mechanism is initiated that
downregulates the genetic expression and, thus, production and activity of the NIS
(17). Iodine circulates in the blood in three forms: (1) inorganic iodide; (2) as TH bound
to carrier proteins; and (3) to a very small extent, as part of free TH (15). Thyroid
hormones are released by the thyroid gland, which is a highly vascularized organ with
a unique structure of thyroid cells surrounding a colloid. The main constituent of the
colloid is thyroglobulin (Tg), a thyroid-specific, large molecular weight glycoprotein
that provides the structure for thyroid hormone synthesis and iodine storage (5).
Metabolism of iodine: the formation and cellular uptake of thyroid hormones
Iodine metabolism and TH synthesis are regulated via intricate interactions between
the hypothalamus, pituitary, and thyroid glands, which together form the
hypothalamus-pituitary-thyroid axis (HPT) (see Figure 1.2). The control of TH synthesis
begins in the hypothalamus, where thyrotropin-releasing hormone (TRH) stimulates
both the synthesis and release of thyroid-stimulating hormone (TSH). TSH has the
same α-subunit structure as other glycoprotein hormones synthesized by the pituitary.
Its β-subunit provides receptor-binding specificity and binds to TSH receptors at the
thyroid cell surface. This initiates a cascade of reactions in the thyroid, resulting in the
synthesis of TH, which are subsequently released into the bloodstream. Upon release
into the circulation, TH are bound noncovalently to carrier proteins, mainly to
thyroxine-binding globulin (75%) but also albumin (10%) and transthyretin (15%) (16,
18). TH are taken up from the blood into target tissues by active transport to a
concentration

of

approximately

10

times

that

of

the

circulation

(15).
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Figure 1.2 Overview of the role of iodine and its role in the human body, with a
particular focus on the first 1,000 days1, 2, 3
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Figure 1.2 Overview of the role of iodine and its role in the human body, with a particular
focus on the first 1,000 days1, 2, 3
1

Iodine taken up via the stomach/duodenum is used in the synthesis of TH by the thyroid

gland. TH is secreted into the blood circulation, where it joins circulating free iodine. TH acts
on almost all cells and tissues in the body to influence cellular metabolism and growth
mechanisms as described in part 4. TH does this in conjunction with GH and IGFs, which
promote growth and cell survival for almost every cell in the body. During pregnancy, TH and
circulating free iodine move from the maternal circulation through the placenta to the foetus.
TH promotes foetal growth and development, in particular an accelerated myelination of
nerves in the brain and central nervous system, and free iodine is available for foetal TH
synthesis from week 20 of gestation. After birth, free circulating iodine, provided by the
mother via breast milk, is critical for the continued development of neonate and infant. Any
superfluous TH and free circulating iodine not removed by the placenta or mammary gland
are eliminated via the liver or kidney respectively. Some free iodine is also lost in sweat.
Feedback mechanisms maintain homeostasis in blood hormone levels.
2

Abbreviations: GH, Growth Hormone; GHRH, Growth Hormone Releasing Hormone; HPT-

axis, hypothalamus-pituitary-thyroid axis; I-, Iodine; IGFs, Insulin-like Growth Factors; NIS,
Sodium/Iodine (Na/I) symporter; T3, 3,5,3’-L-triiodothyronine; T4, thyroid pro-hormone
3,5,3’,5’-L-tetraiodothyronine (thyroxine); TH, Thyroid Hormones; TRH, Thyroid-Releasing
Hormone; TSH, Thyroid-Stimulating Hormone.
3

All images © Sabine Douxchamps
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Circulating TH exert a negative feedback effect to control the release of TSH from the
pituitary gland and on the activity of the TRH-stimulating neurons in the hypothalamus.
In this way, similar to the autoregulation of iodine uptake, TH regulate their own
synthesis (Figure 1.2).
Once inside the cell, TH binds to a nuclear TH receptor to elicit a response. TH
receptors are found throughout the body, including the liver, kidney, heart, skeletal
muscle, brain, pituitary gland, adipose tissue (16), and bone (19), but not in the adult
brain, spleen, testes, uterus, or thyroid gland itself. Additionally, TH can act via nongenomic mechanisms (20), or other indirect mechanisms through their influence on
other endocrine systems such as the growth hormone and insulin-like growth factor
axis (IGF-axis; see Figure 1.2).
Iodine excretion
Circulating inorganic iodide is removed from the bloodstream for excretion by the
kidney (16). Renal uptake occurs by passive diffusion and is relatively constant at 85%
to 90% of daily iodine intake under conditions of sufficiency (21). There is no
mechanism by which the body can reduce renal excretion to retain iodine (21). Iodine
circulating as TH is excreted hepatically through conjugation via sulfotransferase or
glucuronyl-transferase. The conjugates are eliminated in the bile, and the iodine is
excreted in faeces along with any other iodine not absorbed from the gut (15, 22).
Iodine is also lost in sweat, which may be an important factor to consider in hot
environments, since these losses can contribute to a depletion of iodine stores (23).
This may be particularly pronounced in infants due to the high surface-area-to-bodymass ratio (see Figure 1.2).
3. Iodine metabolism and thyroid hormones during the first 1,000 days

In addition to renal and hepatic iodine excretion, both the placenta and mammary
gland remove iodine and TH from the mother for the support of growth and
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development of the foetus and infant, as shown in Figure 1.2. In particular, the transfer
of maternal TH is important in the early stages of pregnancy until the foetal thyroid is
functional and can make use of the transplacental transfer of iodine, which is the only
source of iodine for the foetus during gestation, for foetal TH production. Similarly,
during exclusive breastfeeding as recommended by the World Health Organization
(WHO) until 6 months of age (24), the iodine in breast milk must sustain the needs of
the infant (Figure 1.2), despite the wide variations in breast milk iodine concentration
corresponding to the mother’s intake (25).
Pregnancy and the Foetus
Pregnancy induces several major changes in thyroid function and iodine metabolism.
Maternal requirements are increased in pregnancy due to an increased iodine
demand, and a higher than usual iodine clearance rate, as described later. The
concentration of TH in utero regulates foetal growth, development, and viability via
several factors, as discussed later. Formation of the foetal thyroid does not occur until
about week 12 of gestation, and it is not capable of iodine organification until around
week 20 (26). At this point, the foetal thyroid can produce and secrete TH under the
control of the HPT axis and, although it is fully functional at birth (27), during gestation
the foetus is reliant on maternal TH and, later in pregnancy, iodine from the maternal
circulation. At the start of gestation, therefore, maternal T4 crosses the placenta in
small amounts (27). To reflect this, in the first trimester maternal T4 production is
increased by about 50% to ensure that the foetus has adequate T4 for local
deiodination to the active TH, T3, for correct cerebral development (28). An increase
in circulating oestrogen inhibits the breakdown of thyroid-binding globulin,
maintaining higher levels of circulating total TH (26, 29). Transiently during pregnancy,
there is a trend toward a reduction in circulating free TH, which stimulates a rise in
TSH that in turn stimulates the synthesis of TH to maintain homeostasis in levels of
unbound TH in the bloodstream (26, 30). Additional iodine is needed for the increase
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in TH synthesis; to compensate for this, iodine uptake and the use of maternal iodine
stores are increased. Additionally, human chorionic gonadotropin, which shares the
same α-subunit as TSH and is produced in the first days of pregnancy, can also bind
to TSH receptors on the maternal thyroid cells and stimulate TH synthesis (30). Once
the foetal thyroid function is established and is capable of organification of iodine
from week 20, foetal iodine supply is met entirely from maternal intake (30).
From early pregnancy, there is a 30% to 50% increase in maternal glomerular filtration
rate and a corresponding increase in renal blood flow, leading to a greater loss of
iodine that persists until the end of the pregnancy (26, 30). To compensate, the
thyroid gland increases iodine uptake (31). In iodine-replete regions, women will

Table 1.1: Iodine Intake Recommendations for Individuals during the 1,000 Days
World Health Organization

Institute of Medicine

Population Group

RNI (μg/day)

Population Group

RDA (μg/day)

Women and children
>12 years

150

Women and children
≥14 years

150

Infants 0-12 monthsa

110–130

Children 1–8 years

90

Children 0–5 years

90

Pregnant

250

Pregnant

220

Lactating

250

Lactating

290

Source: Institute of Medicine, Academy of Sciences, USA, 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; and World Health Organization, United Nations Children’s Fund, International Council
for the Control of Iodine Deficiency Disorders, Assessment of iodine deficiency disorders and
monitoring their elimination: A guide for programme managers, 3rd ed., Geneva: World
Health Organization, 2007.
a

Adequate intake. RNI, Recommended Nutrient Intake; RDA, Recommended Dietary

Allowance.
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typically have between 10 and 20 mg of iodine stored in their thyroid gland, and if
iodine intake remains sufficient during gestation, the increased demands can be met
(26). However, if the mother’s own thyroidal iodine stores are depleted at the start of
gestation and her intake during pregnancy does not compensate for the higher need,
then the risks of the effects iodine deficiency on both mother and child are increased
(31).
The Neonate and the Infant
Though infants are born with a functioning thyroid gland, they have only scant iodine
stores at birth. The average iodine content of the thyroid gland of a neonate is 50 to
100 µg (32), compared to 15 to 20 mg in iodine-sufficient adults (16). Yet, in terms of
iodine requirements per kilogram body weight, infants have the highest relative
requirements for iodine of any life stage group (33). There are significant changes in
thyroid physiology and circulating TH concentrations after birth. There is a distinctly
high turnover of T4 in infants relative to that of adults: Turnover is estimated to be
about 5 to 6 µg/kg/day for infants under 3 years, compared to 1.5 µg/kg/day in adults
(34).
In the neonate and young infant, excluding infants who receive formula milk (which is
usually iodized), the main source of external iodine is breast milk. Breastfeeding is
recommended until 2 years of age (24). The milk must therefore contain adequate
levels of iodine to ensure continued growth and development until the infant can
obtain adequate iodine from food sources and iodized salt. Several factors can
influence breast milk iodine concentration: maternal iodine status, recent maternal
iodine intake, duration of lactation, and maternal fluid intake (35). In iodine-sufficient
populations where the mother has had adequate intakes of iodine during pregnancy,
breast milk iodine concentrations are considered adequate to meet the needs of
neonates and young infants (29). The mammary gland can concentrate iodine at levels
20 to 50 times higher than in plasma (36) due to the upregulated expression of NIS
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in breast alveoli during lactation (37). About 20% of iodine in breast milk is present as
organic iodine, including a small amount of TH, which are considered insufficient for
neonatal and infant TH requirements, particularly because, via oral ingestion, the TH
are likely to be destroyed during digestion (38). The remaining 80% of the iodine
present in breast milk is in the form of free iodide from the maternal bloodstream.
This should cover the deficit in iodine requirement, provided that the mother’s dietary
iodine intake is adequate (29), and in which case, breast milk is considered sufficient
to fulfil the iodine requirements of the breastfed infant.
Iodine Requirements during the First 1,000 Days
To reflect the increased nutritional needs to support normal foetal, neonatal, and
infant growth and development, the daily recommended iodine intakes for pregnant
and lactating women are increased. The iodine requirements for these groups,
women of reproductive age, and infants are summarized in Table 1.1.
4. Iodine, thyroid hormones and growth during the first 1,000 days

An adequate and continued supply of iodine is needed throughout life for the
synthesis of TH, yet, as outlined earlier, the first 1,000 days are particularly important.
Iodine supplementation of mothers during pregnancy, and directly to infants, has
been shown to improve infant survival (10, 41), and, if undertaken before or during
pregnancy, maternal iodine supplementation (10, 42, 43), or an adequate iodine
status (44,45), has been positively associated with birth weight (10, 42–45) and infant
growth at 6 months (46). Furthermore, recent analyses by Krämer et al. (2016) suggest
a positive association between the absence of iodized salt availability at household
level and low birth weight (47). Additionally, they observed significant associations
between household iodized salt availability and growth indicators (e.g. stunting,
wasting, and underweight); however, the association was only positive for infants over
5 months of age, probably due to breastfeeding practices, although some benefit via
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maternal milk is proposed (47). In toddlers, Neumann and Harrison (1994) reported
that household availability of iodized salt use in Kenya was related to improvements
in height (48) and, in toddlers and older infants, the use of iodized salt has been
associated with increased weight-for-age z-scores and mid-upper-arm circumference
in some countries in Asia (49).
During foetal development and the neonatal period, TH are responsible for a
multitude of effects that include accelerated myelination in the brain, and improved
central nervous system cell migration, differentiation, and maturation (50, 51) (see
Figure 1.2). TH also promote the growth and maturation of the peripheral tissues and
skeleton, and they raise the basal metabolic rate (16), which provides energy for
growth (see Figure 1.2). Indeed, TH may be the best surrogate biochemical markers
for healthy foetal development (28, 52).
The actions of TH in target tissues are mediated by thyroid hormone receptors that
regulate the transcription of target genes, which can induce pathways that stimulate
or inhibit protein synthesis (16). However, the numerous effects of TH integral to
human growth are not limited to TH and TH receptor interactions: Non-genomic
functions of TH have also been identified. Such effects do not require gene
transcription or protein synthesis, and can have a rapid onset (20). Furthermore, and
important here, TH can also affect growth indirectly via other hormonal axes, the most
consequent of which involves Human Growth Hormone (GH). Both TH and GH are
essential for normal growth and development (53): Thyroid function and growth
mechanisms are intertwined in a complex relationship; neither can be considered
without the other, and iodine plays a central and fundamental role.
The impact of TH on growth mechanisms is discussed next.
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Effects of Thyroid Hormone on the Reproductive System
Although not directly a growth mechanism, the ability to reproduce successfully is the
primary determinant of the viability of a new life. Normal reproductive physiology in
both women and men is dependent on having normal levels of TH, and evidence
points to the association between reproductive complications or failure and TH levels.
This association is mainly based upon the interrelationship between the HPT axis and
the hypothalamic-pituitary-gonadal axis, which controls the release of sex steroid
hormones, as both axes influence each other.
Abnormal amounts of TH can cause problems with sperm morphology and motility
and induce erectile dysfunction (54). In women, reproductive problems due to
incorrect TH levels may impact menstruation, oocyte quality, and endometrial
thickness (54). In both sexes, TH abnormalities cause changes in sex hormone-binding
globulin and sex steroids.
Effects of Thyroid Hormone on Muscle, Cellular Energy Turnover, and Glucose
Metabolism
Skeletal muscle is a principal target of TH signalling, and TH regulate the expression
of a broad range of genes with key roles in skeletal muscle development, homeostasis,
function, and metabolism (55). TH transporter proteins and deiodination enzymes that
are required for TH binding and the conversion of the inactive T4 to the active
metabolite T3 are expressed in skeletal muscle tissue (55), and provide the means to
control TH uptake and activation. Starting with early embryonic development of trunk
and limbs, the development of foetal skeletal muscle is dependent upon TH, a
process that continues postnatally with the transition from foetal muscle fibre
phenotypes to adult phenotypes (55). Furthermore, muscle is one of the major tissues
involved in glucose uptake, and TH can control glucose uptake both from the gut and
also by skeletal muscle, thereby influencing the overall glucose homeostasis of the
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body. This is particularly important since the foetus is highly reliant upon glucose, not
only for energy but also as a precursor for biochemical reactions promoting tissue
growth.
TH are unique in their ability to affect the resting metabolic rate (20), primarily through
their actions on skeletal muscle both at rest and while active. The sodium/potassium
(Na+/K+) adenosine triphosphatase (ATP) pump, responsible for the maintenance of
the resting cellular membrane potential, is a direct target gene for T3. The ability of
TH to regulate energy utilization is closely linked to effects on the function of
mitochondria, which provide about 90% of intracellular energy in the form of ATP (56),
and actions can also be via nongenomic influences of TH directly on mitochondria
(20). TH can also increase the number of mitochondria in a cell (57), thereby increasing
the capacity to generate ATP. These factors influence foetal growth and metabolism,
and hypothyroid foetuses will obtain less ATP, and therefore have less energy
available for growth of nonessential tissues (27).
Lastly, TH have an important role to play in the survival of the neonate at birth. After
delivery, the neonate must expend ATP to maintain the extrauterine body
temperature, which requires the generation of more heat than while in the protective
environment of the uterus. Activation of this thermogenesis in brown adipose tissue
is reliant on T3 (27, 55).
Effects of Thyroid Hormone on the Cardiovascular System
TH are critical regulators of cardiac development during foetal and postnatal life.
Cardiac functions, such as heart rate, cardiac output, and contraction force, are linked
to TH. In the foetus, TH are responsible for the maturation of the cardiovascular
system adaptation of the heart at birth, when the ventricles switch from pumping in
parallel to pumping in series (27).
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Effects of Thyroid Hormone on Skeletal Bone Development and Maintenance
The dependence of bone maturation, growth, and development on thyroid function
is well recognized (19, 58), and the association between myxoedematous cretinism
and short stature is confirmed (59). An euthyroid state is essential for normal skeletal
development. Thyroid Hormone Receptors have been identified in bone cells
(osteoblasts, osteoclasts) and cartilage cells (chondrocytes) (19, 58), and TH have
been shown to accelerate osteoblastic differentiation (60). In response to TH, bone
cells stop proliferating and develop differentiated functions including production of
growth factors, cytokines, prostaglandins, and structural proteins (60). Osteoblasts
are stimulated directly by T3 and, indirectly, via the action of T3 on growth factors,
such as insulin-like growth factor-1 (see below) (61). Furthermore, TSH receptors,
expressed predominantly on thyroid cells, have also been identified in bone,
suggesting that TSH may have a direct effect on bone and cartilage itself (62).
Effects of Thyroid Hormone on Growth Hormone and Insulin-Like Growth Factor
Human Growth Hormone (GH) is the most abundant hormone secreted from the
anterior pituitary. It is secreted in response to a stimulus on the anterior pituitary by
growth hormone releasing hormone, which itself is secreted from the hypothalamus.
GH is essential for normal growth and development, and exerts its effects on almost
all tissues in the body. TH promotes GH synthesis and secretion from the pituitary,
and has a permissive effect on the anabolic and metabolic effects of GH. In turn, GH
also affects TH activity: GH depresses the secretion of TSH from the pituitary, which
in turn will dampen the cascade of reactions initiated by TSH to produce TH.
The main function of GH is to promote the synthesis and secretion of IGFs, which
mediate the effects of GH. IGFs cause cell growth and multiplication by increasing
the uptake of amino acids into the cell, thereby promoting protein synthesis. GH acts
on muscle, cartilage, bone, and other tissues and, indirectly, on the liver, to promote
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IGF secretion. IGFs circulate in the plasma in complexes with structurally related
binding proteins, called IGF-binding proteins. IGF-binding protein-3 is the most
common and has the highest binding affinity for IGF-1, binding approximately 95%
of the growth factor (63).
Via IGFs, GH promotes accelerated protein growth, an increase in cell size, an
increase in cell mitosis, and a corresponding increase in cell number. It promotes the
specific differentiation of certain types of cells, for example, bone growth cells and
early muscle cells. In infants and children, in whom the bone has not yet reached its
adult length, GH increases the growth rate of the skeleton and skeletal muscles.
GH stimulates the increased deposition of proteins around the body, yet the most
visible effect is on somatic growth, the stimulation of growth of the skeletal frame.
This impact on skeletal growth occurs as a result of multiple effects on bone, including
(a) an increased deposition of protein by chondrocytic and osteogenic cells that cause
bone growth; (b) an increased rate of reproduction of these cells; and (c) the specific
effect of converting chondrocytes into osteogenic cells, thus causing specific
deposition of new bone.
Indeed, the growth-promoting actions of GH and IGF-1 are critical for growth during
early life: IGFs are widely expressed in foetal tissues and have major influences on
foetal growth (27, 53), and in neonates and infants, where a deficiency of GH is
established by 6 months of age, growth failure may result in stunted growth of up to
3 or 4 standard deviations below the mean (53).
An adequate iodine status and euthyroid state can thereby promote growth, through
the promotion of the secretion of GH. The secretion of GH, IGF-1, and IGFBP-3 is
dependent on thyroid function, both directly and indirectly via the effects of TH on
pituitary secretion (63).
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5. Conclusion

Iodine is an essential micronutrient for optimal health, being the principal component
of thyroid hormones. Thyroid hormones are implicated in nearly all cells in the body,
and control a vast array of biochemical reactions. During the first 1,000 days, iodine
and thyroid hormones are indispensable for the viability of the developing foetus and
for perinatal survival, including brain formation and cognitive development, and
thereafter for the growth and ongoing development of the child.
Whereas the biological mechanisms are well characterized for iodine to have a clear
impact on growth processes and growth outcomes, measurable effects of thyroid
hormones on growth are principally seen in situations of severe or moderate
deficiency. In situations of mild iodine deficiency, where the body’s regulatory
mechanisms are better prepared to maintain homeostasis, we may be unlikely to see
a measureable impact on growth. That said, there is a distinct lack of literature on the
effects of iodine status, or supplementation or fortification strategies, on infant and
child growth outcomes (13). The available data are mainly cross-sectional, which are
limited in scope since they make assumptions that current iodine status is reflective
of past status, and may not control for socioeconomic confounders (63). The little
evidence from iodine intervention strategies on growth is of low quality: There are
few randomized controlled trials, and those conducted have generally been
underpowered to study growth outcomes (13, 64, 65). Furthermore, growth as an
outcome is difficult to measure in single nutrient nutritional studies, since the factors
impacting growth are vast and spread beyond the reach of a single nutrient or even
nutrition alone, and studies need to be of sufficient duration to detect a measureable
difference. There is a clear need for well-designed, long-term controlled trials with
adequate sample sizes to appropriately assess the impact of iodine status on growth
outcomes.
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PART TWO:
EXCESSIVE IODINE INTAKE: SOURCES, PREVALENCE, ASSESSMENT AND
EFFECTS ON THE THYROID

Abstract
Iodine is an essential micronutrient for thyroid hormones. The relationship between
iodine intake and thyroid function is U-shaped and risk of morbidity is higher at
deficient and excessive intakes. Consequences of iodine deficiency are well
documented, however the response to excess is more complex and sometimes at
intakes

barely

above

physiological

needs.

Excessive

iodine

can

cause

hyperthyroidism or hypothyroidism, goitre or thyroid autoimmunity. Conversely,
persons with existing autoimmune disease may be more susceptible to elevated
iodine intakes. Excess iodine intakes may arise from consumption of over-iodised salt,
drinking water high in iodine, seaweed or dietary supplements. Risk of adverse events
due to increases in iodine intake are usually transient on a population level and
outweigh the risks of correction of deficiency, though monitoring remains essential.
Thyroglobulin is a sensitive biomarker of excessive iodine intakes and complements
urinary iodine concentration for the evaluation of population iodine status, which
should precede any review of salt iodisation policy.
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1. Introduction

Iodine is a nutrient essential for thyroid hormone production. Sequelae linked to its
deficiency, such as cretinism, loss of cognitive function and stunted growth are well
documented (1-6). With the development of Universal Salt Iodization (USI) programs
worldwide, there has been significant progress in reducing iodine deficiency
disorders in the last decades. However, more is not necessarily better: the relationship
between iodine intake and thyroid disorders has been shown to be clearly U-shaped
and both inadequate and excessive iodine intakes may provoke adverse health
effects (7-10).
In 2017, 11 countries recorded a prevalence of “excessive” intakes, i.e. intakes higher
than those required to prevent iodine deficiency (11). In some countries, this may be
due to over-iodisation or poor monitoring of USI (12-14), additive dietary factors e.g.
seaweed consumption (15-18) or use of dietary supplements (19-21), or arising from
environmental situation such as groundwater with a high iodine concentration (22-26).
The WHO maximal tolerated upper level of iodine, safe for healthy persons without
iodine sensitivity or underlying thyroid disorders, is 1 mg iodine per day, equivalent
to 17 µg/kg body weight (27). Consequences of iodine intakes even beyond this
upper level e.g. after excessive seaweed consumption (18) have been reported, and
further population-based data exist for adverse effects following lower iodine intakes.
Some reports indicate transient increases in the incidence of hypothyroidism or
thyroid autoimmunity in previously iodine deficient areas, following even careful
implementation of USI (28-32) and iodine-induced hyperthyroidism has been
observed at daily iodine intakes below 300 µg (33). This has raised questions about
the health effects of a chronic excessive iodine intake, and whether there should be
a corresponding amendment to USI or associated fortification policies.
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The evidence surrounding health concerns associated with an excessive iodine
consumption is reviewed, and dietary sources of iodine with examples of routes for
possible population over-exposure and the relevant biomarkers used to identify
related effects are described. Using data from animal and human models, the
following paragraphs give insight into physiological responses to excessive iodine,
and link these with relevant sequelae observed in susceptible individuals within a
population context.
2. Potential sources of excessive iodine exposure

Though iodine exists in a natural cycle of evaporation from seawater and
condensation onto land, soils in many regions are iodine-deficient (24). Most foods
have a low native iodine content and contribute little to dietary intakes. Population
iodine sufficiency is generally maintained through fortification initiatives such as
iodised salt.
Iodised salt
USI is a safe and cost-effective mass fortification strategy that meets the needs of all
population groups (34) Iodization of ≥15 mg/kg at consumption is adequate to
address population deficiencies but not risk excess intakes in vulnerable groups.
Monitoring and surveillance is essential for successful USI coverage. In Brazil,
initiatives in the late 1990’s to control salt fortification led to over-iodisation, pushing
the median urinary iodine concentration (UIC) in school children above the WHOrecommended threshold of 300 µg/L (13, 35). Further, the high salt iodine
concentration was likely compounded by salt intakes of more than double current
WHO recommendations (35), a health concern that remains widespread (36). WHO
USI policy recommends that “All food-grade salt, used in household and food
processing, should be fortified with iodine” (34). This includes staple processed foods
e.g. bread or bouillon, an initiative which has been successful in some countries (3747
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39). However, consumption may be variable with potential for additive effects. There
is a risk of localized excess iodine intakes particularly if iodisation is not adapted to
the local setting and monitoring and surveillance is insufficient.
Food
Though most foods are poor in native iodine, there are some exceptions. Foods from
the sea, particularly seaweeds, are rich in iodine though content is variable (38, 40).
Seaweed ingestion is not central to many cultures, but consumption is high in Japan
(17, 41-43), Korea (15, 16) and elsewhere in East Asia. In some cases, iodine intakes
from seaweed have triggered thyroid morbidity (17), though reports are varied.
Unprocessed meat is generally low in iodine (38), though processed meats made with
iodised salt make a noteworthy contribution to some diets (39). Thyroid tissue
erroneously

found

in

beef

patties

has

caused

thyrotoxicosis

(hamburger

thyrotoxicosis) (44, 45).
Milk products are a major contributor of iodine to many diets, and depending on
dairy practices, can be iodine-rich (46, 47). Iodinated cattle fodder and mineral
supplements are routinely given to dairy herds to improve in calf growth rate (48) and
iodophor udder disinfectants, used to prevent mastitis infections, contribute to milk
iodine content either directly through contamination or by transdermal uptake by the
cow.
The food dye erythrosine contains 4 iodine atoms and has been cited as a dietary
iodine source (39). Though permitted for use in Europe (49), it is no longer widely
used in the US (39) and is unlikely to make a significant impact on intakes. Iodate
bread conditioners used to maintain freshness (not as a fortificant), have provided
significant intakes in some countries, however their use is declining (39).
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Infant formulae and breast milk
Iodine is critical during the first 1,000 days (50, 51). Infant formula, with very few
exceptions, must contain iodine to mimic breast milk composition. Levels are strictly
mandated: in the US, infant formulae contain 5-75 µg/100kcal formula (52), whereas
EU directives state a tighter range of 15-29 µg/100kcal (53). Iodine in breast milk is
highly variable depending upon maternal intake (54, 55). In iodine-sufficient
populations, if iodine intake is borderline, iodine is preferentially partitioned into
breastmilk to safeguard infant requirements (54). High breast milk iodine
concentration (BMIC) is reported in areas with excess iodine intakes (55), however,
whether there is an active regulation of BMIC with elevated iodine intakes remains
unclear.
Water
Normal drinking water has an iodine content of approximately 5-10 µg/L (56).
Groundwater high in iodine is increasingly reported in literature, including in Algeria
(23), Argentina (25), China (57, 58), Denmark (59), Djibouti (26), Ethiopia (60), and
Kenya (26). Concentrations are linked primarily to proximity to a marine environment,
influencing rock type and depth of well (24, 56).
Goitre prevalence of 65% in regions in China was associated with water iodine
concentration (WIC) 463 µg/L, compared to 15% with WIC 54 µg/L (61). Elsewhere in
China, high median WIC (1145 µg/L) and UIC (1961 µg/L) were associated with a 38%
goitre prevalence in schoolchildren (62); children aged 8-10 years living around the
Yellow River flood basin had total goitre rates of 11% where WIC >300 µg/L (63); and
schoolchildren where WIC was 150-963 µg/L had a 12% prevalence of thyroid
disorders compared to 1% where WIC was 13-51 µg/L (57). In other areas, no increase
in thyroid dysfunction or goitre was observed (22, 26).
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Dietary supplements
An Italian survey (21) found an erroneous iodine content in more than half of dietary
supplements tested, with some supplements exceeding the tolerable upper level
(TUL, Table 2.1). A survey of US prenatal multivitamins found significant discordance
between label information and laboratory assay; 25 brands containing kelp contained
iodine ≤610 µg/day, almost three times the 220 µg recommended daily intake (20).
Prenatal supplements containing iodine are recommended during gestation where
dietary intake is inadequate (64), but if maternal consumption becomes excessive, risk
of foetal or neonatal complications increases (19).
Iodine in medicines and disinfectants
Some pharmaceuticals containing iodine may risk toxicity with chronic use.
Amiodarone, an anti-arrhythmic drug liberates 7-21 mg iodide daily depending upon
dosage (65). Povidone iodine skin disinfectant may be toxic to burns patients and
neonates (66). Nuclear medicine contrast media can contain up to 370 mg/mL (67).
Iodine is also an effective water disinfectant, though has caused isolated cases of
thyroid dysfunction, including a relief-worker population in Nigeria with a faulty water
purification unit (68) and in US astronauts (69).
3. Dietary reference values for excessive iodine intake

The currently accepted reference values for upper intakes of iodine are given in Table
2.1. These values are based upon interpretation of three small pharmacokinetic doseresponse studies evaluating the effects of subchronic iodine exposures in euthyroid
adults. Details of biomarkers used to assess iodine intake are described in section 4.
Paul et al. (70) gave healthy, thyroid-antibody negative euthyroid adults 250 µg, 500
µg, and 1500 µg iodine/day for 14 days (baseline iodine status measured but not
reported). At doses of 250 and 500 µg/day there were no detectable effects. However,
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1500 µg/day caused changes in the pituitary-thyroid axis between baseline and
endpoint, including a decrease in mean ± SE serum thyroxine (T4) from 7.3 ± 0.2
µg/dL to 6.7 ± 0.2 (p<0.001) and an increase in mean ± SE serum thyroid stimulating
hormone (TSH) from 1.9 ± 0.2 µU/mL to 2.8 ±0.4 µU/mL (p<0.01). Serum proteinbound iodine (PBI) did not change, however calculated values for serum inorganic
iodine increased from 0.7 ± 0.1 µg/dL at baseline to 2.7 ± 0.4 µg/dL at endpoint
(p<0.01).
Gardner et al. (73) administered 500 µg, 1500 µg, or 4500 µg iodide/day to n=30
healthy men for 2 weeks (baseline urinary iodine excretion (±SEM) 256 ± 44, 285 ±
49 and 319 ± 51 µg/24h respectively). Administration of 500 µg/day increased serum
TSH response to thyrotropin-releasing hormone (TRH) (p<0.003), and giving 1500
µg/day and 4500 µg/day increased both basal and TRH–stimulated serum TSH
concentrations (p<0.005 and p<0.001 respectively). Serum T4 and free-T4 decreased
with 1500 µg and 4500 µg/day (p<0.005, except serum T4 at 4500 µg/day, p<0.02).
Mean serum PBI concentration did not change with any iodine dose, though serum
inorganic iodide concentrations increased in all groups (p<0.001).
Chow et al. (74) supplemented healthy women with a normal daily iodine intake ≈250
µg/day an additional 500 µg iodine/day for 28 days. Women were from four different
groups: 25-54 years, thyroid antibody positive (n=20) or thyroid antibody negative
(n=30); 60-75 years, iodine-sufficient area (n=29) or previously iodine-deficient area
(n=35). All groups demonstrated small decreases in free T4 with a compensatory
elevation in TSH, indicating mild hypothyroidism. These changes were significant in
the older-age and antibody-negative groups (p<0.05). No group showed any
incidence of hyperthyroidism.
These studies indicate that, though laboratory values remain within normal ranges,
iodine intakes of ≥500 µg/day over several weeks induce subtle, reversible changes
in pituitary-thyroid function in adults, probably by inhibiting thyroid hormone release.
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Less is known about chronic high iodine intakes, though the thyroid may adapt to the
higher set-point (26).
The lowest observed adverse effect level (LOAEL) proposed for iodine intakes based
on these studies was 1700-1800 µg/day, based on the fact that changes in TSH levels
were marginal, transient, and unassociated with clinical adverse effect (71). However,
final LOAEL thresholds per the European Union Scientific Committee on Food (SCF)
and the United States Institute of Medicine (IOM) remain divisive.
To obtain a tolerable upper intake level (TUL) from a LOAEL, an uncertainty factor
(UF) is applied to compensate for a lack of precision and accuracy across study results
and account for unknown factors concerning the LOAEL effect in different populations
or under varying environmental conditions. The SCF used an UF of 3 to adjust the
LOAEL to a TUL of 600 µg/day; in contrast, the IOM used 1.5, bringing the TUL to
1100 µg/day. This conflicting decision was based on a differing interpretation of the
LOAEL effect between the two bodies: the IOM considering the LOAEL effect a “mild,
reversible nature of elevated TSH over baseline” yet for the SCM the studies “were
all only of short duration, involved only a small number of individuals, and lacked
precision of the actual total dietary intakes”, prompting the higher uncertainty factor
(71, 72). In 1988, the joint FAO/WHO Expert Committee on Food Additives
suggested that a maximal TUL from all iodine sources of 1 mg/day, equivalent to 17
µg/kg bodyweight, would be safe for most of the population except those with iodine
sensitivity or underlying thyroid disorders (27, 75).
Intake extrapolations using reference body weights for children and adolescents and
based on the conservative EU UL generally agree with the WHO-UNICEF-Iodine
Global Network (formerly Iodine Council for the Correction of Iodine Deficiency
Disorders, ICCIDD) upper threshold for population assessment of iodine intakes in
school children, expressed as median UIC >300 µg/L (64). However, these
extrapolations may be too low for adults, or, considering IOM estimates, too low in
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general. Conversely, they may be too high for susceptible individuals. Further
interpretation of evidence from recent, large-scale studies may be advantageous.

Table 2.1. Current population group upper levels for iodine intake
Age group

EU Scientific
Committee on
Foods (71)

US
Institute of Medicine
(72)

World Health
Organization (27)

µg/day

µg/day

µg/kg/day

Premature infants

ND

ND

100

0-6 months

ND

ND

150

7-12 months

ND

ND

140

1-3 years

200

200

4-6 years

250

300
(4-8 years)

7-10 years

300

11-14 years

450

15-17 years

500

900
(14-18 years)

Adult

600

1100

Pregnant or
Lactating women

600

1100

600
(9-13 years

50
50
(7-12 years)
30
(adolescents and adults
>13 years)

40

Source: European Food Safety Authority 2006 Tolerable upper intake levels for vitamins and
minerals. In: Scientific Committee on Food, Scientific Panel on Dietetic Products Nutrition
and Allergies, (eds). European Food Safety Authority (71); Institute of Medicine, Academy of
Sciences, USA, 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 (72); and World Health Organization, United
Nations Children’s Fund, International Council for the Control of Iodine Deficiency Disorders,
Assessment of iodine deficiency disorders and monitoring their elimination: A guide for
programme managers, 3rd ed., Geneva: World Health Organization, 2007 (27).
ND: not defined.
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4. Human biomarkers of iodine excess

UIC is the recommended biomarker of population iodine status (64), and
thyroglobulin (Tg) measured in serum or whole blood on dried blood spots (DBS) has
proved to be a sensitive and complementary biomarker of iodine status (8-10).
Traditionally, iodine status was assessed by population goitre rate (64). Though the
aetiology of comorbidities in iodine excess is different than for deficiency, thyroid
volume may be useful for research. Measurement of TSH and one or both thyroid
hormones is routine in clinical settings, and biomarkers of autoimmunity are useful
indicators. Population-level biomarkers relevant to measuring iodine excess are
outlined in the following paragraphs; for complementary information, the reader is
directed to the Biomarkers of Nutrition for Development (BOND) review on iodine
(76).
Urinary iodine concentration
Excretion of iodine in the urine reflects recent iodine intake. In healthy, iodine-replete
adults >90% of dietary iodine is absorbed from the small intestine and >90% is
excreted within 24-48 hours (3). The ingested amount of iodine can therefore be quite
reliably estimated (3, 64, 76). UIC is conventionally expressed as a population median
in µg/L (64) (64). Assessment of individual iodine status using spot urine samples is
not recommended due to intra-diurnal variations in intake (77-79). At population level,
variations are considered to even out with adequate sample size (3, 64).
WHO directives state that an adequate iodine status for prevention of ID and its
related disorders is indicated by a median UIC (mUIC) in school-age children of 100299 µg/L; below this cut-off iodine intakes are considered inadequate, and above,
exceeding the amount required to prevent and control ID (64) (64). The upper
threshold for iodine excess is therefore mUIC >300 µg/L in school-age children, or

54

LITERATURE REVIEW: IODINE EXCESS
>500 µg/L in pregnant women (64). These thresholds are lowered in areas of previous
endemic deficiency (>200 µg/L), described in more detail below.
Thyroid stimulating hormone
TSH, also known as thyrotropin, is secreted from the pituitary gland in response to
changes in circulating thyroid hormone, in an intricate negative feedback mechanism
involving the hypothalamus-pituitary-thyroid (HPT) axis.
TSH is routinely measured in many countries as part of neonatal congenital
hypothyroidism screening programs, usually by heel prick. Though it is not
recommended to monitor TSH for iodine surveillance, secondary analysis of neonatal
data can help establish population iodine status (64). Though infants are born with a
functioning thyroid gland, they have only scant iodine stores at birth. The average
iodine content of the thyroid gland of a neonate is 50–100 µg (80), compared to 15–
20 mg in iodine-sufficient adults (81). At birth, TSH rises acutely to promote thyroid
hormone production, and iodine turnover is much higher than in older children and
adults. After the first few days of life, TSH and T4 slowly and progressively decline
during infancy and childhood (82, 83) and age-specific reference values should always
be used (84).
In addition to newborn screening, TSH is routinely used in clinical practice as a
sensitive marker for hypo- and hyperthyroidism and can be used as a diagnostic tool
(alone or in conjunction with other tests) for thyrotoxicosis (85). Paired with T4 data,
population-level TSH values are valuable in estimating population prevalence of
thyroid dysfunction.
Thyroxine and triiodothyronine
The thyroid prohormone 3,5,3’,5’-L-tetraiodothyronine (thyroxine, T4) and its
biologically active counterpart 3,5,3’-L-triiodothyronine (T3) (hereafter referred to
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collectively as thyroid hormones, TH) circulate mainly as protein-bound hormones
(>99%) (76). Very little T3 is secreted by the thyroid gland itself (10%), being
principally formed in the peripheral tissues by T4 deiodination (86). Iodine comprises
65% and 59% of T4 and T3 respectively (81). T4 is secreted preferentially to T3
following excess iodine exposure, to permit autonomous regulation of thyrocyte
iodide concentration. (In iodine deficiency, the opposite occurs.) Total TH titre is
measured in serum or DBS, and the proportion of free hormone is estimated given
the total hormone concentration and the measures of hormone binding. (76). Though
TH are a direct indicator of thyroid function, they are not used to predict iodine status
in population iodine surveys, as values are often within the normal range when iodine
intakes are not (76).
Thyroglobulin
Tg is a 660kDa molecular weight glycoprotein, synthesized in the thyrocyte and
secreted into the thyroid colloid. It is integral to thyroid function and regulation, being
both the framework for thyroid hormone synthesis and an important intracellular
regulatory agent (87, 88) (89). Both the synthesis of Tg in the thyrocyte and its
secretion into the colloid are controlled by TSH, other factors e.g. insulin-like growth
factor -1 (90), and also Tg itself (87).
Healthy euthyroid glands release Tg into the circulation in small amounts via an
endocytic transporter-mediated pathway involving megalin (91-93). In euthyroid
individuals with a sufficient iodine intake, serum thyroglobulin is normally <10 µg/L
(92). Upon hyperstimulation of the thyroid by TSH or thyroid stimulating antibodies,
production and release of Tg is elevated due to thyroid hyperplasia (94). or in intact
thyrocytes, via upregulation of megalin whose expression is also controlled by TSH
(87, 93). The megalin pathway avoids lysosomal denaturation of Tg in the thyrocyte
(93). thereby regulating the liberation of excessive thyroid hormone under changes
in iodine intake. The relative concentrations of iodinated or non-iodinated Tg may
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differ depending upon the thyroid disease state (95). and though Tg with a low
hormone content is preferentially transcytosed (96) this prompts the hypothesis that
more highly-iodinated Tg is released into the circulation as a mechanism to maintain
thyroid homeostasis under conditions of excess iodine intake.
Tg is a sensitive indicator of both low and excess iodine intake, following a U-shaped
curve in response to iodine excretion (9). Studies in school-age children (9, 97),
pregnant women (8, 10) and infants (98) support this hypothesis and have also
demonstrated the utility of Tg to confirm improved thyroid function after iodine
repletion (97, 99), further substantiating its responsiveness as a clinical biomarker. It
is a superior biomarker of iodine intake than TSH or TH in population studies. This is
demonstrated by Figure 2.1, where the U-shaped curve can be clearly seen for Tg but
not for TSH or T4 when associated with iodine intakes in school-age children (9).

Figure 2.1: The relationship between iodine intake and thyroglobulin is U-shaped
(panel A), but not between TSH (panel B) or total thyroxine (panel C)

Tg (µg/L)

UIC (µg/L)

C: UIC vs T4

T4 (nmol/L)

B: UIC vs TSH

TSH (mU/L)

A: UIC vs Tg

UIC (µg/L)

UIC (µg/L)

Scatterplots (using individual values of 2512 children age 6 to 12 years from 12 countries) of
TSH/T4/Tg on the y-axis versus UIC on the x-axis, with a Loess smoothed line added to show
best fit. Data are presented on a log scale on both axes. Reproduced from Zimmermann et
al. (9).
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Table 2.2 gives Tg values in serum and on DBS from a range of populations exposed
to excessive iodine intakes. The median values run from 6 µg/L in adult sera from
China (mUIC 615 µg/L) (58), to 59 µg/L on DBS from breast-fed infants from Tanzania
(mUIC 515 µg/L) (26).
Tg can be analysed in serum or on dried whole-blood spot (DBS), which simplifies
field collection and transport (97, 99). WHO supports the use of DBS-Tg for
monitoring iodine status in school-aged children in addition to UIC (64). Tg reflects
iodine consumption during the weeks before sample collection, thus, conversely to
urine, it is a biomarker of long-term iodine status. Table 2.3 shows the established
DBS-Tg international reference rages for iodine sufficiency.
Thyroid autoimmunity
Thyroglobulin autoantibodies (TgAb) are found in persons with autoimmune thyroid
disorders, but also in healthy individuals in whom the TgAb titre is below assay
detection levels (112). Tg has several different antigenic domains (epitopes) on its
structure to which antibodies bind (95, 113, 114). Whilst epitope recognition by TgAb
in healthy subjects is not restricted, in persons with developed autoimmunity, TgAb
recognition is preferentially restricted to certain domains on the Tg molecule (95, 114).
The observed immunogenicity is induced by stereochemical changes to the Tg
structure: highly iodinated Tg may have a different confirmation and be more
immunogenic

than

poorly-iodinated

Tg

(115);

alternatively,

ROS-mediated

proteolysis can alter spatial structure (116). In susceptible individuals, both reactions
may be heightened with excessive iodine exposure or abrupt increases in iodine
intake in endemic deficiency, particularly if Tg titres are elevated, which is typical
under both conditions (9).
Whilst data from human studies is conflicting, they suggest that iodine intake may be
a stronger predictor for elevated TgAb in the presence of genetic susceptibility
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(increased in Caucasian female populations (112)) and relative environmental factors
(e.g. infections, or environmental toxin exposure such as to polyaromatic
hydrocarbons (112)). For individuals, TgAb is a diagnostic serological marker of
Hashimoto’s thyroiditis, and its epitope recognition patterns have been proposed as
a disease progression marker (114). On a population level, positive TgAb-titre
prevalence may predict the development of autoimmune disorders in a population.
Literature suggests that development of TgAb positivity has a strong genetic link (30,
112, 117). and may also be associated with elevated Tg concentrations; but TgAb
positivity may confound Tg assay measurement and concurrent assays may be
considered. However, the relationship is unclear since correlations between TgAb
concentration and degree of interference with Tg assay are poor (118), and data to
date are inconclusive (94, 119, 120). TgAb are more routinely reported as measured
in serum samples, though some studies report DBS-TgAb (8). Stinca et al. found no
apparent interference of TgAb with Tg results measured on DBS from pregnant
women across eleven countries (8). TgAb are described in more detail below. TgAb
are not always present in autoimmune thyroid disorders and have no proven role in
their development (118). Screening is only indicated in adults as TgAb are generally
rare in children (9).
Thyroid peroxidase autoantibodies (TPOAb) are a more reliable indicator of thyroid
disease than TgAb (121). They are present at titres of ≤26 % in healthy individuals
(121). TPOAb react against antigenic epitopes of the thyroid peroxidase enzyme
(TPO). In healthy subjects, antibodies do not block TPO activity (122). though in
persons with autoimmunity, TPOAb competitively block enzyme activity and affect
the oxidative potential of the thyrocyte, fix complement and cause thyrocyte
destruction (123). TPOAb correlate positively with TSH levels, and positive TPOAb
titres may indicate presence of risk factors for hypothyroidism (121). Again, females
are more at risk of positive titres than males (121).
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Table 2.2: Thyroglobulin concentrations and/or prevalence of thyroid autoimmunity
in studies reporting excess iodine intakes
First author
& date

Study location

Described
iodine
source

Population
group age
range

Median
Tg (µg/L)
UIC (µg/L) Serum/
[Median
DBS
BMIC
(µg/L)]

Thyroid
autoimmunity
% prevalence

Adult, male and female
TPOAb:

Tan, 2014
(100)

China,
Hebei province

Drinking
water

20-50 y

1152
(7531539)c

Males: 11%
Females: 20%
NR

TgAb:
Males: 5%

n=506

Females 16%
Serum

1999:
Teng 2006
(58)

China,
Huanghua, Hebei
Province

Drinking
water

14-79 y

2004:
19-83 y

FloresRebollar
2015 (101)

Mexico, Mexico City

NR

18-67

615 (470768)c

6.4 (3.611.4)c

TPOAb:
10.5%

n=1074

Serum

TgAb: 9.4%

635 (427745)c

10.2 (5.920.4)c

NR

n=864

Serum

267
(161.3,
482.5)c

NR

TPOAb: 9.1%
TgAb: 10.5%

n=48

Adult, non-pregnant women

Farebrother
2018 (26)

Farebrother
2018 (26)

Teng 2008
(102)

Tanzania,
Dar es Salaam

Kenya,
Kibwezi

China,
Liaoning Province

Iodised salt
18-44 y
Iodine-rich
groundwater

Iodised salt
18-44 y
Iodine-rich
groundwater

Drinking
water

39 ± 13 yd

473 (321689)c
n=298

289 (173458)c
n=293

18.1 (12.1,
28.8)c
n=321

NR

DBS
26.6 (18.939.8)c
n=213

NR

DBS

223 (128375)c

6.9 (4.413.35)c

n=211

Serum

TPOAb: 6.6%
TgAb: 7.6%
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First author &
date

Study location

Described
iodine
source

Population
Median
Tg (µg/L)
group age range UIC (µg/L) Serum/
[Median
DBS
BMIC
(µg/L)]

Thyroid
autoimmunity
% prevalence

Pregnant women

Shi 2015 (10)

China,
Liaoning Province

Drinking
water

19-40 y

Group
with UIC
≥500
n=229

Stinca 2017
(8)

Farebrother
2018 (26)

Stinca 2017
(8)

Tanzania,
Dar es Salaam

Kenya,
Makindu county

Nepal

Iodised salt
18-44 y
Iodine-rich
groundwater

Iodised salt
18-44 y
Iodine-rich
groundwater

Iodised salt

18-44 y

429 (270615)c
n=306

337 (198505)c
n=162

290 (162404)c
n=156

13.58
(5.7548.50)c
n=198

TPOAb: 10 %
TgAb: 14%

Serumg
25.8 (18.238.4) c
n=306

TgAb: 10.9%

DBS
28.1 (19.341.3) c
NR
n=149
DBS
10.7 (7.415.1) c
n=156

TgAb: 25%

DBS

Lactating women and breastfeeding infants (where available)
LW:
823 (5581508)c

LW: 16.25
(7.77[942 (739- 28.58)c
1359) c,
n=133
n=99]
BFI: NR
BFI: 1222
Serum
(7871995)c
n=125

Liu 2013 (55)

China,
Pingyao, Jicun

Drinking
water

25 ± 3 yd

LW:
TPOAb: 13%
TgAb: 16%
BFI: NR

n=124

Farebrother
2018 (26)

Tanzania
Dar es Salaam

Iodised salt

LW 18-44 y
Iodine-rich
BFI 0-6 mo
groundwater

LW: 19.2
LW: 192
(13.9c
(120-297)
27.5)c
n=363
n= 366
[BMIC:
BFI: 59.4
NR]
(39.8BFI: 515
81.7)c
(279-886)c
n=341
n=208
DBS

NR
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First author &
date

Study location

Described
iodine
source

Population
Median
Tg (µg/L)
group age range UIC (µg/L) Serum/
[Median
DBS
BMIC
(µg/L)]

Thyroid
autoimmunity
% prevalence

LW: 245
LW: 21.5
c
(278-886) (15.031.1)c
n= 146
Farebrother
2018 (26)

Kenya,
Kibwezi

Iodised salt

LW 18-44 y

Iodine-rich
BFI 0-6 mo
groundwater

[275 ±
164d,
n=125]

n=147
BFI: 51.1
(37.864.2)c

NR

BFI: 546
(323-940)c n=142
n=110
LW: 118
(67-179)c
n=100
Osei 2016
(103)

Aakre 2015
(104)

South Africa,
Townships of
Potchefstroom

Algeria, Saharawi
refugee camps

Iodised salt

LW 28 ± 7 yd
BFI 3 ± 1 mod

Drinking
water,
31.4 ± 5.9 yd
animal milks

DBS
LW: 22.2
(14.430.7)c

[179 (126- n=96
269 c,
BFI: 77
n=100]
(56.3BFI: 373
105.7)c
(202.0n=66
627.0)c
DBS
n=92
350 (208,
533)c
[479
(330,702)]c
n=111

NR for
complete
sample
Serum

NR

TPOAb
and/or TgAb:
17.1%

Infants and young children

Aakre 2016
(105)

Algeria,
Saharawi refugee camp

Drinking
water,
animal milk
(23)

31.4 mo (25.335.1)c
Previously
458 (275breastfed,
1026)c
receiving
breastmilk and n=289
complementary
foods, or fully
weaned
6-24 mo

Nepal 2015
(14)

Nepal,
eastern

Iodised salt

Receiving
407 (312breastmilk and 491)c
complementary
n=630
foods, or fully
weaned

38.4 (10.7158.0)c
n=289

NR

Serum

21.7 (20.422.9)b
n=563

NR

Serum
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First author &
date

Study location

Described
iodine
source

Population
Median
Tg (µg/L)
group age range UIC (µg/L) Serum/
[Median
DBS
BMIC
(µg/L)]
6-24 mo

Farebrother
2018 (98)

536.4
Receiving
(332.8,
Iodine-rich
breastmilk and 1136.3)c
groundwater complementary
n=202
foods
Iodised salt

Kenya,
Kibwezi

6-24 mo

Farebrother
2018 (98)

551.8
Receiving
(272.0,
Iodine-rich
breastmilk and 987.1)c
groundwater complementary
n=204
foods
Iodised salt

Tanzania,
Kinondoni

9 mo

Hess 2015
(106)

Burkina Faso
Dandé Health District

Iodised salt

276 (192,
Receiving
f
breastmilk and 397)
complementary n=80
foods
18 mo
310 (227,
Receiving
f
breastmilk and 425)
complementary n=80
foods

56.1 (43.4,
74.6)c
n=294

Thyroid
autoimmunity
% prevalence

NR

DBS
50.1 (35.3,
74.3)c
n=199

NR

DBS
33.2 (28.8,
37.9)f
n=83

NR

Serum
26.1 (23.3,
29.0)f
n=83

NR

Serum

School-age children and adolescents

Gao 2004
(107)

Farebrother
2018 (26)

Iodised salt

Huanghua,
Hebei
province

Drinking
water

7-10 y

338e
n=110

China

Talsma 2013 Kenya,
(108)
Kibwezi

Farebrother
2018 (26)

Zhangwu,
Liaoning
province

Tanzania,
Kinondoni

Kenya,
Kibwezi

6-11 y

7.7 ± 7.2d
n=50
Serum

TPOAb: 0.9%
TgAb :0.9%

631e

13.7 ±
22.8d

TPOAb: 2.7%

n=112

n=50

TgAb :0.0%

Serum
Iodised salt
6-12 y
Iodine-rich
groundwater

Iodised salt
6-12 y
Iodine-rich
groundwater

Iodised salt
6-12 y
Iodine-rich
groundwater

624 (437,
939)c
n=342

520 (329,
760)c
n=317

424 (294598)c
n=284

24 (16,
37)c
n=342

NR

Serum
32.1 (21.744.8)a
n=310

NR

DBS
37.4 (25.053.0)c
n=253

NR

DBS
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First author &
date

Study location

Zimmermann Tanzania,
2013 (9)
Dar es Salaam

Zimmermann
Various
2013 (9)

Described
iodine
source

NR

Population
Median
Tg (µg/L)
group age range UIC (µg/L) Serum/
[Median
DBS
BMIC
(µg/L)]

6-12 y

338 (6,
1883)a
n=173

NA

6-12 y

17.6 ±
14.3b
n=173

Thyroid
autoimmunity
% prevalence

NR

DBS

UIC >300

17.4 ±
18.0b

TPOAb: 0.5%

n=477

n=477

TgAb: 1.0%

DBS
Kang 2018
(109)

Dold 2018
(110)

Korea,

NR

national

6-19 y

NR

TPOAb: 2.3%

n=1288

Philippines,
Tuguegarao

Iodised salt

6-12 y

190 (119,
418)c,h
n=397

203 (107,
363)c,h

Lingxian
County
China,
Shandong
province

n=522
Drinking
water

Gaotang
County

Dongchangfu
District

375 (348,
395)i
n=404

Ningjin
County

Chen 2018
(111)

449 (15,
21,905)a

7-14 y
784 (494,
978)c,h
n=495

620 (424,
887)c,h
n=718

17.3 (11.1,
27.1)c
n=371

NR

DBS
14.4 (9.3,
22.8)

4.1

n=411
Serum
15.5 (9.6,
23.2)
n=567
Serum
18.1 (10.7,
32.7)
n=506

12.8
TPOAb
and/or
TgAb
10.9

Serum
16.6 (10.2,
26.6)
n=740

3.3

Serum
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Table 2.2: Thyroglobulin concentrations and/or prevalence of thyroid autoimmunity in studies
reporting excess iodine intakes
Abbreviations: BFI, breastfeeding infant; BIC, breast milk iodine concentration; DBS, dried
blood spot; LW, lactating woman; mo: months; n, sample size, where differs from that
indicated in the column “sample size”; NA, not applicable; NR, not reported/not measured;
TgAb, thyroglobulin antibody positive titre; TPOAb, thyroid peroxidase antibody positive
titre; UIC, urinary iodine concentration; y: years
a

Median (range); bGeometric mean ± SD; cMedian (IQR); dArithmetic mean ± SD; emean (with

no measure of variation reported); dMeasurement of Tg only made in TgAb negative women

Thresholds for antibody positivity are assay-specific. Population analyses of TPOAb
titres may elucidate future risk of thyroid disease, however assay is usually restricted
to a clinical or research setting.
Thyroid Stimulating Hormone Receptor autoantibodies (TRAb) are implicated in
hyperthyroidism linked to Graves’ Disease, where they stimulate thyrocytes by
binding to the TSH receptor thus mimicking the TSH response (124). They are used
in clinical practice alongside a thyroid ultrasound in preference or as an alternative to
radioactive thyroidal iodine uptake as a diagnostic tool in Graves’ Disease (124), and
not measured in population surveys.
Thyroid volume
Assessment of thyroid volume (Tvol) by palpation or ultrasound has been widely used
to assess iodine deficiency (ID), and total goitre rates are a useful evaluation
technique for population iodine status (64). Tvol tends to decrease with time following
initiation of iodine supplementation in previously endemic countries, as seen in Côte
d’Ivoire (125). Yet, data from China from areas with excessive iodine exposure due to
iodine-concentrated potable water suggest that Tvol increases from an iodine intake
in school-age children >150 µg/day (126), and at increasing intakes it has been used
as an indicator of iodine excess (126, 127).
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Table 2.3: Biomarkers and thresholds for iodine sufficiency and excess

UIC

Individual
biomarker

Population
biomarker

Threshold for
sufficiency

Thresholds for
excess

Notes

Reference

Not suitable
due to high
variability

Iodine
status

Population
median:

Population
median:

WHO
2007 (64)

100 – 299 µg/L
in SAC

>300 µg/L in
SAC

Only measures
recent iodine
intake

<20% SAC
should have
UIC<50 µg/L

>500 µg/L in PW

Reference range
may be assay or
population
specific.

WHO
2007 (64)

>100 µg/L in
WRA
150 – 249 µg/L
in PW
TSH

Thyroid
function

Prevalence
of TFDs

Congenital
hypothyroid
ism in
neonate
(samples
collected 34 days after
birth)

Iodine
status when
neonatal
data
considered

<3% of values
>5 mlU/L

>200 µg/L in
populations
characterized by
longstanding
iodine deficiency
NA

Can be
measured in
serum or on
DBS. Reference
ranges for serum
and DBS may
differ.
Not suitable as a
population
marker when
data from SAC,
PW or adults
used.
May be
confounded by
use of iodinecontaining
antiseptics at
birth.

Tg

Diagnostic
tool for
DTC

Iodine
status
Thyroid
function

Assay specific

In SAC:

Can be
measured in
serum or on DBS

>3% of values
>40 µg/L

In serum: iodinesufficient adults:
3-40 µg/L (a)
On DBS: 4-40
µg/L for SAC (b);
0.3-43.5 µg/L for
PW (c)

Measures iodine
intake in
preceding
~month
Some reports of
confounding
due to TgAb

(a)
Demers
and
Spencer
2003
(128)
(b)
Zimmerm
ann et al.,
2006 (97)
(c) Stinca
et al 2017
(8)
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TgAb

Individual
biomarker

Population
biomarker

Threshold for
sufficiency

Thresholds for
excess

Notes

Reference

Differentiat
ed thyroid
cancer

Prevalence
of
autoimmun
e thyroiditis

Assay specific

NA

Strong genetic
and
environmental
influences on
antibody
development
may confound
interpretation

NA

NA

Strong genetic
and
environmental
influences on
antibody
development
may confound
interpretation

NA

Not established

Undertaken by
palpation or
ultrasound.

WHO
2007 (64)

Diagnosis of
AT
Risk
assessment
for PPT

TPOAb

Diagnosis of
AT
Risk
assessment
for PPT

TGR /
Tvol

Diagnosis of
raised
thyroid
volume or
goitre

Can be
measured in
serum or on DBS

Increased
risk of
thyroid
dysfunction
in sample
population
Predictor of
increased
risk of
hypothyroid
ism (121)

Assay specific

Iodine
sufficiency

<5% TGR in a
population of
SAC

Can be
measured in
serum or on DBS

Inter-observer
variation is high

Abbreviations: AT: autoimmune thyroiditis; DBS: dried blood spot; DTC: differentiated
thyroid carcinoma; NA: not applicable; PPT: Post-partum thyroiditis; PW: pregnant women;
SAC: school-age children 6-12 years old; Tg: thyroglobulin; TgAb: thyroglobulin
autoantibodies; TGR: Total Goitre Rate; TPOAb: thyroid peroxidase autoantibodies; TSH:
thyroid stimulating hormone (thyrotropin); Tvol, Thyroid volume; UIC: urinary iodine
concentration; WRA: women of reproductive age.
T3/T4 and TSHAb are not included in this table as they are not used in population surveys to
assess iodine status or iodine excess.

In a multi-country study, Tvol increased in school-age children when iodine intakes
were more than twice those recommended, equivalent to a median UIC of ≥500 µg/L.
The differing aetiology of a raised Tvol between ID and iodine excess renders it
unsuitable for use as the only indicator of iodine status, and a cut-off for Tvol in iodine
excess is not established. Goitre in relation to iodine excess is described in more
detail in section 6.
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5. Normal physiological responses to iodine excess

The healthy thyroid is a highly flexible organ, capable of adapting to various levels of
iodine, including an ability to concentrate iodine by a factor of 80 if the gland is
stimulated (28).
Regulators of thyroidal iodine uptake following excessive iodine exposure
In 1948, Wolff and Chaikoff, demonstrated that organification of iodide in the rat
thyroid was blocked when plasma concentrations were raised to a critical level (129),
and that once iodide levels dropped an “escape” from this block occurred. The
precise mechanism of the “Wolff-Chaikoff effect” continues to be elaborated.
Immediate response: autoregulation by iodine
Recent research involving TPO inhibitors in rats has proposed that instead of being
due to iodide levels, NIS inhibition occurs once organified iodine in the thyrocyte
reaches a critical level (130). Autoregulation by organified iodine has been confirmed
in vitro and in animal studies and appears to act as a first step in response to iodine
excess, when NIS expression remains unchanged. Arriagada and colleagues (131)
demonstrated that after 5h of exposure to excess iodide, NIS expression on the
basolateral membrane of rat thyrocytes was equivalent in iodine-exposed or control
cells, however the uptake of iodide was 25% less in iodine-exposed cells. Further,
high intracellular iodide concentrations lead to the formation of iodopeptides that
inhibit TPO activity (66) preventing iodine organification.
Extrinsic regulation: hormonal control by TSH
In healthy thyroid glands, TSH secretion responds to circulating TH in a negative
feedback process controlled through the hypothalamus-pituitary-thyroid axis. TSH
secretion from the pituitary gland increases as TH decreases, which elicits an
upregulation of NIS expression on the basolateral thyrocyte membrane to increase
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influx of iodide for TH production. As TH levels consequently rise, subsequent TSH
secretion is reduced and NIS expression is downregulated, usually after about 24h
(131). TSH is considered the master controller of thyroid function, and additionally
controls the synthesis of Tg on the thyrocyte endoplasmic reticulum and its secretion
onto the colloidal surface where iodination takes place (87, 90). Tg itself has been
shown, both in vitro and in vivo, to be a potent negative regulator of thyroid function
(89).
Intrathyroidal control of iodine uptake and hormone synthesis: thyroglobulin
Though Tg synthesis and secretion is controlled by TSH, Tg has direct effects on
thyrocyte function and TH synthesis via an intrinsic regulatory negative feedback
mechanism, complementary but separate to that of the HPT axis. Early in vitro studies
demonstrated a suppression by Tg of mRNA for several genes coding for proteins
integral to TH synthesis, including the expression of the Slc5a5 gene (coding for the
NIS protein), thereby regulating the influx of iodine into the thyrocyte (87, 88). In a
time- and dose-dependent manner, Tg also suppresses Duox2 expression, the
dominant extracellular hydrogen peroxide (H2O2) producer (132), hampering
production of this reactive oxygen species (ROS) critical for iodine organification by
TPO (87).
6. Thyroid disorders linked to iodine excess

Most euthyroid adults, without underlying thyroid disease and living in iodinesufficient areas, can tolerate a chronic excess iodine intake of up to 2 g/day without
clinical effect (28). Slight concomitant changes in TH levels indicate adaptation by the
thyroid. Serum T4 and T3 levels drop by 25% and 15% respectively, with a
corresponding rise in TSH of 1-2 mU/L, however all values remain within the normal
range. There are no clinical signs of thyroid dysfunction or goitre, though via
ultrasound thyroid volume may slightly increase (28). Effects are usually reversible.
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Table 2.4: Definitions of thyroid function disorders

1

Disease state

TSH criteria

T4 criteria

Overt hypothyroidism

Above upper threshold
or >10 mU/L T4

Below lower threshold
or normal T4

Subclinical hypothyroidism

Above upper threshold

Normal

Overt hyperthyroidism

Below lower threshold

Above upper threshold

Subclinical hyperthyroidism

Below lower threshold

Normal

Isolated hypothyroxinaemia

Normal

Below lower threshold

Elevated thyroxine1

Normal

Above upper threshold

Secondary hypothyroidism1

Below lower threshold

Below lower threshold

Secondary hyperthyroidism1

Above upper threshold

Above upper threshold

Mostly extra-thyroidal disorders and not usually associated with excess iodine intakes

When normal thyroidal responses to excess iodine exposure fail, resulting morbidities
are varied and often disparate, making health outcome predictions on a population
level complex. Population studies reveal certain trends, and responses are most often
related to prior iodine status, particularly in areas previously affected by endemic
deficiency.
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Goitre
Goitre – thyroid enlargement – is caused by thyrocyte hyperplasia following overstimulation by TSH, typical in regions affected by ID. Yet, with iodine excess goitre
can occur due to failure to escape from the Wolff-Chaikoff effect, or due to persistent
stimulation by thyroid-stimulating antibodies that keep the NIS activated and/or
propagate lymphocytic infiltration causing an increase in thyroid size.
Iodine-induced goitre was first detected in Japan as early as the 19th century (17),
though a large epidemiological study conducted between 1960-1964 in coastal
Hokkaido was the first to receive international attention (17, 18). Locals consumed on
average 20 mg iodine/day. (18). Goitre rates were 9.0% in subjects, compared to
1.3 % in individuals from the control city. More recently, high thyroid volumes were
again recorded in coastal Hokkaido: median age- and body surface area-adjusted
thyroid volume in school-age children was 4.9 mL2 (IQR 4.8, 5.0; mUIC 728µg/L (IQR
38, 11100), compared to 2.9 mL2 (IQR 2.8, 2.9) in non-coastal Hokkaido (mUIC 296
µg/L (IQR 53, 13700; p<0.0001) (127). In this international study, the authors found
that intakes corresponding to a mUIC ≥500 µg/L are associated with increasing
thyroid volume (127).
Goitre has been linked to excessive iodine intakes in Sudan (133), Ethiopia (134),
Algeria (134-136) and China (61-63). Lv and colleagues investigated the reversibility
of iodine-induced goitre following initiation of a Chinese policy to remove iodised
salt from high WIC regions (137). Before discontinuation of iodised salt, mUIC in 810-year-olds was 518 µg/L (IQR 347, 735) and goitre prevalence 33%. Though mUIC
remained high following salt discontinuation [416 µg/L (IQR 274, 609)], goitre rate fell
significantly to 7% (p <0.001) (137). Limitations of these studies include absence of
thyroid function biomarkers; however, it is possible that underlying changes in
pituitary-thyroid function would be concurrent, as described next.
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Hypothyroidism
Hypothyroidism is clinically diagnosed by sub-normal T4 levels and TSH elevated over
the recommended threshold; subclinical hypothyroidism refers to elevated TSH alone
(Table 2.4). In subjects with an underlying thyroid disorder, excessive iodine intakes
may lead to hypothyroidism (and/or goitre), which usually disappears following a
decrease in iodine intake (138). Predisposing factors are underlying autoimmune
thyroiditis (see below), treatment of the thyroid with radioactive iodine and history of
external thyroid irradiation, previous subtotal thyroidectomy, postpartum or subacute thyroiditis, and some medications e.g. lithium, which interferes with iodine
organification and TH release (138).
Prevalence of subclinical hypothyroidism was reported from three regions of China in
a large cohort study including an iodine deficient cohort (ID), sufficient cohort (IS) and
excess cohort (IE) (58). Rates of subclinical hypothyroidism were 6% in IE, and 1% and
3% in ID and IS cohorts respectively. Similarly, autoimmune thyroiditis prevalence was
highest in IE (3%), though prevalence of nodular goitre in IE was lower (2.5%) than in
other cohorts (4% ID and 3% IS). In this study (58), serum TSH, elevated TgAb or
TPOAb and an increase in iodine intake from mildly deficient to more than adequate
were risk factors for continued subclinical hypothyroidism, though interestingly, there
was no difference between levels of elevated TPOAb or TgAb between the three
cohorts. A recent systematic review compiling data from this and 42 other Chinese
studies (139) revealed similar findings: a meta-analysis of 21 studies found a lower
prevalence of thyroid nodules (p<0.01) with UIC >300 µg/L compared to groups with
UIC 100-299 µg/L and UIC <100 µg/L [proportion, random effects model, 0.007%
(95% CI 0.03-0.12%; n=; 6,515); 0.25% (95% CI 0.21-0.29; n=49,592); and 0.22 (95%
CI 0.21-0.24; n=2119) respectively]. Prevalence of subclinical hypothyroidism with
UIC >300 µg/L was higher (p<0.01) than groups with UIC 100-299 µg/L and UIC <100
µg/L (8.3% (95% CI 3.8-17.3); 2.7% (95% CI 1.8-4.1)] and 2.3% (95% CI 1.5-3.6)
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respectively; n=21 studies). Another recent meta-analysis of international studies
reported an odds ratio (OR) for overt and subclinical hypothyroidism of 2.78 (95% CI
1.47-5.27; n=1,459; 3 observational studies) and 2.03 (95% CI 1.58-2.62; n=1,459; 3
observational studies) between excessive and adequate iodine intakes in adult
populations respectively (140). The source of excess iodine intake in included studies
was mainly iodised salt or water with high iodine concentrations.
One hypothesis suggests that the development of subclinical hypothyroidism
following iodine excess exposure is linked to presence of elevated antithyroid
autoantibodies (58, 139). However, other studies reveal no significant impact on
prevalence of elevated TPOAb or TgAb on subclinical hypothyroidism (141). An
alternative hypothesis suggests that lymphocytic infiltration of the thyroid is more
critical in autoimmune thyroiditis than detection of circulating antibodies, and that
despite having elevated TSH, many individuals concomitantly exposed to excess
iodine will not display a positive antibody titre (30). Thyroid autoimmunity is discussed
in more detail below.
Subclinical hypothyroidism itself is a risk-factor for the development of overt disease.
Depending upon antibody status and TSH concentrations, progression of the
subclinical to overt hypothyroidism will affect between 1% and 5% of cases per year
(142), though reported remission of 60% of cases of subclinical hypothyroidism over
5 years (142) supports the hypothesis of thyroid flexibility.
Thyroid autoimmunity
Thyroid autoimmunity in the genetically-susceptible non-obese diabetic (NOD)
mouse has been linked to iodine intake in a dose-dependent manner (143) and
excessive iodine consumption has been widely described as a risk factor for the
development of thyroid autoimmunity (30, 144). The association between
autoimmunity and disease is complex; a diagnosis of autoimmune disease is made
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using positive antibody titres, yet individuals may have positive titres of
autoantibodies and no disease – or disease and a negative titre (30).
Autoimmune thyroiditis (Hashimoto’s thyroiditis)
Autoimmune thyroiditis (AT) is also known as chronic lymphocytic thyroiditis or
Hashimoto’s thyroiditis, and may occur postpartum. It is the most frequent cause of
hypothyroidism in iodine-sufficient areas (4).
Risk of developing AT is elevated with genetic predisposition (145, 146), in female
(146-148) and in Caucasian populations (148). Positive antibodies are said to peak at
45-55 years (146) with hypothyroidism associated with AT more prevalent with
increasing age (141, 146-148). There is a strong environmental proponent (145, 146),
evidence of which is provided by numerous observational studies following increases
in dietary iodine. This is supported by the amelioration of AT patients upon iodine
restriction (149).
In rigorous, repeated cross-sectional studies in rural Italy (150), 15 years after
availability of iodised salt there was an increased incidence of antibody positivity
(19.5% vs 12.6%, p<0.001) and a corresponding rise in prevalence of Hashimoto’s
Thyroiditis (14.5% vs 3.5%, p<0.001), increasing progressively with age. The
frequency of hypothyroidism (5.0% vs 2.8%, p=0.005) was also elevated and mainly
sub-clinical diagnoses in under 15-year-olds. The prevalence of autonomouslyfunctioning nodules was decreased in subjects younger than 45 years (0.5% vs 2.5%,
p=0.004). Ten years after an increase in salt fortification levels in Slovenia, incidence
of Hashimoto’s Thyroiditis more than doubled from 73/100,000 to 166/100,000 [Risk
Ratio, RR 2.3 (95%CI 2.1-2.5)], while that of autonomous thyroid nodules decreased
by 27% [RR 0.7 (95% CI 0.6-0.9)] (151). In Polish adults (152) and Sri Lankan schoolage girls (153), incidence of thyroid autoimmunity increased following household
introduction of iodised salt. The elimination of iodine deficiency with improvements
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in social conditions and corresponding increases in iodine intake prompted a rise in
thyroid autoimmunity and AT, particularly among younger adults in Greece (154-156).
In cross-sectional population studies in adults in Denmark before (mUIC 61 µg/L) and
4-5 years after (mUIC 101 µg/L) salt iodisation, the prevalence of positive TPOAb (titre
>30 U/mL) increased from 14% to 24% (p<0.001) and the prevalence of positive TgAb
(titre >20 U/mL) increased from 14% to 20% (p<0.001) (157). In a 5-year prospective
Chinese study (58, 158), the cumulative incidence of autoimmune thyroiditis was
0.2 % in the iodine-deficient cohort, 1.0% in the sufficient cohort and 1.3 % in the
cohort with an excessive iodine intake (p<0.001). In this study, euthyroid participants
with positive TPOAb and TgAb titres at baseline and who consumed iodine beyond
requirements developed thyroid disorders more frequently (14%) than individuals
who were antibody negative (3%) (p<0.01).
These examples confirm the wide increase in prevalence of hypothyroidism linked to
autoimmunity alongside correction of iodine status after implementation of USI or
other iodine fortification initiatives in previously endemic countries. Some studies
report a reduction in AT incidence with time following fortification (159-161), though
elsewhere reports are conflicting (157, 162). Diagnostic criteria and screening
technologies have improved over the past decades, prompting discussion that this
has led to increased detection of thyroid disorders, thereby falsely elevating
incidence of new diagnoses (163, 164), however, it may be difficult to separate these
issues. More evidence from longer-term follow-up observations are needed.
Post-partum thyroiditis
Post-partum thyroiditis (PPT) is a thyroid dysfunction characterized by lymphocytic
infiltration of the thyroid gland within the first year postpartum in women who were
euthyroid before pregnancy (165, 166), or a new occurrence of thyroid autoimmunity
(excluding Graves’ Disease) post-partum. Classical presentation is with a hyperthyroid
(thyrotoxic) followed by a hypothyroid phase, with a return to euthyroidism by 12
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months. Alternative presentations may include isolated hypothyroxinaemia or
isolated thyrotoxicosis (166). In healthy populations, incidence of PPT is about 5%,
increasing with existing autoimmunity and positive TPOAb or TgAb titres in the first
trimester (165), for whom incidence elevates to 50% (166).
Three randomized studies have examined the effects of iodine supplementation on
PPT. In Germany, mildly iodine-deficient women with no previous thyroid disease
(n=70) were randomized to receive either 50 µg or 250 µg iodine/day postpartum.
There were no differences in PPT prevalence over 8 months postpartum between
groups (167). In an iodine-sufficient Swedish population, TPOAb-positive women
(n=58) received 150 µg iodine/day or control postpartum. The iodine appeared to
exacerbate the hypothyroid phase of PPT compared to controls (168). In the third
study, pregnant, moderately iodine-deficient Danish women with positive TPOAb
titre (n=66) were given 150 µg iodine (as part of a multivitamin-mineral also containing
50 µg selenium) or the same supplement without iodine, daily, during pregnancy or
during pregnancy and postpartum. There were no significant differences in frequency
or severity of PPT over 9 months postpartum between groups (169).
Iodine-induced hyperthyroidism
Hyperthyroidism is characterized by a sub-normal titre of TSH and elevated titre of T4
(Table 5), also known as the Jod-Basedow effect. Iodine-induced hyperthyroidism
(IIH) is most frequently observed following iodine supplementation or fortification in
areas of very low iodine intake, where the risk of nodular goitre is increased (30).
When the thyroid gland is under iodine-deficient conditions for a considerable period,
TSH hyperstimulation occurs to take advantage of the limited iodine supply. This can
promote autonomous growth and function of thyrocyte clusters (30), possibly due to
mutations promoted by H2O2 (170). Normally controlled by the low iodine intakes,
upon presentation of sufficient iodine (e.g. following abrupt initiation of USI) such
nodules escape the control of TSH and act autonomously to over-produce TH,
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causing hyperthyroidism. The iodine exposure triggering such a reaction in
susceptible individuals does not need to be “excessive”; even modest increases in
iodine intake below 300 µg/day can trigger this phenomenon. The definition of iodine
“excess” therefore also depends upon previous iodine status. Older individuals with
nodular goitre having had a longer exposure to ID are most at risk (28), though living
in an iodine-deficient area has been proposed as a risk factor per se (144, 171). The
degree of effect depends upon the longevity and severity of iodine deficiency, and
the degree of iodine load. (33).
Incidence of IIH with implementation of iodine fortification or supplementation has
been frequently discussed in relevant literature (29, 172-175). The incidence increase
is generally considered transient: exposed populations show a 5-7-year increase in
incidence of IIH, however with time, both prevalence of IIH and of nodular goitres
decreases to levels below those observed before iodine over-exposure. Following
correction iodine deficiency in Switzerland, yearly incidence of toxic nodular goitre
and Graves’ disease rose by 27% overall in 1980 following correction of iodine
deficiency, but in the years following, the incidence of toxic nodular goitre decreased
to 6.9 per 100,000, a level lower than baseline (29, 144). A similar progression of IIH
was seen in Sweden (176).
Graves’ Disease
Though nodular goitre is one of the major causes of hyperthyroidism in iodinedeficient or previously endemic areas, Graves’ disease (GD) is the most common
cause of hyperthyroidism in iodine-sufficient regions, affecting 0.5% of the population,
particularly younger adults (124, 177, 178). In GD, the hyperthyroid state is not linked
to autonomously-functioning thyroid tissue, instead due to over-stimulation of the
TSH receptor on thyrocytes by IgG antibodies (TRAb). Diffuse goitre may be present
due to thyroid hyperplasia, and TSH mimicry stimulates increased liberation of TH
(124). Triggers for development of autoimmunity of GD are multifactorial and
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considered to have a genetic proponent (177, 179, 180), that may induce sensitivity
to environmental factors, including smoking, stress irradiation, infection, iodinecontaining drug use (e.g. amiodarone), and iodine overload (124, 179-181).
In Denmark, over the six years following salt fortification in 1998, incidence of overt
hyperthyroidism increased by ≈160% in younger adults (20-39y) compared to 29%
and 13% in older age groups (40-59y and >60y respectively) (32). This was attributed
to development of autoimmunity. Further follow-up studies monitoring the use of
antithyroid medication prescribed for hyperthyroidism indicated that prevalence had
fallen back to baseline levels (182), suggesting that increases in incidence may be
transient following fortification, similar to prevalence of nodular goitre. However,
since this was not reported in other populations (29, 176), further long-term data
would be advantageous to reach firm conclusions (30).
Under situations of sustained iodine sufficiency, dietary iodine intake has little
influence on the onset of GD (179), and a recent systematic review could not establish
an association between iodine excess per se, and hyperthyroidism (140). Whether
chronic excessive iodine exposure induces onset of autoimmunity linked to GD
remains unclear.
Thyroid Cancer
Thyroid cancer rates have increased dramatically in the last decade; however, this
may be due in part to progress in medical diagnostics as much as an increased
incidence (163, 164, 183). A link between thyroid cancer and excess iodine intakes
has been proposed (164), possibly due to increased oxidative DNA damage (144).
However, to date there are few data to support this theory. A recent comprehensive
review on thyroid cancer (183) concluded that iodine excess may be a weak promoter
of the condition, though evidence is unconvincing (183, 184).
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7. Vulnerable groups

Pregnancy and the neonate
During pregnancy, an increased iodine intake is required to provide for both maternal
and foetal needs, and to account for increased maternal losses due to an increased
maternal glomerular filtration rate. However, the upper acceptable limits for iodine
intake during pregnancy (Table 2.1) are controversial. Though capable of iodine
organification from 16 to 20 gestational weeks the developing foetal thyroid cannot
escape from the Wolff-Chaikoff effect until about week 36 weeks (185). Sequelae due
to maternal-foetal excess iodine exposure include, in severe cases, foetal goitre that
can obstruct the neonatal airway at delivery (186, 187), or congenital hypothyroidism
(185, 188). Though these isolated examples are due to medications, supplements or
seaweed, even mildly excessive intakes may cause maternal hypothyroidism or
isolated hypothyroxinaemia.
A large cross-sectional study in China (10) showed a U-shaped association between
UIC and Tg in TgAb negative pregnant women (n=7,190). The lowest serum TSH
values were associated with UIC of 150–249 μg/L; UIC ≥500 µg/L had a 2.2-fold
greater risk of subclinical hypothyroidism (not significant) and 2.9-fold risk of isolated
hypothyroxinaemia (p<0.05). Though cognitive outcomes were not measured in this
study, gestational thyroid dysfunction can affect cognitive development of offspring
(189), but the sequelae of iodine excess during pregnancy is poorly understood.
Monitoring and surveillance for iodine nutrition should consider population-level
effects of iodine excess on gestational outcomes.
A large cohort study in Spain measured the association between cognitive
development of 12-months-old infants and maternal iodine intake from diet and
supplements (190). Elevated maternal TSH (>4 µU/mL) was associated with a
psychomotor developmental score <85 (OR 3.5; p=0.02; n=691). Further analyses
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within the same cohort study assessed the mental and psychomotor development at
16-months-old in relation to maternal iodine supplementation only (191). Similar
findings revealed a 1.5-fold increase in the odds of a psychomotor score of <85 (95%
CI 0.8-2.90) and a 1.7-fold increase in the odds of a mental score <85 (95%CI 0.9-3.0)
when iodine intakes from supplements were ≥150 µg/day (n=1,519).
Older infants Contrary to younger infants, those making the transition to
complementary foods may be at a lesser risk of high iodine intakes, indicating an
adaptability of thyroid function with age, though elevated thyroglobulin levels may
predict future risk of thyroid dysfunction. In 6-24-month-old infants (14) living in an
area of chronic excess iodine intake [mUIC 407 µg/L (IQR 312, 419)] prevalence of
overt hypothyroidism was <1% and subclinical hypothyroidism 7%, though 16% of
the infants had a serum Tg >40 µg/L. In refugee camps in Algeria (192) breastfeeding
0-6-months-old infants had mUIC 722 µg/L (IQR 393, 1133); three years later, iodine
intakes remained high [mUIC 458 µg/L (IQR 275, 1026)] and 9% of children presented
with subclinical hypothyroidism. A cross-sectional study in Kenya and Tanzania
recorded a prevalence of thyroid dysfunction <2% in 6-18-month-old infants receiving
both breastmilk and complementary foods, despite iodine intakes exceeding
recommendations [mUIC 602 µg/L (IQR 348, 1205) in Kenya; 528 µg/L (IQR 255, 952)
in Tanzania] and elevated thyroglobulin in both groups (26).
8. Conclusion

The spectrum of thyroid disorders with respect to iodine intake is U-shaped, and
initiatives to optimize population iodine intakes should focus on maintenance of levels
within an optimal range. The thyroid gland disposes of several key mechanisms to
help control thyroid hormone secretion and maintain homeostasis when confronted
with variations in iodine intake. Most individuals suffer no disturbance from iodine
excess, but some develop thyroid dysfunction despite these control systems, mainly
persons due to genetic predisposition or exposure to environmental risk factors.
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Previous iodine deficiency, and the sequelae connected with chronic intakes below
requirements such as goitre and autonomous thyroid nodules can predispose to the
development of morbidity. Healthy, euthyroid adults can usually tolerate ≤1000
µg/day without adverse effect, though in populations with long-standing severe
deficiency, even intakes of >200 µg/day may cause complications, particularly in older
persons.
Increases in prevalence of iodine-induced hyperthyroidism related to increases in
population iodine intakes, e.g. from the implementation of USI, are generally
transient, and disappear within 5-7 years of the increase in exposure. This is most
often related to autonomous thyroid nodules. Such nodules are rare in children and
younger adults. Risk of autoimmunity and hypothyroidism appears to increase slightly
with increasing iodine intakes in adults, however these effects are mostly transient
and not serious in most affected individuals. Thyroid antibodies are rare in children,
though infants and neonates, particularly if preterm, may be at a considerably higher
risk of the effects of iodine excess, since thyroidal control mechanisms are still
immature. Exact effects however, remain uncertain.
Excessive iodine exposure may arise from a variety of sources, and monitoring and
surveillance initiatives should emphasize consideration of intakes from all sources.
Groundwater that is high in iodine is becoming increasingly detected and may make
significant contributions in some areas, though the benefits of correction of iodine
deficiency outweigh the – usually transient – risks of iodine excess, therefore careful
evaluation is recommended before any review of USI policy is considered. With the
push to decrease salt intakes, monitoring and surveillance for USI programs needs to
be strengthened and enforced, particularly to include human biomarkers namely
urinary iodine concentration measured in spot urine samples, complemented by
thyroglobulin on dried whole blood spots where possible. In areas of high iodine
intakes, spot urine samples should be collected as a first measure, in conjunction with
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measuring salt iodine concentrations. If appropriate, drinking water should be
considered as a potential route for the elevated iodine intakes. In such areas,
monitoring should be emphasized, to ensure any localized pockets of with a risk of
iodine deficiency remain iodine-sufficient.
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PART THREE:
IODINE NUTRITION FOR THE WEANING INFANT

1. Iodine requirements for weaning infants

Infants start to wean from breast milk or formula to solid foods at about four to six
months of age. Weaning is normally complete by 24 months. It is the last phase of
the first 1,000 days that are considered as the most important for ensuring correct
iodine intakes (1-3).
The requirements for 6- 24-month-old infants are listed in Table 3.1. The iodine
requirements for infants are principally based on extrapolations from small scientific
studies in school-age children (4), lactating women (5) and one-month-old infants (6).
Population iodine status assessment includes measurement of urinary iodine
concentration (UIC) in spot urine samples. WHO propose a population median UIC
(mUIC) threshold of 100 µg/L for iodine sufficiency in infants and children less than
two years of age (7). This recommendation is supported by the sharp rise in
prevalence of neonatal thyroid stimulating hormone (TSH) values >5mU/L when
iodine intakes are 25-35 µg/day (11). These intakes correspond to a mUIC of 50-60
µg/L. This threshold has yet to be scientifically evaluated in weaning, 6-24-month-old
infants in population surveys, and it disagrees with the individual intake
recommendations presented in Table 3.1. Assuming a 24h infant urine volume of 500
mL (12) and about 90% excretion of ingested dietary iodine (9, 13), 100 µg/L UIC
equates roughly to a 45 µg daily intake. Yet, applying these same parameters to the
IOM AI, we would expect a UIC of around 230 µg/L, more than twice the
recommended threshold.
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Table 3.1: Iodine intake recommendations for infants aged 6 to 24 months
European Union
Scientific Committee
on Foods
AI

TUL

US Institute of
Medicine
AI

µg/day

TUL

World Health
Organization
RI

TUL

µg/day

µg/day

Individual level iodine intake recommendations
0-6 months

ND

ND

110

ND

15 c

150 c

7-12 months

70

ND

1300

ND

15 c

140 c

1-3 years

90

200

65a/90b

200

6c

50c

90

180

Population iodine intake recommendation
0-59 months

Recommendations are age-relative and are not per source of iodine (i.e. breast milk, formula,
complementary food) nor are based on whether the child is weaning, or has already been
weaned
Source: (8) European Food Safety Authority 2006 Tolerable upper intake levels for vitamins
and minerals. In: Scientific Committee on Food, Scientific Panel on Dietetic Products Nutrition
and Allergies, (eds). European Food Safety Authority; (9) Institute of Medicine, Academy of
Sciences, USA, 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; and (10) World Health Organization, United
Nations Children’s Fund, International Council for the Control of Iodine Deficiency Disorders,
Assessment of iodine deficiency disorders and monitoring their elimination: A guide for
programme managers, 3rd ed., Geneva: World Health Organization, 2007.
a
c

EAR,

estimated

average

requirement;

b

RDA,

recommended

daily

allowance;

recommendation per kg bodyweight.

Abbreviations: AI; adequate intake; ND, not defined; RDA, recommended daily allowance;
RI, recommended intake; TUL, tolerable upper level.
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An estimated average requirement (EAR) of 72 µg/day has been recently established
for 2-5-month-old infants and extrapolated to a recommended daily allowance (RDA)
of 80 µg/day (11). Iodine requirements decrease with increasing infant age (10),
though at what exact point this becomes critical is unclear, and likely varies intraindividually and with historical iodine exposure, even prenatally. Further, no
population-level upper threshold is yet defined for 6-24-month-old infants. This
renders the current thresholds for iodine requirements listed in Table 1 ambiguous,
and monitoring of iodine status during infancy is complicated and data difficult to
interpret. This may hinder the creation of international, harmonised guidelines for
infant nutrition policy. Review of the iodine intake recommendations for 6-24-monthold infants is an urgent requirement.
2. Biomarkers of iodine status in weaning infants

Urinary iodine concentration
UIC, measured in spot samples, is the recommended biomarker of population iodine
status (14), and is also described in Part Two. Calculation of intakes requires an
assessment of urinary iodine excretion; total iodine excretion was recently in
measured 2-5-month-old euthyroid infants at 87% (16). Daily iodine intake estimations
are performed using estimations of urine volume in addition to the excretion rate.
However, urine output in hot climates may decrease to retain homeostasis of body
hydration (4). Urine creatinine concentration, specific gravity or osmolality, as
surrogate estimates of urinary dilution, can be used to correct for hydration status,
creatinine being the most applicable to iodine (17). However, this method assumes
creatinine excretion varies only as a function of urinary flow; true creatinine
concentrations however, depend on age, sex, protein intake, muscle mass, and
malnutrition (17, 18). Age/sex/diet/ethnic-appropriate creatinine constants are
therefore required for this method to be correctly applied (18). Alternative methods
include analysis of repeat spot samples in the same individuals to determine a more
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accurate population median (13, 19). Actual research efforts at the Human Nutrition
Laboratory aim to develop a reliable method to obtain daily iodine intakes in children
and adults from spot UIC samples for application in iodine nutrition surveys, using
this principle (20).
Thyroglobulin
Thyroglobulin (Tg) can support interpretation of UIC data, and is recommended by
WHO in addition to UIC for population iodine surveys (14). Tg is a large glycoprotein
integral to thyroid function and a sensitive biomarker of low and high iodine intakes
(21-24).
From the rate-limiting step of iodine transport into the thyrocyte (25) to the release
of thyroid hormone into the circulation (26, 27) (Figure 3.1), TSH secreted from the
anterior pituitary gland regulates almost all actions of the thyroid gland, including the
intracellular synthesis of Tg and its exocytosis into the follicular colloid (26, 27). Yet,
Tg, being essential for thyroid function and a significant regulatory molecule, might
be considered equally as important. To facilitate understanding of why Tg is such an
effective biomarker, the following paragraphs briefly discuss the physiological roles
of Tg in the thyroid and its action on thyroid function regulation.
Thyroglobulin as a regulator of thyroid function
Much of the Tg structure is made up of repeating domains including many tyrosyl
residues, which can become iodinated to form mono-iodo- (MIT) and di-iodotyrosine
(DIT). This iodinated-Tg can be stored to provide a thyroidal reservoir of iodine and
thyroid hormone precursor. In its storage function, Tg makes up over 95% of the
colloidal protein content (27) (Figure 1). Coupling of MIT and DIT residues forms
iodothyronines, giving Tg its second and fundamental role, as the structure upon
which thyroid hormone is synthesized. However, only a small portion of the Tg
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molecule is dedicated to hormone formation (28): most MIT and DIT residues never
couple.
Tg has been shown, both in vitro and in vivo, to be a potent regulator of thyroid
function (29). It can inhibit expression of the sodium-iodine (NIS) transporter on the
basolateral membrane responsible for the import of iodide ions into the thyrocyte
(27), the expression of pendrin (a multifunctional anion transporter, on the apical
membrane, which transports iodide ions into the colloid lumen (27)), and the
expression of the thyroid peroxidase (TPO) (30) and dual-oxidase (DUOX)-2 enzymes
(27, 31). Tg also inhibits its own synthesis (27, 29, 31-33). The suppression of the
mRNA for each of these proteins is in a dose- and time-dependent manner, to directly
oppose the upregulatory action of TSH (30) and retain follicular homeostasis. Further,
since expression of the gene required for the basolateral membrane transporter
protein monocarboxylate transporter-8 (MCT-8), is enhanced with raised intrafollicular Tg concentrations (29, 31), Tg also directly regulates hormone secretion
from thyrocytes.
Iodinated Tg is present in the circulation at concentrations of around 10-13 µg/L in
healthy, euthyroid individuals (21, 34). The release of intact Tg from thyrocyte is a
further regulatory mechanism, and involves the endocytic protein transporter
megalin. Megalin is expressed on the apical membrane of the thyrocyte (11) and
binds colloidal Tg with high affinity (11). It facilitates intracellular migration of Tg to
the basolateral membrane and then fuses with the membrane to release Tg along
with a portion of the transporter protein (35). Early in vitro work suggested that
megalin favours poorly-iodinated Tg, to preserve highly iodinated molecules for
either storage or hormone release (11), and since megalin expression is upregulated
with TSH stimulation (27, 35), this explains the release of Tg in iodine deficiency when
the thyroid is hyperstimulated to synthesise hormone despite an insufficient iodine
supply. However, this mechanism may also explain the release of Tg under conditions
of excess circulating iodide and an excessive iodide influx into the thyrocyte, to
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regulate the release of too much thyroid hormone until hormonal negative feedback
limits NIS expression and limits availability of iodine as a substrate for thyroid
hormone synthesis (25).
Though TSH remains the master controller of thyroid function, Tg clearly has a
fundamental regulatory role. This capacity to work in tandem with TSH when exposed
to variations in intake and the intricate intra-thyrocyte and intra-follicular relationship
between iodine and Tg that underlines its application as a sensitive biomarker.
Thyroglobulin as a biomarker of iodine intake and thyroid function
Extra-thyroidal Tg can be measured in serum samples. However, since centrifugation
and a cold chain are required, serum may be logistically complicated to obtain in
regular field monitoring surveys. A Tg assay using whole blood on dried blood spots
(DBS) has been developed, which makes field sample collection more accessible (3638), though strict methods are required for optimal sample collection and storage,
since the quality of the DBS results are highly affected by both the methods of sample
collection, the quality the blood spot itself, and the drying and storage conditions.
A population sample median DBS-Tg of <13 µg/L and/or <3% of values <40 µg/L
(20) denotes iodine sufficiency in school-aged children; the international reference
range being 4-40 µg/L (36). Tg in serum and on DBS samples are not directly
comparable due to methodological differences, though collection of more data may
permit a correction factor to be established (38). Further, whilst Tg levels fall over the
first year of life reaching typical adult concentrations by about 6 months of age (32),
no thresholds for serum- or DBS-Tg are yet to be defined for weaning infants.
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3. Sequelae of thyroid dysfunction in weaning infants

Thyroid function disorders in healthy infants are rare. On a population level,
hypothyroidism is the most important, though the treatment options for
hyperthyroidism in infancy are more complex.
Hypothyroidism
Hypothyroidism is the inadequate production of thyroid hormone, resulting in low or
absent levels. It may be present at birth (congenital hypothyroidism) or arise in later
life (acquired hypothyroidism). Primary hypothyroidism is due to one or more
defective thyroid mechanism(s); secondary, or central, hypothyroidism may arise from
defects at the pituitary or hypothalamus levels (Part One, Figure 1.1). Criteria for
diagnosis of overt disease are a high TSH and low T4, or normal T4 with a TSH greater
than 10 mU/L; subclinical hypothyroidism is defined by high TSH and a normal T4.
Infants with hypothyroidism may present with symptoms including fatigue, cold
intolerance, constipation, bradycardia, delayed reflexes, myxoedema of face or
extremities, and goitre (39).
The most obvious cause of hypothyroidism in 6-24-month-old infants, or any
population group, is inadequate iodine substrate for thyroid hormone production,
being the most common cause of hypothyroidism worldwide (39, 40). Infants are at
particular risk; neonatal iodine stores are scant (32, 41) and a positive iodine balance
is required from birth for follicular repletion, in addition to daily iodine turnover (15,
41). Conversely, if the thyroid gland is presented with excessive iodine substrate, a
failure of the thyroid gland to escape from the Wolff-Chaikoff effect (see Part Two)
may elicit a hypothyroid state (42), though this is usually transient.
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Figure 3.1: The synthesis of thyroid hormone and its liberation from the thyrocyte1,2
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Figure 3.1: The synthesis of thyroid hormone and its liberation from the thyrocyte1,2
1

Figure reproduced from (39): Hanley P, Lord K, Bauer AJ: Thyroid Disorders in Children and

Adolescents: A Review. JAMA Pediatr 2016, 170:1008-1019.

2

The thyroid gland consists of follicles, where thyrocytes are clustered together to form and

surround a follicular lumen that is filled with a gel-like substance called colloid. The apical
surfaces of the thyrocytes face the lumen, the basolateral sides face an extensive capillary
network (not shown) which surrounds each thyroid follicle. Dietary iodine is reduced to iodide
(I-) before absorption from the gut, principally in the small intestine. Around 90% is absorbed
(the remainder being excreted in faeces); the fractional clearance of I- by the thyroid gland
depending on the iodine status of that individual before exposure. I- is actively transported
from the circulation into the thyrocyte via the sodium-iodine transporter (NIS), located on the
basolateral surface of the thyrocyte. With the help of a sodium-potassium (Na+/K+) ATPase
pump, the NIS transports I- against a concentration gradient into the thyrocyte. I- translocates
to the apical membrane, where pendrin facilitates diffusion into the colloid. Thyroglobulin
(Tg) is synthesised on the rough endoplasmic reticulum with further modifications on the
Golgi apparatus, then exocytosed to the colloid. In the colloid, hydrogen peroxide (H2O2)
oxidises the thyroid peroxidase (TPO) enzyme, which in turn oxidises I- to allow binding to
tyrosyl residues on Tg to form either monoiodotyrosine (MIT) with one iodine atom, or
diiodotyrosine (DIT) with two iodine atoms. Next, MIT and DIT are further oxidized to allow
coupling between residues, which forms the iodothyronines triiodothyronine (T3) and
tetraiodothyronine (T4, thyroxine) directly on the Tg molecule. The iodinated Tg either then
undergoes modification via disulphide bridging and other cross-links to form a stable protein
that is stored in the colloid as a reserve of TH, or is endocytosed by fluid phase
micropinocytosis back into the thyrocyte. Fusion of lysosomes with the endosome leads to
proteolysis of iodinated Tg. T4 and T3 are released from the Tg structure; any MIT or DIT that
remain uncoupled are deiodinated via deiodinases and the I- recycled in the thyrocyte. T4
and T3 are released from the thyrocyte into the circulation by the monocarboxylate
transporter-8 (MCT-8) membrane transporter protein on the basolateral thyrocyte membrane.

107

LITERATURE REVIEW: WEANING INFANTS
Most thyroid hormone-dependent brain development is complete by age three years
(32, 43), and importantly, brain growth is at its quickest in during this time (43).
Hypothyroidism is associated with poorer cognitive outcomes in infancy (44) and
iodine deficiency is associated with a loss in cognitive potential (40, 45-48). Further,
in early infancy, somatic growth is rapid, with an average of 25 cm length gained
during the first 12 months (49). Growth faltering in early life, if uncorrected, may
compromise height in adulthood leading to permanent stunting (50). Stunting has
far-reaching adverse consequences including poor educational performance, lost
productivity and low wages as an adult (51).
Since hypothyroidism may be caused by a deficiency in iodine, it follows that iodine
repletion can prevent the sequelae of hypothyroidism. Though the benefit of iodine
repletion in severely iodine-deficient populations on the known sequelae of iodine
deficiency, known collectively as the Iodine Deficiency Disorders is confirmed (3, 40,
52-59), there is a lack of evidence on the impact of iodine repletion in 6-24-monthold infants on both cognitive and growth outcomes (60-62). Recent systematic reviews
on the effect of iodine repletion on cognition did not retrieve eligible studies (45, 46,
63), and Manuscript One, our systematic review on the effects of iodine on pre- and
postnatal growth in all relevant age-groups, identified only one eligible study in 6-24month-old infants, and could not reach a conclusion (64).
The physiological plausibility for the effect of iodine on growth from conception is
reviewed in Part One. The physiological mechanism for a better growth trajectory
following correction of iodine deficiency is likely due to the important link between
growth hormone (GH), thyroid hormone and the insulin-like growth factors (IGFs),
through both the GH-IGF axis and the effects of thyroid hormone on the expression
and action of GH itself (65, 66). Secretion of GH is dependent upon normal thyroid
function (67, 68). GH promotes the synthesis and secretion of IGFs, which in turn,
enhance cell growth and differentiation (69), and are thus essential during the rapid
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growth of infancy. Further, the synthesis of thyroid hormone requires the presence of
IGF-1 (26), and IGF-1 itself is necessary for the anabolic effect of T3 (68).
Additionally, GH accelerates the peripheral conversion of T4 to T3 (70). During
childhood, beginning from between six months and three years to puberty, the GHIGF-1 axis and thyroid hormone become more influential on growth, and at puberty,
GH and IGF-1 concentrations increase significantly in both males and females (71).
Recent findings from a longitudinal study demonstrate the importance of IGF-1 on
infant growth (72). Wiley et al. followed the birth cohort of n=122 infants at age two
years, revealing a positive association between infant length and IGF-1 (72). The
authors did not measure iodine status of the study population, however, further work
in the same area of India suggest adequate iodine intakes (73).
However, some of the effects of thyroid hormone on growth are direct and occur
independently of the effects of growth hormone, such as the effects on bone and
skeletal development (74, 75), clearly modelled by Kim and Mohan in a review on in
vitro work in mice (Figure 3.2) (74).
Treatment for hypothyroidism in infants includes replacement thyroid hormone
therapy with levothyroxine (76), though inarguably, in situations at risk of deficiency,
iodine repletion where indicated should be standard (40, 52-57).
Hyperthyroidism
Hyperthyroidism in infants is rare (77), and existing literature is limited to case studies
mainly reporting on the neonatal clinical picture in infants born to women with
existing thyroid disorders (78-80). Overt hyperthyroidism is defined by a low or
undetectable TSH with a high T4; subclinical cases have a low TSH with normal T4.
Unlike the link between hypothyroidism and an insufficient iodine intake,
hyperthyroidism in infants is usually due to autoimmunity. Graves’ Disease is the most
common cause (81). It is not necessarily a maternal diagnosis of Graves’ disease,
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however, that provokes hyperthyroidism in the infant, maternal autoimmune
hypothyroidism (Hashimoto’s disease) has also been associated with thyrotoxicosis in
the neonate (78, 79). However, most cases of neonatal Graves’ Disease resolve before
three months of age, as maternal TSH-receptor-stimulating antibodies are cleared
from the infant circulation.

Figure 3.2: Model of the inter-relationship between thyroid hormone and growth
hormone on pre-pubertal and pubertal murine growth

TH-dependent

GH-dependent

Level/Action

IGF-1
GH

TH
Prepuberty

Puberty

Postpuberty

Reproduced (adapted) from (74): Kim H-Y, Mohan S: Role and Mechanisms of Actions of
Thyroid Hormone on the Skeletal Development. Bone Research 2013, 1:146.
Abbreviations: GH, Growth Hormone; IGF1, Insulin+-like Growth Factor-1; TH, Thyroid
Hormone.
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Presenting symptoms of hyperthyroidism in infants are similar to those in adults: warm
moist skin, diarrhoea, tachycardia or cardiac arrhythmia, asthma or respiratory disease
(80-83). Goitre may be present due to lymphocytic infiltration of the thyroid gland
(39), and infants may fail to gain weight (47) or exhibit unexpected weight loss (84).
Anxiety, hyperactivity, restlessness (39) and other symptoms such as nocturnal
enuresis due to an increased glomerular filtration rate (32, 84) may lead to longerterm problems including failure to thrive. The symptom picture of hyperthyroidism in
infants and children may confuse and/or delay diagnosis, being instead treated for
attention deficit or hyperactivity behavioural disorders (39, 47), cardiovascular or
respiratory disorders (81) and possibly prescribed inappropriate drug therapy as a
result.
If untreated, hyperthyroidism can lead to accelerated linear growth and an advanced
bone age (39, 47, 85, 86), which may lead to the child not reaching the full potential
height due to premature closure of the end of long bones (epiphyses) or premature
closure of cranial plates (75, 86, 87), though elsewhere, literature reports that adult
height is not affected by hyperthyroidism (32). The skeleton is a target for thyroid
hormone action, and a delicate balance exists between the inactive thyroid hormone
T4 and its active metabolite, T3. Balance is achieved by the iodothyronine deiodinase
D2 enzyme in osteoblasts, and the inactivating iodothyronine deiodinase D3, which
inactivates both T4 and T3 by the removal of a 5-iodine atom, and is present in all
skeletal cell lines during development and until weaning (86, 88). It is thought that D3
is essential in limiting thyroid hormone availability to the immature skeleton, thus the
reduction of D3 expression as weaning progresses may amplify the effect of
hyperthyroidism on accelerated skeletal development and linear growth (88). The
potential long-term consequence of hyperthyroidism in infancy is stunted growth
(associated with the same long-term risks as stunting due to hypothyroidism), and if
uncorrected, bone mineral density is weakened with age (75).
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Treatment of hyperthyroidism includes antithyroid drug therapy with carbimazole or
methimazole, radioactive iodine or thyroidectomy (77, 81). Relapse occurs in about
70-80% of juvenile cases, with the risk of unfavourable outcomes highest in the
youngest children (81). Non-compliance and toxicity with drug regimens is high (77),
yet thyroid ablation with radioiodine or surgery obligates the child to long-term
follow-up, including life-long therapy with levothyroxine (77) and thus treatment
decisions are complex. Treatment policies vary between and within countries, often
depending on local tradition and preference. Due to the rarity of this disease in infants
and children, evidence-based guidelines, to date, do not exist (77).
4. Vulnerability of weaning infants to inadequate iodine intakes

WHO recommends the introduction of solid foods to infants from 6 months of age
(89). In most countries, the weaning diet is comprised mainly of cereal-based foods
or puréed vegetables and fruits (90). These foods, if unfortified, generally have a low
native iodine content (91). Further, paediatric guidelines advise to restrict addition of
salt of any type to foods for infants aged <12 months (92, 93). Cow’s milk is an
important source of iodine in some countries; dairy milks contain typically 100 to 300
µg iodine per litre of milk in Switzerland (94), though this can vary as much as 33 to
534 µg/L dependent upon animal husbandry and farming practice (95) (Part Two).
However, akin to the restricted salt recommendations, cow’s milk is a poor source of
iron and not recommended in large amounts to children<12 months of age (93).
Taken together, weaning infants, particularly those under <12 months, may be
vulnerable to iodine deficiency.
A national survey in Switzerland found iodine deficiency in 6-24-month-old infants,
despite iodine intakes in the study in school-aged children and pregnant women
being measured as adequate (96). This study documented a median UIC of 98 µg/L
(96), which equates to an approximate iodine intake of 44 µg per day. This estimate
is considerably less than the 72 µg EAR calculated for younger infants (15) and the
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recommendations stipulated in Table 3.1. In Switzerland at the time of the study, salt
was adequately iodised at 20 mg/kg (n=213), but only 57% and 18% of infants aged
6- and 12-months were still breastfed, respectively (96). This study implies that,
without formula milk, weaning infants receiving breastmilk but not infant formula were
at risk of deficiency: with further analysis, mUIC of infants not receiving formula was
70 µg/L (n=131), compared to 109 µg/L (n=304) in their counterparts receiving
formula in addition to breast milk and/or complementary foods (p<0.01).
Similar results were seen in a cross-sectional study in n=230, 6-24-month-old infants
in New Zealand. Here, infants receiving formula had a higher mUIC (99 µg/L; IQR 68,
167 µg/L; n=51) than those receiving breast milk (44 µg/L; IQR 23, 82 µg/L; n=43), or
who were mixed fed (59 µg/L; IQR 39, 103 µg/L; n=17; p<0.001) (97). Again, formula
milk was crucial to assure the iodine status of these infants. The iodine levels in infant
formula are mandated, and described in Part Two. Inadequate maternal intakes
coupled with close adherence to salt restriction recommendations for infants and
greater access (availability, and ability/willingness to pay) to prepared, sterilised
complementary foods, risk of iodine deficiency in weaning infants not receiving
fortified complementary foods may be considerable.
Weaning practices vary highly with socioeconomic status, as well as tradition and
maternal preference. In resource-poor settings, breastfeeding is likely to continue
longer due to limited resources (breastmilk is effectively a free food source). In highincome settings, societal pressure, a wider availability and access to formula and
commercially-prepared complementary foods, and different preferences may reduce
breastfeeding duration. In a longitudinal observational study in Canada, the most
common reasons cited for cessation of breastfeeding included inconvenience and
return to work (98), whereas in the low socioeconomic settings of The Gambia (99)
and Burkina Faso (100), 49% of 24-month-olds and 97% of 18-month-olds were still
breastfed, respectively.
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5. Iodised salt covers weaning infants: the importance of continued breastfeeding

Though salt of any kind is not recommended in infants under one year of age,
observations made during this thesis, supported by the literature, indicate that salt is
widely added to complementary food (23, 92, 93, 101-103). Nevertheless, direct
addition of salt is not the principal route by which iodised salt reaches weaning infants.
Breast milk is a complete food and considered to be the best source of infant nutrition
(104). Promotion of breastfeeding is an important public health strategy which
improves infant and child morbidity and mortality, thus helping to control healthcare
costs (105, 106). WHO recommends exclusive breastfeeding until six months of age
and partial breastfeeding until 24 months (106, 107).
In a cross-sectional study of n=386 six-month-old infants in a peri-urban area of South
Africa with a low socioeconomic status, breastfed infants tended to have a higher
mUIC (355 µg/L; IQR 229, 602 µg/L; n=279) than non-breastfed infants (298 µg/L; IQR
189, 591 µg/L; n=107; p=0.074) (103). In this study, 72% of infants were still breastfed
at six months. In Burkina Faso, 100% of 9-month-old weaning infant subjects in an
iodine intervention study were still breastfed. Geometric mean UIC at baseline (age
9 months) was 220 µg/L (95% CI 192, 257 µg/L; n=143) and 276 µg/L (95% CI 192,
397 µg/L; n=80) in the iodine intervention and control groups respectively (p=0.103).
At endpoint after 9 months of intervention (infant age about 18 months), 97% of
infants were still breastfed. Interestingly, UIC had increased in both groups (geo-mean
356 µg/L (95% CI 341, 404 µg/L) and 310 µg/L (95% CI 227, 425 µg/L) respectively;
p=0.380) despite the difference in iodine supplementation (100), possibly indicating
the increased contribution of complementary foods prepared with iodised salt.
In both South Africa and Burkina Faso, iodised salt is widely available. South Africa
has had voluntary salt iodisation since 1954, and a mandatory policy in place to iodise
salt at 40-60 mg/kg since 1995 (108). Median SIC (mSIC) in this study was 45 mg/kg
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(IQR 27, 70 mg/kg; n=143) (103). In this study, lactating women had a mBMIC of 170
µg/kg (n=205) (103). In Burkina Faso, 95% of salt samples (n=106) contained >15
mg/kg iodine (100), and the 2010 Burkinabe Demographic and Health Survey
recorded a 96% household coverage (109). In Burkina Faso, infant dietary diversity
was poor, and given the extremely high breastfeeding rates even at 24 months, Hess
et al. concluded it probably that most infants benefited from iodised salt via
breastmilk (103).
Recently, a multi-country study across China, Croatia and The Philippines, where USI
is mandatory, confirmed that iodised salt covers infant needs from birth to age two
years (102). Dold et al. investigated the contribution of iodised salt to iodine status at
purposefully-chosen study sites with good coverage of adequately iodised salt (³15
mg/kg) and previously-reported adequate iodine status in school-age children (mUIC
³100 µg/L). Across six life-stage groups (school-age children, women of reproductive
age, pregnant women, lactating women, 0-6-month olds and 7-24-month-olds), the
median UIC indicated habitual adequate iodine intakes in almost all groups across
the three countries, confirming the effectiveness of USI to reach all population groups
(13). The authors reported that salt was added to home-prepared complementary
foods for most infants, including those aged less than one year despite
recommendations. However, importantly, a large part of the 6-24-month-old infants
included in the study were still partially breastfed.
Elsewhere in China, infants under 12 months of age who were breastfed had a higher
mUIC (247 µg/L; n=1364) than infants being exclusively formula-fed (194 µg/L; n=200)
or receiving mixed-feeding (245 µg/L; n=456; p<0.001) (110). Mean SIC was
mandated at 30 ± 9 mg/kg in the study area in 2012 (110). BMIC was not reported in
this study.
BMIC has been demonstrated a reliable indicator of the iodine status of lactating
women (111) and determines the iodine status of exclusively-breastfed infants (112,
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113). Though BMIC cannot be used alone to determine the iodine status of weaning
infants, because of the contribution from complementary foods and the changes in
breastfeeding practices during weaning, maternal iodine intake clearly impacts
strongly on the weaning infant. Indeed, literature to date points to it being an
important vehicle for iodine to maintain intakes throughout infancy until weaning is
completed. Dold et al. reported a median BMIC in lactating women of 176 µg/kg
(IQR 116, 251 µg/kg; n=376) in China, 189 µg/kg (IQR 137, 260 µg/kg; n=607;
p=0.019) in The Philippines and in Croatia, 125 µg/kg (IQR 91, 184 µg/kg; n=105;
p<0.001) (102). Though these lactating women were feeding infants between 0 and
6 months of age and the nutritional composition of breastmilk changes with length of
feeding (104), particularly in the first month of life (114), if maternal nutrition is
adequate human milk composition thereafter remains relatively stable (114).
To ensure the benefits of iodised salt reach weaning infants, continued breastfeeding
must be encouraged. In South Africa and Burkina Faso, where salt iodisation coverage
and breastfeeding rates were high, weaning infant iodine status was adequate (100,
103). In similar settings, as described above, mothers likely add salt to infant foods
despite paediatric recommendations. Yet, in Switzerland, where iodised salt coverage
is high, BMIC was low (50 µg/L) and weaning infants were iodine deficient (96). This
finding suggests that fewer mothers continued to breastfeed, and that maternal
iodine consumption was low. This may be due to health promotion messages (reduce
salt intake) coupled with a lack of catch-up in USI policy (115). Additionally, mothers
in this setting likely adhere to paediatric recommendations to restrict infant salt intake.
These examples highlight the importance of weaning practices on the iodine status
of infants as they start to receive complementary foods, and underline the role that
breastmilk has in assuring iodine intakes in 6-24-month-old infants. Continuation of
breastfeeding until 24 months in line with WHO recommendations (106, 107) should
be encouraged across all settings. The most critical situations where weaning infants
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may be at particular risk of deficiency are where BMIC is low due to absent USI or a
fortification level not harmoised with intakes, where breastfeeding is not continued,
where uptake of non-fortified commercially-produced weaning foods is high and
where

paediatric

recommendations

for

the

preparation

of

homemade

complementary foods are strictly followed. This example also highlights that in such
resource-poor settings where access to fortified complementary foods may be low
(either in availability or via ability to pay) (116), if USI is enforced, then iodised salt
should adequately cover the weaning infant group via breastmilk (102).
6. Vulnerability of the weaning infant to excessive iodine intakes

Weaning infants may be exposed to iodine via several routes: iodised salt, either
directly or via breast milk, formula milk, fortified complementary foods that include
iodine, and supplement programmes that target this age group. Food sources of
iodine are variable (91, 95), and may be considerable. Part Two of this literature review
presents a detailed review of iodine excess, including possible sources of excessive
exposure, physiological mechanisms to retain thyroid homeostasis, and thyroid
dysfunction in infants and across the life cycle. The following paragraphs discuss
iodine excess in weaning infants.
In support of the case for breastfeeding, breastmilk has been shown to be a better
vehicle to deliver infant supplementation (iodised oil) than direct administration to
infants (117). Moreover, the breast prioritises maternal iodine excretion via breastmilk
to safeguard infant ingestion at lower intakes (111). However, it is unclear whether
the breast protects infants at higher extremes of intake. BMIC in Japanese mothers
was reported to be high following excessive iodine exposure. Infants of mean age 3
months (range 0-10 months; n=26) were exposed to excessive quantities of iodine in
breast milk from lactating mothers receiving iodine therapy for Graves’ Disease (118).
Median BMIC was 15,050 µg/L (range 831-72,000 µg/L), and excessive infant intakes
were confirmed by a very high mUIC in spot urine samples (mUIC 15,650 µg/L; range
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157-250,000 µg/L). Clearly here, the breast did not respond to negate the effect of
high maternal iodine intakes.
Yet, in this study, only one of the 26 infants showed any thyroid dysfunction (TSH 12.3
mU/L, normal T4), which resolved with cessation of maternal iodine therapy (118). The
authors suggest that the infants in this study could maintain euthyroidism via initiation
then successful escape from the Wolff-Chaikoff effect (118-120). In contrast, high
levels of iodine in the breastmilk of Korean lactating mothers was associated with an
increased incidence of subclinical hypothyroidism in their preterm infants, particularly
with daily iodine intakes of more than 100 µg iodine/kg bodyweight/day (121). This
is likely explained by immaturity of the thyroid gland due to a premature birth of 34
weeks’ gestation or less. The Wolff-Chaikoff mechanism does not become functional
in the foetus until week 36 of gestation (122).
In a study in long-established refugee camps in West Algeria (the Saharawi), a mUIC
of 458 µg/L (IQR 275, 1026 µg/L) was recorded in n=289 infants, aged between 18
and 48 months of age (median age 31 months; IQR 25, 35 months) (123). Children
were previously breastfed (mBMIC at baseline 479 µg/L (IQR 330, 702 µg/L); infant
age 3.1 months; IQR 2.2, 4.8 months)), and 14% were still breastfed at time of
sampling. Serum thyroglobulin was elevated in 14% of children, and 9% had
subclinical hypothyroidism (123, 124). The main source of iodine for these refugees
was found to be potable groundwater highly concentrated in iodine (median, across
three camps, of 108 µg/L; range 55-545 µg/L), which was also drunk by livestock
producing comestible milk (125).
In 6-24-month-old infants with iodine intakes above requirements in Nepal (mUIC 407
µg/L; IQR 312, 419 µg/L; n=630), prevalence of overt hypothyroidism was <1% but
subclinical hypothyroidism 7% (126). The (geometric) mean serum thyroglobulin was
22 µg/L (95%CI 20-23 µg/L; n=563). Iodine excess was due to iodised salt (89 mg/kg
(IQR 70-149 mg/kg; n=156) and possibly groundwater contributions, although water
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iodine concentration was not measured in this study. Some infants in this study also
consumed a flour fortified with 150 µg iodine per serving. Median UIC was
significantly higher in 6-12-month-old infants (430 µg/L; IQR 338, 503 µg/L; n=332)
than 13-18 (406 µg/L; IQR 306, 492 µg/L; n=237) and 19-24-month-old infants (382
µg/L; IQR 279, 466 µg/L; n=169; p=0.004), indicating a potential impact of greater
proportion of breast milk consumption in the younger infant group.
Long-term effect of chronic excessive iodine intakes on thyroid function and general
growth and development in this age group remains to be clarified (23, 123, 127).
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Manuscript One: Effects of iodized salt and iodine supplements on prenatal and

postnatal growth: A systematic review is a study examining the effects of iodine
repletion on growth in all relevant life-stages, to subsequently better understand the
effects of iodine deficiency on growth. This systematic review was preceded by a
scoping review and a protocol, both of which were published in advance. The
abstracts are included in the present thesis; please refer to the journal websites for
the full text articles.
Manuscript Two: The effect of excess iodine intake from iodized salt and/or

groundwater iodine on thyroid function in non-pregnant and pregnant women,
infants and children: a multicenter study in East Africa reports a study designed to
investigate the effects of a chronic excessive iodine in take on thyroid function across
the life cycle.
Manuscript Three: Thyroglobulin is markedly elevated in 6-24-month-old infants at

both low and high iodine intakes and suggests a narrow optimal iodine intake range,
using data from seven countries, evaluates the impact of inadequate to excessive
iodine intakes in the critical life stage of 6-18-month-old weaning infants.
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EFFECTS OF IODIZED SALT AND IODINE SUPPLEMENTS ON PRENATAL
AND POSTNATAL GROWTH: A SYSTEMATIC REVIEW
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Abstract

Background: Iodine deficiency can adversely affect child development including
stunted growth. However, the effect of iodine supplementation or fortification on
prenatal and postnatal growth in children (<18 years) is unclear. We identified the
potential need for a systematic review to contribute to the evidence base in this area.
To avoid duplication and inform the need for a new systematic review and its
protocol, we undertook a rapid scoping review of existing systematic reviews
investigating the effect of iodised salt and iodine supplements on growth and other
iodine-related outcomes.
Methods: We searched TRIP and Epistemokinos (latest search date 15 December
2014). All English language systematic reviews reporting on the effect of iodine
supplementation or fortification in any form, dose or regimen on any iodine-related
health outcomes (including but not limited to growth) were included. Eligible
systematic reviews could include experimental or observational studies in pregnant
or lactating women or children to age 18. We tabulated the extracted data to capture
the scope of questions addressed, including: author, publication year, most recent
search date, participants, pre-specified treatment/exposure and comparator, prespecified outcomes, outcomes relevant to our question and number and type of
studies included. Methodological quality of included reviews was assessed using
AMSTAR.
Results: 976 records were screened and 10 reviews included. Most studies were of
moderate methodological quality. Outcomes included assessments of thyroid
function, iodine deficiency disorders, mental development and growth. Populations
studied included pregnant women, preterm infants and children into adulthood. Most
reviews looked at direct iodine supplementation or fortification, though some reviews
considered iodine status, including the relationship between iodine intake and iodine
biomarkers. Although five reviews pre-specified inclusion of growth outcomes, none
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provided synthesised evidence on the effects of iodine supplementation or
fortification on prenatal and postnatal somatic growth.
Conclusions: Our rapid scoping review demonstrates a gap in the evidence base with
no existing, up-to-date systematic reviews on the effects of all forms of iodine
supplementation/fortification in all of the relevant population groups on relevant
growth and growth-related outcomes. A new systematic review examining this
question will assist in addressing this gap.
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Abstract

Introduction: Iodine is an essential micronutrient and component of the thyroid
hormones. Sufficient ingestion of iodine is necessary for normal growth and
development. If iodine requirements are not met, growth can be impaired. Salt
iodisation and supplementation with iodine can prevent iodine deficiency disorders
and stunted growth. No systematic review has yet collated the evidence linking iodine
to growth. With an increased emphasis on stunting within the WHO Global Nutrition
Targets for 2025, we propose a systematic review to address this question.
Methods and analysis: We will undertake a systematic review, and if appropriate,
meta-analyses, evaluating the effects of iodised salt or iodine supplements on preand post-natal somatic growth, until age 18. We will search a number of databases,
including MEDLINE, EMBASE, Web of Science, CINAHL, PsychINFO, the Cochrane
Library, including the CENTRAL register of Controlled Trials, and also the WHO library
and ICTRP (International Clinical Trials Registry Platform), which includes the
Clinicaltrials.gov repository. We will also search Wanfang Data and the China
Knowledge Resource Integrated Database. Included studies must have compared
exposure to iodised salt, iodine supplements or iodised oil, to placebo, non-iodised
salt or no intervention. Primary outcomes will be continuous and categorical markers
of pre- and post-natal somatic growth. Secondary outcomes will cover further
measures of growth, including growth rates and indirect markers of growth such as
IGF-1 (insulin-like growth factor-1).
Ethics and dissemination: The systematic review will be published in a peer-reviewed
journal, and will be sent directly to the WHO, UNICEF, ICCIDD and other stakeholders.
The results generated from this systematic review will provide evidence to support
future program recommendations regarding iodine fortification or supplementation
and

child

growth.

This

review

is

registered

with

PROSPERO,

number:

CRD42014012940.
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Abstract

Hypothyroidism due to iodine deficiency can impair physical development, most
visibly in the marked stunting of myxoedematous cretinism caused by severe in utero
iodine deficiency. Whether iodine repletion improves growth in non-cretinous
children is uncertain. Therefore, the aim of our systematic review was to assess the
effects of iodine fortification or supplementation on prenatal and postnatal growth
outcomes in non-cretinous children.
Following Cochrane methods and PRISMA reporting guidelines, we searched ten
databases including two Chinese databases (latest search February 2017). We
included randomized and non-randomized controlled trials (RCTs; non-RCTs),
controlled before-after (CBA) studies and interrupted time-series studies in pregnant
women and children (≤18 years), which compared the effects of iodine (any form,
dose, regimen) to placebo, non-iodized salt, or no intervention on pre-and post-natal
growth outcomes. We calculated mean differences with 95% CI, performed randomeffects meta-analyses, and assessed the quality of evidence using GRADE.
We included 18 studies (13 RCTs, 4 non-RCTs, 1 CBA) (n=5729). Iodine
supplementation of severely iodine deficient pregnant women with iodine increased
mean birthweight (Mean Difference (MD) 200 g; 95% CI 183 to 217 g; n=635; 2 nonRCTs) compared to controls, but the quality of this evidence was assessed as very low.
Iodine repletion across the other groups showed no effects on primary growth
outcomes (quality of evidence mostly low and very low). Meta-analyses showed a
positive effect in moderate-to-mildly iodine deficient schoolchildren on insulin-like
growth factor-1 (MD 38.48 ng/mL; 95% CI 6.19 to 70.76 ng/mL; n=498; 2 RCTs, low
quality evidence), and insulin-like growth factor binding protein-3 (MD 0.46 µg/mL;
95% CI 0.25 to 0.66 µg/mL; n=498; 2 RCTs, low quality evidence).
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In conclusion, we identified few well-designed trials examining the effects of iodine
repletion on growth. We are uncertain whether prenatal iodine repletion increases
infant growth. Postnatal iodine repletion may improve growth factors but has no clear
effects on somatic growth. PROSPERO registration number: CRD42014012940.

Abbreviations
CBA: Controlled Before-After study; EPOC: Effective Practice and Organisation of Care; GH:
Growth Hormone; GRADE: Grading of Recommendations Assessment, Development and
Evaluation; HAZ: Height For-Age Z-Score; ID: Iodine Deficiency; IGF: Insulin-like Growth
Factor; IGFBP: Insulin-like Growth Factor Binding Protein; ITS: Interrupted Time Series study;
MD: Mean Difference; mUIC: median Urinary Iodine Concentration; ppm: parts per million;
PRISMA: Preferred Reporting Items for Systematic Reviews and Meta Analyses; RCT:
Randomized Controlled Trial; TGR: Total Goiter Rate; TH: Thyroid Hormone; UIC: Urinary
Iodine Concentration; WAZ: Weight-For-Age Z-Score
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Background

Iodized salt is an effective mass-fortification strategy that provides adequate iodine
intakes for all population groups. Following the scale-up of salt iodisation programs
over the past 30 years, iodine intakes worldwide have substantially improved.
However, iodine deficiency (ID) remains a public health problem in several countries
(1), and certain population groups are still at risk of low intakes (2-5). Dietary iodine
requirements increase during pregnancy (6) and in 2017, 39 countries reported
inadequate intakes in pregnant women (1). Vulnerability for ID is high in the first 1,000
days’ period (5). Where salt iodisation programs are weak, iodine supplementation is
recommended to vulnerable groups to ensure an adequate intake during these
critical periods (3, 7). Supplementation may be by daily iodine tablets e.g. within
prenatal multivitamin supplements, or micronutrient powders containing iodine
administered to at-risk infants, or iodized oil in moderate to severe ID (3).
Delayed physical development is one of several clinical manifestations resulting from
a deficiency in iodine during the first 1,000 days’ period (4, 8-10); most visible in the
typical stunted growth associated with myxoedematous cretinism following severe ID
during pregnancy (1). With a reduction in stunting being the first of the six 2025 global
nutrition targets adopted by the World Health Assembly (11), this potential
consequence of ID finds itself firmly on the global health agenda (12, 13). Risk of
stunting due to iodine deficiency starts at conception, due to functional changes likely
mediated via abnormal thyroid hormone levels. Iodine is an essential component of
thyroid hormones (TH) and inadequate iodine intakes may result in low serum TH
concentrations. TH are responsible for many central functions of the developmental
cycle including growth and development of the skeleton and peripheral tissues. They
are also inextricably linked to the actions of growth hormone (GH) and the insulin-like
growth factors (IGFs), via both the GH-IGF axis and the effects of TH on the expression
and action of GH itself (14-20). Despite plausible mechanistic pathways, the
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relationship between ID and growth has been neglected in scientific literature,
confirmed by our scoping review to identify existing systematic reviews on iodine for
prenatal and postnatal growth (21). We did not identify any systematic reviews that
investigated the effects of iodine fortification or supplementation in the relevant
population groups (i.e. women of childbearing age, pregnant and lactating women,
and children of all ages) on growth and growth-related outcomes as primary outcome.
The objective of this systematic review was therefore to assess the effects of iodized
salt or iodine supplements compared to placebo or no intervention on prenatal and
postnatal growth of the foetus, infant and child to 18 years.
Methods

Our detailed protocol has been published (22), therefore we briefly report our
methods. Minor deviations from the protocol are presented in the discussion. We
used Cochrane methodology (23, 24), and this report follows the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) (25) guidelines.
Eligibility criteria
We included randomized controlled trials (RCTs), non-randomized controlled trials
(non-RCTs), controlled before-after (CBA) studies and interrupted time series (ITS) and
interrupted time series with repeated measures studies, which assessed the effect of
iodine fortification or supplementation (iodized salt, daily iodine supplements at any
dose, or single or repeated administration of oral or intravenous administration of
iodized oil at any dose), compared to placebo, non-iodized salt, or no intervention
on pre-natal and post-natal growth. To assess the effect of iodine fortification or
supplementation on pre-natal growth outcomes, eligible study populations included
pregnant women or women of reproductive age, and their infants, where the women
received the fortification, supplementation or placebo. For postnatal growth
outcomes, eligible participants were lactating women and infant(s), and children up
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to 18 years of age, where the lactating women, infants or children themselves
received the fortification, supplementation or placebo. Studies examining the link
between growth and populations affected by congenital hypothyroidism and goitre
were excluded, as were studies describing non-iodine-related growth. Data from
women who smoke were also excluded, due to confounding factors that may be
introduced following the effects of cigarette smoke on thyroid function.
Our primary outcomes were prenatal somatic growth measured at birth, e.g.
birthweight (g), birth length (cm) and head circumference (cm); and postnatal somatic
growth, measured during infancy and childhood, e.g. weight-for-age z-score (WAZ),
height-for-age z score (HAZ), length-for-age z score, weight-for-height z-score, body
mass index (BMI, mg/kg2) and mid upper arm circumference (cm). Secondary
outcomes were pregnancy weight gain; and surrogate outcomes of somatic growth
(e.g. insulin-like growth factor (IGF)-1 (ng/L); insulin-like growth factor binding protein
(IGFBP)-3 (µg/L), growth hormone); postnatal bone maturation; and malnutrition
disorders (e.g. kwashiorkor, marasmus), measured in infants, children or adolescents.
WAZ, where reported for children over 10 years, were not included in meta-analyses
since the World Health Organization does not endorse using this indicator above this
age (26). WAZ does not distinguish between height and body mass in an age period
during which children experience the pubertal growth spurt, and results may
therefore be misleading.
Search methods
With no restrictions on date, language or publication status, we searched 10
electronic databases for published studies and the WHO International Clinical Trials
Registry Platform for ongoing studies (latest search date 13th February 2017). For
additional on-going, unregistered or unpublished studies, we contacted 11
internationally recognized iodine specialists. We also searched the reference lists of
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the systematic reviews included in our scoping review (21) and other existing
systematic reviews identified during screening, and the Chinese literature within a
repository of full-text studies yielded from searches for a previous systematic review
(27). All search details and the search strategy are provided in the Supplemental
Methods.
Data collection and analysis
All search results were screened independently and in duplicate using the Covidence
online systematic review platform (28). Reasons for excluding full-texts were
documented. Discrepancies were resolved through discussions within the author
team. Using the Cochrane Risk of Bias domains (29) and the Cochrane Effective
Practice and Organization of Care (EPOC) Group Risk of Bias domains for RCTs, nonRCTs, CBA and ITS studies (30), we assessed the risk of bias of included studies,
independently and in duplicate. We were not able to assess risk of publication bias
as per our protocol due to an insufficient number of studies per meta-analysis.
Data were extracted independently and in duplicate using a standardized, piloted
data extraction form developed by the authors. Non-English data were translated.
For trials reporting data in more than one publication, we extracted relevant data
from all publications as comprehensively as possible, and designated one publication
as the key reference. Applicable data from non-smoking women contained in trials
including smokers were extracted; authors were contacted where necessary to
facilitate extraction. Data were exported into Review Manager 5.1 for data and
statistical analyses (31). For measures of treatment effect for dichotomous outcomes
we calculated the risk ratio (RR), and for continuous variables, the mean difference
(MD), with 95% CI.
Where data were missing or unclear, we contacted study authors wherever possible.
Where standard errors or 95% CIs were reported for means, standard deviations were
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calculated using the following: SD = SEM (Standard Error of the Mean) x square root
of sample size. Where missing data were not able to be obtained, we reported the
results as presented in the published full text with an appropriate disclosure
statement. Results reported in the single included cluster RCT were correctly adjusted
for clustering (as confirmed by biostatistician) and thus we extracted and presented
the published results.
Where possible and appropriate, we performed meta-analyses using random-effects,
as we anticipated heterogeneity between studies. Studies were assessed for clinical
heterogeneity by examining variability in the study participant baseline characteristics,
type of intervention and outcome parameters. We assessed statistical heterogeneity
using the Chi-square test (significance level p < 0.1) and the I2 statistic (22, 32). We
stratified our analyses by participant age groups (life stage), namely pregnant women
(offspring measured at birth and/or during infancy), infants (0 – 24 months), pre-school
children (2-5 years), school-age children (6-12 years), and adolescents (13-18 years).

Table 1: Thresholds used to define iodine status of included study populations1
Iodine status/degree of deficiency

Sufficient

Mild

Moderate

Severe

mUIC for school aged children (µg/L)

>100

50-99

20-49

<20

mUIC for pregnant women (µg/L)

>150

75-149

30-74

<30

Total goitre rate (%)

0-4.9

5.0-19.9

20.0-29.9

≥30

1

Data taken from (7), and adapted for PW. To calculate the cut-offs for PW, we used the same

stratification per classification as for SAC, applied to the sufficient/insufficient cut-off of 150
µg/L for PW. Established SAC cut-offs were used for all other groups.
Abbreviations: mUIC, median urinary iodine concentration
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We analysed intervention effects across subgroups of baseline iodine status of the
intervention group, namely “severe”, “moderate to mild” or “sufficient” based on
median urinary iodine concentration (mUIC) or total goitre rate (TGR) (Table 1). If UIC
was reported as µg/24h or µmol/L we converted participant baseline UIC to µg/L. We
used the following algorithm to assign studies to these subgroups:

1. Where mUIC of participants in the intervention group was measured and reported at
study baseline, WHO cut-offs (Table 1) were applied;
2. Where mUIC of participants in the intervention group was not measured or reported
at baseline but total goitre rate (TGR) in this group was measured and reported, TGR
was used and WHO cut-offs were applied;
3. Where options 1 and 2 above were not possible, but the mUIC or TGR from
schoolchildren from the study population (i.e. the specific area from which the
participants were taken) were available and within two years of the date given for
sample collection, these data were used and WHO cut-offs applied;
4. Where options 1, 2 or 3 were not possible, but data for the general population e.g.
TGR of the entire population at the study site, were reported, WHO cut-offs were
applied;
5. If none of the above were specified, or if a discordance between UIC and TGR in the
same study was revealed, descriptive reports taken from the study manuscript were
used.

We had planned to conduct sensitivity analyses based on study design (RCT versus
non-RCT), iodine vehicle, and risk of bias of the included studies to assess the
robustness of our results. However, in most cases sensitivity analyses were not feasible,
due to the small number of studies in the meta-analysis and the large degree of
uncertainty around key aspects of study methodology due to incomplete reporting.
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Figure 1: Flow chart illustrating the search results and study selection procedure
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Quality of evidence
We used the Grading of Recommendations Assessment, Development and
Evaluation (GRADE) (33) approach to assess the quality of the included evidence. We
reported our results and quality assessment for the most important outcomes in
Summary of Findings tables.
Results

From an initial search yield of 20,749, we included 18 studies with 5,729 participants,
reported in 23 full text articles published between 1969 and 2016 (Figure 1, Table 2).
Further details including reasons for exclusion of potentially eligible full text articles
are provided in Supplemental Table 1. Supplemental Table 2 details potentially
eligible ongoing studies and studies awaiting assessment due to insufficient
information provided in the published full text and no reply following attempts to
contact the relevant author(s).
Prenatal growth outcomes measured at birth were reported in six studies and
postnatal outcomes measured during infancy, childhood and adolescence were
reported in 12 studies (Table 2). There were no studies reporting on growth of
offspring following fortification or supplementation in women of reproductive age.
Due to poor reporting practices in many of the included studies, the risk of bias was
unclear in several domains, but particularly in the allocation concealment category. A
high risk of attrition bias was identified in eight studies (34, 35, 37, 39, 41-43, 45)
classified at high risk. Risk of bias from selective reporting of outcomes was low in all
but one study (42). Full details of risk of bias assessments are found in Supplemental
Figure 1, Supplemental Figure 2 and Supplemental Table 3.
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Study
population

Birth outcome
Thyroid function

Severe deficiency
Intervention: 100 %
TGR (total goitre rate)
Control: 83 % TGR

Pretell et al. Goitre prophylaxis Severe deficiency
1972 (35)
Population TGR rate >
(including
30%
Kevany et al.
1969 (36))
Peru
Non-RCT

Anees et al.
2015 (34)
Pakistan
Non-RCT

Severe iodine deficiency

PW and
their
infants, to
age 5
years

PW and
their
infants
at birth

Total: 456 Iodized oil
Intervention: (IM
254
injection)
Control: 202 vs
no intervention

Total: 460 Iodized oil
Intervention: vs
150
no interControl: 154 vention

Birthweight,
length, head
circumference;
placental
weight

No follow- Birthweight
up past
birth

Duration of Relevant endfollow up point data
(days)
reported

475 mg/mL, 2mL New-born
dose, except in
infants
the case of women followed
with nodular goitre until age 5
(0.2 mL), once

400 mg once

No.
Form of
Iodine exposure
Participants Iodine
(dose/ duration)
intervention
/ control

Interventions in pregnant women: iodized oil or iodine tablet versus placebo or no intervention

PRENATAL SOMATIC GROWTH OUTCOMES MEASURED AT BIRTH

Author(s)
Primary outcomes Baseline iodine status
Year of
of study
of sample or study
publication
group
Country
Study design
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Table 2: Characteristics of included studies
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Zhou et al.
2015 (38)
Australia
RCT

Child neurodevelopment

PW and
their
infants, to
age 2
years

Study
population

Mild deficiency
PW and
Baseline iodine status their
of intervention and
infants, to
controls < 150 µg/L but age 18
> 100 µg/L
months

Gowachirapan Infant cognitive and Mild deficiency
t et al.
early motor
Intervention: 135 µg/L
2017 (37)1
development at 1 Control: 125 µg/L
India and
and 2 years; verbal
Thailand
and performance
RCT
intelligence,
executive functions
and internalizing/
externalizing
difficulties at 5
years

Moderate to mild iodine deficiency

Author(s)
Primary outcomes Baseline iodine status
Year of
of study
of sample or study
publication
group
Country
Study design

Total: 46
Iodine
Intervention: tablet
21
vs
Control: 25 placebo
(trial
tablet
stopped
early)

Total: 613 Iodine
Intervention: tablet
303
vs
Control: 312 placebo
tablet

150 µg daily from 548
Birthweight,
randomization (< (18 months) length, head
20 weeks’
circumference
gestation) until
delivery

Birthweight,
length, head
circumference;
weight,
length, head
circumference
age 12 and 24
months

Duration of Relevant endfollow up point data
(days)
reported

200 µg daily until Infants
followed
delivery
(average gestauntil age 2
tional week at trial
entry:
Intervention: 10.8
(±2.7)
Control: 10.7
(±2.8)

No.
Form of
Iodine exposure
Participants Iodine
(dose/ duration)
intervention
/ control
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PW and
their
infants at
birth

Moderate deficiency
Intervention: moderate
deficiency: UIC <100
µg/L; generated
median: 69 mg/L
Control: sufficient:
UIC >100 µg/L;
generated median 191
µg/L

Zhuang and
Wang
1998 (41)2
China
RCT

Thyroid function;
infant birthweight

Mild deficiency
PW and
Intervention: 111 µg/L their
Control: 103 µg/L
infants at
birth

Study
population

Hiéronimus et Comparison of
al.
maternal
2012 (39)
thyroglobulin
(including
concentrations at
Brucker-Davis delivery between
et al. 2015
intervention and
(40))
control
France
RCT

Moderate to mild iodine deficiency

Author(s)
Primary outcomes Baseline iodine status
Year of
of study
of sample or study
publication
group
Country
Study design

Duration of Relevant endfollow up point data
(days)
reported

Total: 80
Iodine
177.9 µg daily
Intervention: tablet
for 30 days
39
vs
Control: 41 no
intervention

30

Birthweight

Total: 67
Iodine in
150 µg daily, from Infants
Birthweight,
Intervention: prenatal
length
enrolment (before followed
25
multivitamin 12 weeks’
until age 2
Control: 42 s
gestation) until 3
vs
months
multivitamin postpartum
s without
iodine

No.
Form of
Iodine exposure
Participants Iodine
(dose/ duration)
intervention
/ control
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Study
population

No.
Form of
Iodine exposure
Participants Iodine
(dose/ duration)
intervention
/ control

Severe deficiency
(Descriptive data from
manuscript: “Chronic
iodine deficiency is
severe in both
[intervention and
control] villages.”)

PW and
their
infants, to
age 5
years

Total: 267 Iodized oil
Intervention: (IM
90
injection)
Control: 177 vs
no
intervention

Child development Severe deficiency
PW and
Total: 29
Iodized oil
(Descriptive data from offspring Intervention: (IM
manuscript: “Endemic at 15 years 13
injection)
cretinism….widely prevControl: 16 vs
alent in the highlands of
placebo
New Guinea [study site]
injection
in association with
(physiosevere iodine
logical
deficiency.”)
saline)

Ramirez et al. Cretinism
1969 (43)
prophylaxis
(including
Ramirez et al.
1972 (44) and
Kevany et al.
1969 (36))
Ecuador
Non-RCT

Pharoah and
Connolly
1991 (42)
Papua New
Guinea
non-RCT

Severe iodine deficiency

Interventions in pregnant women: iodized oil versus placebo or no intervention

475 mg/mL
2mL dose, except
in the case of
women with
nodular goitre
(0.2 mL), once

New-born
infants
followed
until age 5

475 mg/mL
15 years
4mL (= 1900 mg)
once during
pregnancy

Length,
weight and
head
circumference
reported
descriptively
from ages
1.25 to 60
months

Height (age 15
years)

Duration of Relevant endfollow up point data
(days)
reported

POSTNATAL SOMATIC GROWTH OUTCOMES MEASURED DURING INFANCY, CHILDHOOD AND ADOLESCENCE

Author(s)
Primary outcomes Baseline iodine status
Year of
of study
of sample or study
publication
group
Country
Study design
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Moderate deficiency
Intervention: 64 µg/L
Control: 91 µg/L

PW and
Total: 76
Iodized oil 400 mg once
their
Intervention: vs
infants at 6 39
no
months
Control: 37 intervention

Physical and
cognitive
development of
infants

Huang et al.
1995 (45)
(including
Zhu et al.
1995 (46))
China
RCT

180

Weight,
height, head
circumference
(at age 6
months;
standardized
mean
difference
used as mean
age of infants
was different
between
groups)

Birth-weight,
length, head
circumference;
weight,
length, head
circumference
age 12 and 24
months

Duration of Relevant endfollow up point data
(days)
reported

200 µg daily until Infants
delivery
followed
(average
until age 2
gestational week
at trial entry:
Intervention: 10.8
(±2.7)
Control: 10.7
(±2.8)

PW and
their
infants, to
age 2
years

Total: 613 Iodine
Intervention: tablet
303
vs
Control: 312 placebo
tablet

Study pop-No.
Form of
Iodine exposure
ulation
Participants Iodine
(dose/ duration)
intervention
/ control

Gowachirapan Infant cognitive and Mild deficiency
t et al.
early motor
Intervention: 135 µg/L
2017(37)1
development at 1 Control: 125 µg/L
India and
and 2 years; verbal
Thailand
and performance
RCT
intelligence,
executive functions
and
internalizing/externalizing
difficulties at 5
years

Moderate to mild iodine deficiency

Author(s)
Primary outcomes Baseline iodine status
Year of
of study
of sample or study
publication
group
Country
Study design
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Not reported

Premature
infants <
33 weeks’
gestation
(median
age 30
weeks in
intervention
and
control
groups)

Aboud et al.
2016 (48)
Ethiopia
Cluster-RCT

Cognitive
development

Severe deficiency:
Intervention: 14 µg/L
Control: 10 µg/L

Pre-school
children
54 – 60
months of
age

Pre-school children (2 – 5 years):Iodized salt versus non-iodized salt

Rogahn et al. Thyroid status
2000 (47)
England
RCT

Total: 1376 Iodized salt 4 months: July to
Intervention: >15 ppm
October 2012. “In
671
vs
July 2012
Control: 705 non-iodized
salt

Total: 121 High iodine 40-50 µg/kg daily
Intervention: formula
for 70 days
61
vs
Control: 60 standard
formula
(lower
iodine
content)

Study pop-No.
Form of
Iodine exposure
ulation
Participants Iodine
(dose/ duration)
intervention
/ control

Infants (0 – 24 months): High iodine formula versus low iodine formula

Author(s)
Primary outcomes Baseline iodine status
Year of
of study
of sample or study
publication
group
Country
Study design

“interventio HAZ, WAZ
n group
received
approximat
e-ly 4 to 6
months
more
exposure to
iodized salt
than
controls”

Median 70 Weight,
days.
weight gain,
Final follow- head
up at 40-41 circumference,
weeks’
head
postcircumference
conception; gain, lower leg
days of
length, lower
treatment leg length
depended gain
upon exact
age at
enrolment

Duration of Relevant endfollow up point data
(days)
reported
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Efficacy of oral
iodized oil

Severe deficiency:
Intervention: 19 µg/L
Control: 24 µg/L

No.
Form of
Iodine exposure
Participants Iodine
(dose/ duration)
intervention
/ control

Total: 303 Iodized oil 400 mg once
Intervention: capsule
157
vs
Control: 146 placebo oil
capsule

10-12
years

Zimmermann Cognition
et al.
2006 (52)
(including
Zimmermann
et al.
2007 (51))
Albania
RCT

Moderate deficiency
Intervention: 42 µg/L
Control: 44 µg/L

5-14 years Total: 188 Iodized oil 191 mg twice in
Intervention: capsule
90-day period
100
vs
Control: 88 placebo oil
capsule

8-10 years Total: 230 Iodized oil 490 mg once
Intervention: capsule
197
vs
Control:33 placebo oil
capsule

Study
population

Zimmermann Safety and efficacy Mild deficiency
et al.
of iodine repletion Intervention: 70 µg/L
2007 (50)
Control: 78 µg/L
(including
Zimmermann
et al. 2007
(51))
South Africa
RCT

Moderate to mild iodine deficiency

Furnee et al.
2000 (49)
Malawi
RCT

Severe iodine deficiency

Iodized oil versus placebo or no intervention

SchooL-age children (6 – 12 years)

Author(s)
Primary outcomes Baseline iodine status
Year of
of study
of sample or study
publication
group
Country
Study design

168

180

280

Height,
weight, HAZ,
IGF-1, IGFBP3

Height,
weight, HAZ,
IGF-1, IGFBP3

Height,
weight, HAZ

Duration of Relevant endfollow up point data
(days)
reported
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Cognition

Moderate deficiency
Intervention: 35 µg/L
Control: 36 µg/L
(TGR > 30 % in both
groups: severe
deficiency)

Eftekhari et al. Thyroid status
2006 (56)
Iran
RCT

vs
Iodized oil
placebo oil capsule
capsule

6-12 years Total: 263 Salt, water,
Intervention: fish sauce
200 (68, 75, vs
57)
no
Control: 63 intervention

Sufficient
14-18
Intervention: 130 µg/L years
Control: 110 µg/L

Adolescents (13 – 18 years): Iodized oil versus placebo

Pongpaew et Nutritional status Mild deficiency to
al.
(HAZ, WAZ, WHZ) sufficient:
1998 (55)
Intervention: 96, 123,
Thailand
108 µg/L
CBA
Control: 129 µg/L

Total: 305 Iodized oil 400 mg once
Intervention: capsule
156
vs
Control:149 placebo oil
capsule

Form of
Iodine
No.
intervention Iodine exposure
Participants / control
(dose/ duration)

154

112

190 mg once

96

Height,
weight, BMI

Height,
weight, HAZ

Height, weight
(change data)

Weight

Duration of Relevant endfollow up point data
(days)
reported

Water: 200 µg/day 365
Salt: 100-150
µg/day
Fish sauce:
120-160 µg/day

5-12 years Total: 189 Iodized oil 475 mg once
Intervention: capsule
95
vs
Control: 94 placebo oil
capsule

10 years

Study
population

Iodized salt, iodized water and iodized condiment versus placebo

Bautista et al. Cognition, thyroid Moderate deficiency
1982 (54)
status, somatic
Intervention: 29 µg/L
Bolivia
growth
Control: 34 µg/L
RCT

Huda et al.
2001 (53)3
Bangladesh
RCT

Author(s)
Year of
Baseline iodine status
publication
Primary outcomes of sample or study
Country
group
Study design of study
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Table 2: Characteristics of included studies
1

The study by Gowachirapant et al. (2017) reported outcomes at birth, and in addition,

postnatal outcomes following supplementation in pregnant women. It is therefore listed
under both prenatal and postnatal outcomes.
2

This study did not specify a baseline median UIC, instead the authors chose to show the UIC

distribution of the study population, from which an intervention (median UIC < 100 µg/L) and
a control (median UIC >100 µg/L) group were designated. In order to best classify this study,
we used this distribution figure to generate random numbers based on the number of
participants in each UIC echelle. We then took the median of the groups < 100 µg/L, and >
100 µg/L as stated in the manuscript, repeated 10 times and took the mean result for the final
median and thus classification of iodine status, using the R statistics software [57].
3

We believe that Huda et al. (2001) have a typographical error in their manuscript; the UIC

values may correctly read µmol/dL not per litre. The authors state “In this study, both groups
would be classified as moderately iodine deficient by urinary iodine excretion”. The TGR was
>30 %.
CBA: Controlled Before-After study; HAZ: Height For-Age Z-Score; IGF: Insulin-like Growth
Factor; IGFBP: Insulin-like Growth Factor Binding Protein; mUIC: median Urinary Iodine
Concentration; ppm: parts per million; RCT: Randomized Controlled Trial; TGR: Total Goitre
Rate; UIC: Urinary Iodine Concentration; WAZ: Weight-For-Age Z-Score.
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Primary outcomes

Prenatal somatic growth outcomes measured at birth
Interventions in pregnant women: iodized oil or iodine tablet versus placebo or no
intervention
These interventions include two non-RCTs in severely iodine-deficient pregnant
women and four RCTs in moderate-to-mild iodine-deficient pregnant women. Figure
2 shows the forest plots for birthweight, length and head circumference at birth
respectively, sub-grouped by baseline iodine status of the intervention group. Table
3 provides the summary of findings for these prenatal growth outcomes.
Providing iodine supplementation (as oral or intra-muscular iodized oil, or iodine
tablet; see Table 2) to severely iodine deficient pregnant women resulted in a 200 g
greater birthweight, on average compared to the control group (95% CI 183 to 217
g; I2=0%; n=635; 2 non-RCTs; very low-quality evidence)(34, 35), but no difference in
birthweight was observed in moderate-to-mild iodine deficiency (mean difference
(MD) -14 g; 95% CI -212 to 185; I2=93%; n=783; 4 RCTs; very low-quality
evidence)(37-39, 41). In the pooled result across all six studies, iodine
supplementation during pregnancy had no overall effect on birthweight (very lowquality evidence) (Figure 2a). We found no effect of iodine supplementation during
pregnancy on infant birth length in severe iodine deficiency (35), moderate-to-mild
iodine deficiency (37-39), or in the overall pooled result of the 4 RCTs (very low-quality
evidence) (Figure 2b). In one non-RCT in severely iodine deficient pregnant women,
iodine supplementation increased head circumference at birth by 0.4 cm (95% CI 0.1
to 0.7 cm; n=568; one non-RCT; very low quality evidence) (35), but no effect was
seen in moderate-to-mildly iodine deficient pregnant women (MD 0.3 cm; 95% CI 0.7 to 1.2 cm; I2=79%; n=612; two RCTs; very low-quality evidence) (37, 38), nor in
the pooled analysis of the three studies (very low-quality evidence) (Figure 2c).
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Additional details on these data and analyses are presented in Supplemental Table
4.
One non-RCT (n=456) reported on placental weight (35), a measure of intrauterine
growth. There was no effect on placental weight at birth following iodine
supplementation in severely iodine deficient pregnant women (MD -75 g; 95% CI 398 to 248 g; n=456; one non-RCT; very low quality evidence) (35).
Postnatal somatic growth outcomes measured during infancy, childhood and
adolescence
Interventions in pregnant women: iodized oil versus placebo or no intervention:
Postnatal growth outcomes of infants born to iodine supplemented or nonsupplemented pregnant women were reported in three RCTs (moderate-to-mild
iodine deficiency) and two non-RCTs (severe iodine deficiency) (Table 2) (42, 43). Data
could not be pooled due to disparate reporting. Outcomes included length, head
circumference and weight at 6, 12 and 24 months, and height at 15 years. Iodine
supplementation during pregnancy had little or no effect on these postnatal growth
outcomes (low or very low quality of evidence) (Supplemental Table 4).
Interventions in infants (0-24 months): high iodine versus standard infant formula
One RCT (47) (n=121) investigated whether a high iodine infant formula containing
40–50 µg/kg/day, compared to standard formula containing 12-16 µg/kg/day, would
be more beneficial for the subsequent growth of preterm infants (enrolment at <33
weeks gestational age) at 40 weeks’ post-conception. There was no difference in
median infant weight (g), weight gain (g/day), lower leg length (mm), lower leg length
gain (mm/day), head circumference or head circumference growth between groups
(low quality of evidence) (Supplemental Table 4 and Supplemental Table 5). The
results are not generalizable to infants born at term.
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Figure 2: Forest plots of iodine supplementation during pregnancy compared to
placebo or no intervention for the prenatal growth outcomes: A: birthweight (g), B:
birth length (cm) and C: head circumference at birth (cm)1
A

B

C

A: birthweight cm; B: birth length, cm; C: head circumference at birth, cm. 1IV: inverse
variance; Random: random effects model
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Figure 3: Forest plots of iodine supplementation in school-age children compared to
placebo for the postnatal growth outcomes: A. height (cm), B. height-for-age z-score
and C. weight (kg)1
A

B

C

A: height cm; B: height-for-age z-score, cm; C: weight, cm. 1IV: inverse variance; Random:
random effects model
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Figure 4: Forest plots of iodine supplementation in school-age children compared to
placebo for the postnatal growth outcomes: A. IGF-1 (ng/mL) and B. IGFBP-3
(µg/mL)1
A

B

A: IGF-1, ng/mL; B: IGFBP-3, µg/mL. 1IV: inverse variance; Random: random effects model

Interventions in pre-school children (2-5 years): Iodized versus non-iodized salt
One cluster RCT (48) reported growth outcomes in pre-school children aged 4.5 to 5
years following exposure to iodized salt (>15 ppm for approximately 4 months; see
Table 2) versus non-iodized salt in a severely iodine deficient area of Ethiopia. There
was no difference in mean HAZ between children who received iodized salt compared
to controls (MD 0.11; 95% CI –0.01 to 0.23; n=1,376; 1 cluster RCT; very low-quality
evidence), however, on average, children in clusters receiving iodized salt had a 0.13
greater WAZ than children in control clusters (95% CI 0.03 to 0.23; n=1376; 1 cluster
RCT; very low-quality evidence) (Supplemental Table 4 and Supplemental Table 6).
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Interventions in school-age children (6-12 years): Iodized oil or iodine fortification
versus placebo or no intervention
We identified six studies that included growth outcome measurements in school-age
children: five RCTs (49, 50, 52-54) that compared oral iodized oil capsules, containing
from between 400 and 490 mg iodine given once, or 191 mg twice, against a placebo
oil capsule; and one CBA (55) that compared iodized salt, iodinated drinking water
or iodine-fortified fish paste to no intervention, for which data could not be pooled
(Table 2)
Interventions in school-age children (6-12 years): Iodized oil versus placebo
Figure 3 shows the forest plots for height, HAZ and weight following iodine
supplementation in school-age children, sub-grouped by iodine status of the
intervention group at baseline. Overall, there was no difference in the pooled or subgrouped results for any of these growth outcomes (Figures 3a, 3b 3c) at 112 to 180
days’ post-intervention. The quality of evidence for these outcomes was either low or
very low (Table 4)
Interventions in school-age children (6-12 years): Iodine fortification versus no
intervention
One CBA study (55) (n=263) assessed the effects of iodized salt, water or food
condiment (fish sauce) compared to no intervention in school-age children with mild
iodine deficiency, over the period of one year (Table 2). The study authors report: “a
significant difference in the weight and height of children from the four schools
investigated [three intervention and one control school], before and after
supplementation within each school”. Medians and ranges are reported in this study
and authors did not reply to our correspondence attempts, thus data could not be
meta-analysed. Further details are included in Supplemental Table 4.

164

MANUSCRIPT ONE
Interventions in adolescents (13 to 18 years): Iodized oil versus placebo
One RCT (n=47) (56) assessed the effect of 190 mg oral iodized oil compared to
placebo on height, weight and BMI of iodine sufficient adolescent girls. At 12 weeks’
post-supplementation, there was no mean difference in height, weight or BMI
(moderate quality evidence) (56) between intervention and control groups
(Supplemental Table 4 and Supplemental Table 7).
Secondary outcomes

Postnatal somatic growth outcomes measured during childhood
Interventions in school-age children (6 to 12 years): iodized oil versus placebo: Two
RCTs reported on the biochemical markers IGF-1 and IGFBP-3 following oral iodized
oil supplementation, as 400 mg iodine once or 191 mg iodine twice in 90 days, in
school-age children (Table 2) (50, 52). Compared to controls, iodine supplementation
increased mean IGF-1 and IGFBP-3 concentrations in moderate-to-mildly iodine
deficient school-age children, by 38.48 ng/mL (95% CI 6.19 to 70.76 ng/mL; I2=65%;
n=498; two RCTs; low quality evidence) (50, 52) (Figure 4a), and 0.46 µg/mL (95% CI
0.25 to 0.66 µg/mL; I2=0%; n=498; two RCTs; low quality evidence) (50, 52) (Figure
4b), respectively. Table 4 provides the summary of findings for these secondary
outcomes.
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Table 3: Summary of findings for iodine supplementation during pregnancy
compared to placebo or no intervention for the prenatal growth outcomes:
birthweight (g), birth length (cm), and head circumference at birth (cm)
Patient or population: infants of pregnant women who did or did not receive iodine
supplementation during pregnancy
Setting: pooled and non-pooled results of studies in participants with severe and moderateto-mild iodine deficiency at baseline
Intervention: iodized oil (oral: 400mg once or intramuscular: 475 mg/mL, 2 mL or 4 mL dose
once) or iodine tablet (150 µg (alone or in a multivitamin) or 200 µg daily until delivery from
enrolment, or 177.9 µg daily for 30 days) administered during pregnancy
Comparison: placebo, non-iodized multivitamin tablet or no intervention

Outcome
n participants
(studies)

Relative effect
(95% CI)

Illustrative comparative effect (95%
CI)
Without iodine
supplement

Effect difference
with iodine
supplements

Quality of the
evidence
(GRADE)

What happens

Birthweight (g)
Severe iodine
deficiency
635 participants
(2 non-RCTs)

-

The mean
birthweight in
control groups
was 2765 g

200 g higher
birthweight on
average
(could be 183 g
higher to 217 g
higher)

⨁◯◯◯
VERY LOW 1

We are uncertain
whether iodine
supplementation of
severely iodine
deficient pregnant
women improves
birthweight

Birthweight (g)
Moderate to
mild iodine
deficiency

-

The mean
birthweight in
control groups
was 3252 g

14 g lower
birthweight on
average
(could be 212 g
lower to 185 g
higher)

⨁◯◯◯
VERY LOW 2,3

We are uncertain
whether iodine
supplementation of
moderate to mildly
iodine deficient
pregnant women
improves
birthweight

-

The mean
birthweight in
control groups
was 3163 g

61 g higher
birthweight on
average
(could be 166 g
lower to 288 g
higher)

⨁◯◯◯
VERY LOW 4,5

We are uncertain
whether iodine
supplementation of
pregnant women
improves
birthweight

783 participants
(4 RCTs)

Birthweight (g)
Pooled result
1418
participants
(4RCTs, 2 nonRCTs)
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Outcome
n participants
(studies)

Birth length
(cm) Severe
iodine
deficiency
456 participants

Relative effect
(95% CI)

-

Illustrative comparative effect (95%
CI)
Without iodine
supplement

Effect difference
with iodine
supplements

The mean birth
length in control
groups was 44.7
cm

4.7 cm higher
birth length on
average

The mean birth
length in control
groups was 49.2
cm

0.0 cm
difference in
birth length on
average

(1 non-RCT)

Quality of the
evidence
(GRADE)

What happens

⨁◯◯◯
VERY LOW 6

We are uncertain
whether iodine
supplementation of
severely iodine
deficient pregnant
women improves
infant birth length

⨁⨁◯◯
LOW 7

Iodine
supplementation
during pregnancy
in moderate to
mild iodine
deficiency settings
may make little or
no difference to
infant birth length

(could be 1.6
cm lower to
11.0 cm higher)

Birth length
(cm) Moderate
to mild iodine
deficiency
650 participants
(3 RCTs)

-

Birth length
(cm)
Pooled result

-

The mean birth
length in control
groups was 48.1
cm

0.0 cm
difference in
birth length on
average
(could be 0.4
cm lower to 0.5
cm higher)

⨁⨁◯◯
LOW 8

Iodine
supplementation
during pregnancy
may make little or
no difference to
infant birth length

-

The mean head
circumference
at birth in
control groups
was 33.8 cm

0.4 cm higher
head
circumference
on average

⨁◯◯◯
VERY LOW 6

We are uncertain
whether iodine
supplementation of
severely iodine
deficient pregnant
women improves
birth head
circumference

The mean head
circumference
at birth in
control groups
was 33.9 cm

0.3 cm higher
head
circumference
on average

⨁◯◯◯
VERY LOW

We are uncertain
whether iodine
supplementation of
moderate to mildly
iodine deficient
pregnant women
improves birth
head circumference

(could be 0.4
cm lower to 0.4
cm higher)

1106
participants
(1 non-RCT, 3
RCTs)
Head
circumference
at birth (cm)
Severe iodine
deficiency
568 participants
(1 non-RCT)

Head
circumference
at birth (cm)
Moderate to
mild iodine
deficiency
612 participants
(2 RCTs)

-

(could be 0.1
cm higher to 0.7
cm higher)

(could be 0.7
cm lower to 1.2
cm higher)

9,10
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Outcome
n participants
(studies)

Head
circumference
at birth (cm)
Pooled result

Relative effect
(95% CI)

-

1180
participants
(1 non-RCT, 2
RCTs)

Illustrative comparative effect (95%
CI)
Without iodine
supplement

Effect difference
with iodine
supplements

The mean birth
head
circumference
in control
groups was 33.9
cm

0.3 cm higher
head
circumference
on average
(could be 0.2
cm lower to 0.7
cm higher)

Quality of the
evidence
(GRADE)

What happens

⨁◯◯◯
VERY LOW

We are uncertain
whether iodine
supplementation of
pregnant women
improves birth
head circumference

11,12

The risk in the intervention group (and its 95% CI) is based on the assumed risk in the comparison group and
the relative effect of the intervention (and its 95% CI).
GRADE Working Group grades of evidence
High quality: We are very confident that the true effect lies close to that of the estimate of the effect
Moderate quality: We are moderately confident in the effect estimate: The true effect is likely to be close to
the estimate of the effect, but there is a possibility that it is substantially different
Low quality: Our confidence in the effect estimate is limited: The true effect may be substantially different
from the estimate of the effect
Very low quality: We have very little confidence in the effect estimate: The true effect is likely to be
substantially different from the estimate of effect

Table 3: Summary of findings for iodine supplementation during pregnancy compared to
placebo or no intervention for the prenatal growth outcomes: birthweight (g), birth length
(cm), and head circumference at birth (cm)
1

Downgraded by 2 for risk of bias: 2 non-RCTs with greater than 10% loss to follow up (high

risk of selection and attrition bias)
2

Downgraded by 2 for risk of bias: 3/4 trials with greater than 10% loss to follow up (high risk

of attrition bias); 2 trials with small sample size (n=46; n=67)
3

Downgraded by 1 for inconsistency: significant unexplained heterogeneity (I2= 93%)

4

Downgraded by 2 for risk of bias: pooled result includes 2 non-RCTs and 1 open-label RCT

(high risk of selection and performance bias) and 5/6 trials had greater than 10% loss to follow
up (high risk of attrition bias).
5

Downgraded by 1 for inconsistency: significant level of unexplained heterogeneity (pooled

I =98%)
2

6

Downgraded by 2 for risk of bias: non-RCT with greater than 10% loss to follow up (high risk

of selection and attrition bias)
7

Downgraded by 2 for risk of bias: 2/3 trials with greater than 10% loss to follow up (high risk

of attrition bias); 2 trials with small sample size (n=44; n=67)
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8

Downgraded by 2 for risk of bias: pooled result includes 1 non-RCT and 1 open-label RCT

(high risk of selection and performance bias); 3/4 trials with greater than 10% loss to follow
up (high risk of attrition bias)
9

Downgraded by 2 for risk of bias: greater than 10% loss to follow up in one trial (high risk of

attrition bias); small sample size (n=44) in one trial
10

Downgraded by 1 for inconsistency: significant level of unexplained heterogeneity (I2= 73 %)

11

Downgraded by 1 for risk of bias: pooled result includes 1 non-RCT (high risk of selection

bias)
12

Downgraded by 1 for inconsistency: significant level of unexplained heterogeneity (pooled

I2=79%)
RCT: Randomized Controlled Trial
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Table 4: Summary of findings for iodine supplementation in school-age children
compared to placebo for the postnatal growth outcomes: height (cm), height-for-age
Z-score, weight (kg), IGF-1 (ng/L) and IGFBP-3 (µg/L)

Patient or population: school-age children (5-14 years)
Setting: pooled results of studies in participants with severe and moderate-to-mild iodine
deficiency at baseline
Intervention: oral iodized oil (191 mg administered twice in 90 days; 400 mg once or 475 mg
once)
Comparison: placebo

Outcome

Relative effect
(95% CI)

n participants
(studies)

Height (cm)

Follow up: 154280 days
Pooled result
890 participants
(4 RCTs)

What happens

Effect difference
with iodine
supplements

-

The mean height
280 days post
intervention in
control groups
was 130.1 cm

0.5 cm lower
height on
average
(could be 2.9 cm
lower to 1.9 cm
higher)

⨁◯◯◯
VERY LOW 1,2

We are uncertain
whether giving
iodized oil to
severely-iodine
deficient schoolage children
improves height
at 280 days post
intervention

-

The mean height
154-180 days
post intervention
in control groups
was 211.0 cm

0.1 cm lower
height on
average

⨁⨁◯◯
LOW 3

Giving iodized
oil to moderate
to mildly iodine
deficient schoolage children may
make little or no
difference to
height at 154180 days post
intervention

The mean height
154-280 days
post intervention
in control groups
was 136.4 cm

0.0 cm in height
on average
(could be 1.5 cm
lower to 1.4 cm
higher)

⨁⨁◯◯
LOW 4

Giving iodized
oil to school-age
children may
make little or no
difference to
height measured
at 154-280 days
post intervention

154-180 days
post intervention
- Moderate to
mild iodine
deficiency
660 participants
(3 RCTs)

Height (cm)

Quality of the
evidence
(GRADE)

Without Iodine
supplement

280 days post
intervention Severe iodine
deficiency
230 participants
(1 RCT)

Height (cm)

Illustrated comparative effect (95%
CI)

-

(could be 2.1 cm
lower to 2.0 cm
higher)

170

MANUSCRIPT ONE
Outcome

Relative effect
(95% CI)

n participants
(studies)

Height-for-age
z-score (HAZ)

What happens

⨁◯◯◯
VERY LOW 5,6

We are uncertain
whether giving
iodized oil to
severely-iodine
deficient schoolage children
improves HAZ at
280 days post
intervention

Effect difference
with iodine
supplements

The mean HAZ
280 days post
intervention in
control groups
was 1.6

0.1 higher HAZ
on average

-

The mean HAZ
168-280 days
post intervention
in control groups
was -0.7

0.2 lower HAZ
on average
(could be 0.5
lower to 0.2
higher)

⨁⨁◯◯
LOW 7

Giving iodized
oil to moderate
to mildly iodine
deficient schoolage children may
make little or no
difference to
HAZ at 168-180
days post
intervention

-

The mean HAZ
168-280 days
post intervention
in control groups
was 0.1

0.0 in HAZ on
average

⨁⨁◯◯
LOW 8

Giving iodized
oil to school-age
children may
make little or no
difference to
HAZ at 168-280
days post
intervention

The mean
weight 280 days
post intervention
in control groups
was 26.1 kg

0.6 kg higher
weight on
average

⨁◯◯◯
VERY LOW 9,10

We are uncertain
whether giving
iodized oil to
severely-iodine
deficient schoolage children
improves
children’s weight
at 280 days post
intervention

-

Severe iodine
deficiency
230 participants
(1 RCT)

168-180 days
post intervention
Moderate to
mild iodine
deficiency
478 participants
(2 RCTs)

Height-for-age z
score (HAZ)

Quality of the
evidence
(GRADE)

Without Iodine
supplement

280 days post
intervention

Height-for-age z
score (HAZ)

Illustrated comparative effect (95%
CI)

168-280 days
post intervention
Pooled result

(could be 0.3
lower to 0.5
higher)

(could be 0.2
lower to 0.2
higher)

708 participants
(3 RCTs)
Weight (kg) 280
days post
intervention Severe iodine
deficiency
230 participants
(1 RCT)

-

(could be 0.7 kg
lower to 1.9 kg
higher)
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Outcome

Relative effect
(95% CI)

n participants
(studies)

Illustrated comparative effect (95%
CI)
Without Iodine
supplement

Effect difference
with iodine
supplements

Quality of the
evidence
(GRADE)

What happens

Weight (kg) 112180 days post
intervention Moderate to
mild iodine
deficiency
947 participants
(4 RCTs)

-

The mean
weight 112-180
days post
intervention in
control groups
was 30.1 kg

0.1 kg higher
weight on
average
(could be 0.8 kg
lower to 1.0 kg
higher)

⨁⨁◯◯
LOW 11

Giving iodized
oil to moderate
to mildly iodine
deficient schoolage children may
make little or no
difference to
weight at 112180 days post
intervention

Weight (kg)

-

The mean
weight 112-280
days post
intervention in
control groups
was 29.1 kg

0.2 kg higher
weight on
average
(could be 0.5 kg
lower to 0.9 kg
higher)

⨁⨁◯◯
LOW 12

Giving iodized
oil to school-age
children may
make little or no
difference to the
children’s weight
at 112-280 days
post intervention

-

The mean IGF1180-280 days
post intervention
in control groups

38.5 ng/mL
higher IGF-1 on
average
(could be 6.2
ng/mL higher to
70.8 ng/mL
higher)

⨁⨁◯◯
LOW 13

Giving iodized
oil to moderate
to mildly iodine
deficient schoolage children may
improve IGF-1
concentrations
at 180-280 days
post intervention

0.46 µg/mL
higher IGFBP-3
on average
(could be 0.3
µg/mL higher to
0.7 µg/mL
higher)

⨁⨁◯◯
LOW 13

Giving iodized
oil to moderate
to mildly iodine
deficient schoolage children may
improve IGFBP-3
concentrations
at 180-280 days
post intervention

112-280 days
post intervention
Pooled result
1177
participants
(5 RCTs)
IGF-1
180-280 days
post intervention
Moderate to
mild iodine
deficiency
498 participants

was 184.5 ng/mL

(2 RCTs)
IGFBP-3
180-280 days
post intervention
Moderate to
mild iodine
deficiency
498 participants
(2 RCTs)

-

The mean
IGFBP-3 180280 days post
intervention in
control groups
was 4.4 µg/mL

CBA study (263 participants) compared iodized salt, iodized water and iodized fish paste against no intervention
in school age children with a mild deficient or sufficient iodine status. Growth outcomes measured included height,
weight and HAZ. Medians (ranges) were reported; the author did not respond to obtain further data. Data cannot
be pooled or meta-analysed. See Supplemental Table 4 for further details on outcome measures. The GRADE of
these data was assessed as very low quality of evidence.
1
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Outcome

Relative effect
(95% CI)

n participants
(studies)

Illustrated comparative effect (95%
CI)
Without Iodine
supplement

Quality of the
evidence
(GRADE)

What happens

Effect difference
with iodine
supplements

The risk in the intervention group (and its 95% CI) is based on the assumed risk in the comparison group and the
relative effect of the intervention (and its 95% CI).
GRADE Working Group grades of evidence
High quality: We are very confident that the true effect lies close to that of the estimate of the effect
Moderate quality: We are moderately confident in the effect estimate: The true effect is likely to be close to the
estimate of the effect, but there is a possibility that it is substantially different
Low quality: Our confidence in the effect estimate is limited: The true effect may be substantially different from the
estimate of the effect
Very low quality: We have very little confidence in the effect estimate: The true effect is likely to be substantially
different from the estimate of effect

Table 4: Summary of findings for iodine supplementation in school-age children compared
to placebo for the postnatal growth outcomes: height (cm), height-for-age Z-score, weight
(kg), IGF-1 (ng/L) and IGFBP-3 (µg/L)
1

Downgraded by 2 for risk of bias: random sequence generation and allocation concealment

not reported (high risk of selection bias); unclear risk of contamination
2

Downgraded by 1 for imprecision: wide confidence intervals (2.4 cm on either side of the

mean)
3

Downgraded by 2 for risk of bias: random sequence generation and allocation concealment

either not reported or not conducted in 2/3 trials; significant difference in baseline
characteristics in 1 trial (high risk of selection bias); high or unclear risk of contamination in all
studies
4

Downgraded by 2 for risk of bias: random sequence generation and allocation concealment

either not reported or not conducted in all studies and significant difference in baseline
characteristics of study groups in one trial (high risk selection bias); high or unclear risk of
contamination in all studies
5

Downgrade by 2 for risk of bias: random sequence generation and allocation concealment

either not reported or not conducted (high risk of selection bias); unclear risk of contamination
6

Downgrade by 1 for imprecision: wide CI (0.4 Z-scores on either side of the mean)

7

Downgrade by 2: random sequence generation and allocation concealment either not

reported or not conducted in both trials (high risk of selection bias); unclear risk of
contamination in both trials
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8

Downgrade by 2 for risk of bias: random sequence generation and allocation concealment

either not reported or not conducted in all of the trials (high risk of selection bias); unclear
risk of contamination in all 3 trials
9

Downgrade by 2 for risk of bias: random sequence generation and allocation concealment

either not reported or not conducted (high risk of selection bias); unclear risk of contamination
10

Downgrade by 1 for imprecision: wide CI (1.3 kg on either side of the mean)

11

Downgrade by 2 for risk of bias: random sequence generation and allocation concealment

either not reported or not conducted in all of the trials and significant difference in baseline
characteristics in 1 trial (high risk of selection bias); high risk of contamination in 2/4 trials
12

Downgrade by 2: risk of bias: random sequence generation and allocation concealment

either not reported or not conducted in all of the trials and significant difference in baseline
characteristics in 1 trial (high risk of selection bias); high risk of contamination in 2/5 trials
13

Downgrade by 2 for risk of bias: random sequence generation and allocation concealment

either not reported or not conducted in both trials (high risk of selection bias); unclear risk of
contamination in both trials; baseline characteristics not reported in 1 trial
CBA: Controlled Before-After study; HAZ: Height-for-Age Z-score; IGF-1: Insulin-like Growth
Factor-1; IGFBP-3: Insulin-like Growth Factor Binding Protein-3; MD: Mean Difference; RCT:
Randomized Controlled Trial
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Discussion

This systematic review assessed 18 studies (12 RCTs, one cluster RCT, four non-RCTs
and one CBA study), including 5,729 participants across a range of settings and age
groups, to investigate the effect of iodine supplementation or fortification on prenatal
or postnatal growth outcomes. For most reported outcomes, the quality of the
available evidence (GRADE) was low or very low and therefore we remain uncertain
of the effects of iodine supplementation or fortification on prenatal or postnatal
growth outcomes.
Iodine supplementation and prenatal growth outcomes: Thyroid hormone
concentration in utero regulates foetal growth, development, and viability through
several pathways (58), making an adequate supply of iodine paramount during
pregnancy. Maternal iodine supplementation (59), or an adequate iodine status
(60,61) has been positively associated with infant birthweight in previous intervention
and observational studies (studies ineligible for inclusion in this review; see
Supplemental Table 1). The pooled results of six studies (two non-RCTs and four
RCTs) in our review showed no difference in the weight, length or head circumference
at birth of infants born to iodine-supplemented iodine deficient pregnant women,
compared to non-supplemented women. As a collective, these studies had high risks
of performance, detection and attrition bias, and considerable heterogeneity. When
looking only at severely iodine-deficient pregnant women, findings from two nonRCTs suggest, on average, a 200 g greater weight and 0.4 cm greater head
circumference at birth in infants born to supplemented women compared to controls.
This finding is, however, likely subject to attrition bias and confounding from lack of
randomization, which results in an imbalance in prognostic factors associated with
these outcomes that may severely compromise its validity (29).
Iodine supplementation and postnatal growth outcomes: The results on postnatal
growth outcomes of infants born to women who received iodine or a placebo
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supplement or no intervention during pregnancy could unfortunately not be pooled,
and the designs of three of these four studies were open to substantial bias. The
fourth study, a recent RCT (37) (n=613) in which mildly iodine-deficient pregnant
women were supplemented with 200 µg iodine daily from approximately week 10 of
gestation until delivery, was judged as low risk of bias in most domains. This study
reported no differences between infants of iodine-supplemented women or controls,
on infant length, weight and head circumference at 12 and 24 months postnatally.
The positive effect of iodized salt in pre-school children reported in the one clusterRCT (48) should be interpreted with caution due to a high risk of bias from
contamination between intervention and control clusters, and statistically significant
differences in baseline characteristics and outcomes between the two groups.
In school children, iodine supplementation may make little or no difference to height,
HAZ or weight, as the quality of the evidence retrieved for these outcomes was very
low. The main reason for downgrading the evidence was a high risk of bias due to
contamination between the intervention and control groups and high risk of selection
bias as evidenced by the statistically significant differences in baseline characteristics
and outcomes.
In adolescents, mean differences between intervention and control groups for height,
weight and BMI were trivial and based upon one small trial only (56), which was
considerably

underpowered

to

appropriately

detect

any

differences

in

anthropometric measurement.
Though somatic growth was reported as a primary outcome in one study (54), it is
important to note that a hypothesis measuring a difference in growth outcomes with
iodine supplementation was the main objective of none of the 18 studies. As a result,
no study, nor subsequent meta-analysis, was sufficiently powered to detect an effect
of iodine on somatic growth as the primary outcome. Previous RCTs measuring the
effects of nutrition interventions on growth as the primary outcome have included
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over 800 participants to sufficiently detect an effect in growth outcome with a
difference of 0.2 standard deviations, a 90 % power (1-𝛽) and 95 % confidence level
(𝛼) (62-64). Furthermore, although the follow-up period of trials included in this
systematic review was generally longer than 100 days, this may be too short to detect
measureable differences in growth with respect to the intervention.
The methodological quality of most studies included in this review was questionable
when considering existing study design standards that seek to minimize systematic
errors that threaten the internal validity of comparative studies. This was exacerbated
by incomplete reporting in some studies (and lack of response when authors were
contacted), which impacted negatively on the assessment of the quality of evidence.
Positive associations between salt fortification, household iodized salt availability and
child growth have been previously described (65). Though causality was not
established by Krämer et al. (65), there are physiologically plausible links between
both inadequate iodine intake and severe stunting, and adequate iodine intake and
age-appropriate growth. However, somatic growth from in utero to adulthood is a
complex process influenced by numerous direct and indirect factors. Most studies did
not provide a comprehensive description of the nutrition status and/or dietary intake
of the study participants. This is a significant limitation with respect to the
interpretation of the results of this systematic review, yet this factor could be
integrated into study designs. Appropriately-designed intervention trials seeking to
investigate the effect of iodine repletion on prenatal or postnatal growth are needed.
Such studies should be adequately powered, conducted in iodine-deficient
populations and, depending on the participant age group and growth rate, be of a
substantial follow-up period (e.g. greater than two years).
Indirect biochemical growth markers such as IGF-1 and IGFBP-3 are more sensitive
measures of growth. There is an intricate relationship between TH and GH-IGF axis,
and normal GH secretion is dependent upon normal thyroid function (66, 67). The
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main function of GH is to promote the synthesis and secretion of IGFs, which enhance
cell growth and differentiation (68). IGFs circulate in the plasma in complexes with
structurally-related IGF-binding proteins (IGFBP), of which IGFBP-3 is the most
common (51, 68). The synthesis of thyroid hormone requires the presence of IGF-1
(69), and IGF-1 is necessary for the anabolic effect of triiodothyronine (T3), the active
thyroid hormone metabolite (66). Additionally, GH accelerates the peripheral
conversion of T4 to T3 (70). Given this interrelationship, and that normal thyroid
function depends upon an adequate iodine intake, the pooled results from the two
RCTs (50, 52) in our review are aligned with this mechanistic pathway and the
plausible contributory effect of iodine on growth, mediated by both thyroid hormone
and the GH-IGF axis. This interpretation is, however, limited by the lack of trials
investigating these outcomes, and our results should be confirmed in further rigorous
and appropriately-designed studies.
The IGFs have been described as the principal foetal growth factors (71), and
correlations between human foetal IGF-1 concentrations in utero and foetal weight
(72, 73) have been previously described. During childhood, beginning from between
six months and three years to puberty, the GH-IGF-1 axis and thyroid hormone
become more influential on growth, and at puberty, GH and IGF-1 concentrations
increase significantly in both males and females (71).
In a cross-sectional study in Turkey, pubertal children living in an area affected by
severe iodine deficiency had significantly lower IGF-1 and IGFBP-3 values than their
counterparts living in an area with mild deficiency (p<0.0001) (16). In our review, a
meta-analysis of two RCTs (50, 52) in school-age children (n=498) showed that iodized
oil compared to placebo in a moderate or mildly-iodine deficient setting increased
IGF-1 and IGFBP-3 concentrations. A similar effect was observed following the
introduction of iodized salt (to 25 ppm) to school-age children in a severely-iodine
deficient area of Morocco (51, 74). This study (RCT, n=71) compared the IGF-1 of
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seven to ten-year-old school-age children whose families either did or did not
(retrospective control) make use of iodized salt at household level. Over ten months
of iodized salt use, median IGF-1 concentrations in the intervention children were
higher compared to the control children (202 ng/mL for intervention children vs 134
ng/mL for control children; p<0.05). In this study, there was also a greater increase in
HAZ in children exposed to iodized salt compared with controls (median baseline
value -0.98 for intervention children vs -0.93 for control children; median endpoint
value -0.69 for intervention children vs -1.04 for control children, p<0.05). The
Moroccan study was not included in this review as the data for the control group were
collected retrospectively; see Supplemental Table 1.
To our knowledge, this is the first systematic review to investigate the effects of
iodized salt or iodine supplements on both prenatal and postnatal somatic growth. In
the limited discussion on growth in the two systematic reviews (75, 76) included in
our scoping review (21) that assessed studies measuring growth and development,
we note a consistency in findings. These include a higher birthweight with superior
iodine status (UIC of 50- 99 µg/L compared to <50 µg/L during pregnancy) (76), and
a slightly greater (but non-significant) body weight or height in iodine-supplemented
groups versus control groups, across three and four studies respectively (metaanalyses not performed) (75). Similar to our findings, a recently published Cochrane
Review (77) found no difference between iodine or no iodine groups for the outcome
of low birthweight. A forthcoming Cochrane review (78) will investigate the effect of
iodine fortification of foods and condiments other than salt on the prevention of
disorders related to ID, and includes physical development as an outcome measure.
With the aim of generating evidence that could guide healthcare decisions and due
to the nature of our question that makes undertaking RCTs challenging, we
incorporated data from non-RCTs, CBA and ITS studies to complement the RCT
evidence-base, in line with reports from the field of comparative effectiveness
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research (79-82). Strengths of our review include a comprehensive search for both
published and unpublished literature, and methods directed by our previously
published protocol in which we sought to follow recommendations for good conduct,
adapted specifically for inclusion of non-randomized studies. The minor deviations
from our protocol are described below and are also reported on the PROSPERO
International Register of Prospective Systematic Reviews (83). We acknowledge that
there is an abundance of cross-sectional and ecological literature on iodine that may
elucidate some interesting and potentially relevant findings about the effect of iodine
repletion on prenatal and postnatal growth outcomes in infants, children and
adolescents.
Minor deviations from the protocol: We excluded cretinism as a secondary outcome
due to the irreversible manifestation of stunted growth with this condition that would
confound our comparisons. Our decision to subgroup outcome data by baseline
iodine status of the intervention group was a deviation from our protocol. This
decision was based on evidence from the iodine literature, which suggests that the
physiological response to iodine repletion would be different depending upon the
degree of iodine deficiency before treatment.
Conclusions

We identified few adequately-designed trials investigating the effect of iodine
repletion on human growth. Importantly, our review does not show ‘evidence of no
effect’, rather ‘no evidence of an effect’ - which is distinctly different. Based on our
findings, current best evidence remains too uncertain to fully answer our research
question. Thus, we cannot firmly conclude that maternal iodine repletion has an effect
on growth outcomes at birth, nor confidently identify clear effects on somatic growth
outcomes in infants, children and adolescents following postnatal iodine repletion.
That said, pooling of results of two trials in the review showed that postnatal iodine
supplementation may improve growth factors and their binding proteins (IGF-1 and
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IGFBP-3), which can be regarded as indirect markers of growth. This finding must be
confirmed by further rigorous RCTs, sufficiently powered to detect a clinically
significant difference in such growth factors, or physical indicators of somatic growth,
as primary outcomes.
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Full supplementary material and references are available online at the journal website:
https://doi.org/10.1093/advances/nmy051
Supplemental Methods
With no restrictions on date, language or publication status, we searched 10 electronic
databases as listed below for published studies, and the WHO International Clinical Trials
Registry Platform for ongoing studies.
The following search strategy was used for: Database: Ovid MEDLINE Epub Ahead of Print,
In-Process & Other Non-Indexed Citations, Ovid MEDLINE Daily, Ovid MEDLINE and
Versions
1

Iodine/

2

Iodides/

3

Iodates/

4

iodized salt.mp.

5

iodized oil.mp. or Iodized Oil/

6

salt iodization.mp.

7

iodine fortification.mp.

8

(iodine or iodide or iodate).ab. or (iodine or iodide or iodate).ti.

9

(iodine and supplement*).ab. or (iodine and supplement*).ti.

10

1 or 2 or 3 or 4 or 5 or 6 or 7 or 8 or 9

11

iodine status.mp.

12

urinary iodine concentration.mp.

13

UIC.mp.

14

(Birth weight or Gestational age or Intrauterine growth restriction or IUGR or SYMPHYSISFUNDAL HEIGHT or Head circumference or Length or Height or STATURE or Weight or
Mid upper arm circumference or MUAC or Anthropometric status or Z-score or Ponderal
index or Body mass index or BMI or Underweight or Obesity or Stunting or wasting or
Postnatal bone maturation or Child growth rate or Insulin-like growth factor or IGF-1 or
IGFBP-3 or Kwashiorkor or marasmus).ab. or (Birth weight or Gestational age or
Intrauterine growth restriction or IUGR or SYMPHYSIS-FUNDAL HEIGHT or Head
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circumference or Length or Height or STATURE or Weight or Mid upper arm
circumference or MUAC or Anthropometric status or Z-score or Ponderal index or Body
mass index or BMI or Underweight or Obesity or Stunting or wasting or Postnatal bone
maturation or Child growth rate or Insulin-like growth factor or IGF-1 or IGFBP-3 or
Kwashiorkor or marasmus).ti.
15

(biparietal diameter or femur diameter or growth hormone).mp. or Growth Hormone/ or
cretinism.mp. or Congenital Hypothyroidism/

16

11 or 12 or 13 or 14 or 15

17

10 and 16

18

(baby or babies or infant* or child* or toddler* or preschool* or pre-school* or schoolchild*
or neonate* or newborn* or adolescent* or teenager*).ab. or (baby or babies or infant* or
child* or toddler* or preschool* or pre-school* or schoolchild* or neonate* or newborn*
or adolescent* or teenager*).ti.

19

Child, Preschool/ or Child/

20

Adolescent/

21

Infant/

22

pregnancy.mp. or Pregnancy/

23

pregnant wom?n.ab. or pregnant wom?n.ti.

24

(prenatal or preconcept*).ab. or (prenatal or preconcept*).ti.

25

(postnatal or perinatal).ab. or (postnatal or perinatal).ti.

26

antenatal.ab. or antenatal.ti.

27

18 or 19 or 20 or 21 or 22 or 23 or 24 or 25 or 26

28

17 and 27

Latin alphabet databases with no date or language restrictions:
MEDLINE, EMBASE, WEB OF SCIENCE (Social Sciences Citation index/Science Citation
Index), Cochrane Library, including CENTRAL register of Controlled Trials, CINAHL
(Cumulative Index to Nursing and Allied Health Literature), WHO International Clinical Trials
Registry Platform (ICTRP) (which includes http://www.clinicaltrials.gov) for on-going studies,
WHO library, PsycINFO
Chinese databases, with no date restrictions:
China Knowledge Resource Integrated Database (www.cnki.net), which includes the
databases:
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China Academic Journals Full-text Database, China Doctoral Dissertations Full-text Database,
China Masters Theses Full-text Database, China proceedings of Conferences Full-text
Database, International Proceedings of Conferences Full-text Database,
Wanfang Data (www.wanfangdata.com), which includes the databases:
China Online Journals, Dissertations of China

Search dates: 17th September 2014; 13th February 2017.

To identify additional on-going, unregistered or unpublished studies, we contacted 11 known
iodine researchers from:
Sprinkles Global Health Initiative, In-Home Fortification Technical Advisory Group
Nutrition section of the United Nations Children's Fund, World Food Program, Micronutrient
Initiative, Global Alliance for Improved Nutrition, Sight and Life Foundation, Department of
Nutrition for Health and Development, World Health Organization, U.S. Centers for Disease
Control and Prevention, Iodine Global Network.
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Supplemental Tables and Figures
Supplemental Table 1: Reasons for exclusion of full text articles

Reason for exclusion

No. studies
excluded

References

Duplicates identified at full text review

14

(1-14)

Narrative report or review

149

(15-33, 57-186)

Incorrect intervention

18

(187-204)

Incorrect participants

4

(205-208)

Incorrect outcomes

20

(209-228)

Incorrect study design

137

(229-373)

References

are

found

in

the

full

supplementary

(available online)

material

available

online

at

advances.nutrition.org

Supplemental Figure 1: Risk of bias across categories for all studies per author
judgment, percent

RCT: Randomized Controlled Trial
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Supplemental Table 2: Potentially eligible ongoing or yet unpublished trials and
studies awaiting assessment
First
Title
author,
date of
publicat
-ion

Trial reg.

Country Study Population Intervention
design
and

Outcomes
of interest

Study status

comparison

Ongoing or unpublished trials
Manous
ou et al.
2016
(365)

Iodine status NCT02378 Swedand effects of 246
en
supplementati
on with 150
µg/day iodine
during
pregnancy in
Sweden: A
randomized
placebocontrolled trial

RCT

Pregnant
150 µg iodine Length and Recruiting
women and daily, in a
weight of
their infants multivitamin infant after
birth
Versus
placebo
(multivitamin
without
iodine)

Studies awaiting assessment
Belykh
et al.
2014
(366)

De
Caffarell
i 1997
(367)

Effectiveness Unknown
of iodine
prophylaxis in
pregnant,
lactating
mothers and
infants in mild
iodine
deficiency
region

Ukra-ine Potenti Pregnant
(presum al RCT women and
ed their infants
author
location)

Supplementat Unknown
ions during
pregnancy.
Consequence
s of iodine
deficiency,
iodine excess
and the role
of routine
supplementati
on. (Article in
French)

Unknow Unkno Unknown
n
wn

200 µg/day
potassium
iodide
Iodized salt
(ppm not
given)

Potential
birth
outcome
indicators

Reference refers
to conference
abstract, and no
full text
retrievable. No
author contact
details
provided, and
author not
found at given
institution.

Unknown

Neither abstract
nor full text
retrievable. No
response to
contact with
author.

Versus no
intervention
(placebo or
otherwise not
stated)
Unknown
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First
Title
author,
date of
publicat
-ion

Trial reg.

Country Study Population Intervention
design
and

Outcomes
of interest

Study status

Height,
weight

Incomplete
reporting of
outcomes and
no response to
contact with
author.

comparison

L’Ons et A field clinical Unknown
al. 2000 trial of the
(368)
short-term
effects of
iodized salt on
the iodine
status of rural
primary
school
children

South
Africa

Tajtakov
a et al.
1998
(369)

Slovakia CBA

Recognition Unknown
of a subgroup
of adolescents
with rapidly
growing
thyroids under
iodine-replete
conditions:
seven-year
follow-up

NonRCT

Schoolchild
ren and
adolescents
(7-16 years)

Iodized salt
(40-60 ppm)
Versus noniodized salt

Adolescent Thyrojod
Body
Incomplete
s
depot tablets surface area reporting of
containing
outcomes and
no response to
1530 mg
contact with
iodide) every
author.
2 weeks for 2
years
followed by
once weekly
for 2 years
Versus no
intervention

Tarasov
a et al.
2009
(370)

Individual
Unknown
iodine
supplementati
on and its

Russia

Possibl Pree non- adolescents
RCT
(8 – 11
years)

effect on
schoolchildren
physical and
mental
development
at the
territories of
moderate
iodine
deficiency
1. Van
den
Briel et
al. 2000
(371)

Improved
iodine status
is associated
with improved
mental
performance
of
schoolchildren
in Benin

Group 1:
Body mass
Physiological Height
doses of
potassium
iodide (tablet)
Group 2:
Iodide in
vitamin and
mineral
preparation
Group 3: no
tablets

Three
Benin
manuscript
s reporting
on the
same
study.

RCT

Schoolchild Iodized oil,
ren (7 – 11 single dose of
years)
540 mg
iodine
Versus
placebo
3-4 months
after

Anthropom
etric
variables
including
height and
weight

Reference refers
to conference
abstract, and no
full text
retrievable. No
author contact
details
provided, and
author not
found at given
institution.

Baseline values
reported for the
general study
population, and
in paper (1),
endline values
per
changed/uncha
nged group.
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First
Title
author,
date of
publicat
-ion

Trial reg.

2. Van
den
Briel et
al. 2001
(372)

Trial
Mild iodine
deficiency is registration
unknown.
associated
with elevated
hearing
thresholds in
children in
Benin

3. Van
den
Briel et
al. 2001
(373)

Serum
thyroglobulin
and urinary
iodine
concentration
are the most
appropriate
indicators of
iodine status
and thyroid
functions
under
conditions of
increasing
iodine supply
in
schoolchildren
in Benin

Country Study Population Intervention
design
and

Outcomes
of interest

Study status

comparison

supplementat
ion, iodized
salt became
available in to
the study
population,
and therefore
both groups
were
exposed to
uncontrolled
intakes of
iodine from
iodized salt
during the
last six
months of the
study.

Data are not
reported per
iodine or
placebo group.
Contact author
has regrettably
passed away;
first author
responded to
contact but was
unable to help
with further
information at
the time.

CBA: Controlled Before-After study; ppm: parts per million; RCT: Randomized Controlled
Trial. References are found in the full supplementary material available online at
advances.nutrition.org
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Categories of risk of bias only apply to cluster
randomized controlled trials

Supplemental Figure 2: Risk of bias outcomes for included trials
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Risk of bias indicators: a black marker with “-” indicates a high risk of bias in that outcome; a
light grey marker with “?” indicates an unclear risk of bias in that outcome; a dark grey marker
with “+” indicates a low risk of bias in that outcome. The indicator “Baseline outcomes” is
unclear for all studies measuring birth outcomes (birth weight, length and head
circumference) following an intervention during pregnancy; imbalances between baseline
characteristics of pregnant women in intervention and control groups assessed by “Baseline
characteristics”. Reference numbers are indicated in parentheses. RCT: Randomized
Controlled Trial
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Supplemental Table 3: Detailed risk of bias assessment for included trials
Aboud et al. 2016 (48)
Risk of bias domains

Authors’ rating

Support for rating

Random sequence generation Low risk
(selection bias)

Randomization by random numbers table and a simple randomization
method

Allocation
(selection bias)

Not described if and how the allocation was concealed

concealment Unclear risk

Blinding of participants and Low risk
personnel (performance bias)

Participants, personnel and assessors were blinded; lead researcher and
person monitoring salt were not blinded, however these personnel were
not involved in assessing outcomes

Blinding of outcome assessment Low risk
(detection bias)

Personnel and assessors were blinded

Incomplete
outcome
(attrition bias)

Loss to follow-up of included participants <10% in both groups

data Low risk

Contamination
Selective
bias)

High risk

reporting

(reporting Low risk

Intervention group received 4 - 6 months more exposure to iodized salt
than control group
Most outcomes described in methods are reported at both baseline and
endpoint

Other bias

Low risk

Authors stated no conflict of interest; non-conflicted funding

Baseline outcomes

High risk

Significant difference between weight (P = 0.008) and WAZ (P = 0.01)
between intervention and control groups at baseline

Baseline characteristics

High risk

Significant difference in UIC between intervention and control groups at
baseline (P < 0.0001)

Recruitment bias (cluster RCT)

Low risk

The villages were randomized prior to recruitment of individuals

Loss of cluster (cluster RCT)

Unclear risk

Authors do not report on loss of clusters

Incorrect analysis (cluster RCT)

Low risk

Effect of clustering was considered in the analysis

Comparability with individually Low risk
randomized trials (cluster RCT)

Authors describe no changes in behaviors of clusters. No herd effect is
expected.

Anees et al. 2015 (34)
Risk of bias domains

Authors’
rating

Support for rating

Random sequence generation
(selection bias)

High risk

Non-randomized trial; no mention of randomization; women divided into
3 groups

Allocation
(selection bias)

concealment

Unclear risk

Blinding of participants and
personnel (performance bias)

Unclear risk

Blinding of participants and personnel not reported

Blinding
of
outcome
assessment (detection bias)

Unclear risk

Blinding of outcome assessors not reported

Incomplete outcome
(attrition bias)

High risk

460 started trial; 4 excluded from Group 3 for thyrotoxicosis; Birth weight:
Group 2: 114/154 excluded from final analysis (74%); Group 3: 11/150
excluded from final analysis (7%); attrition highly imbalanced

data

Not described if and how allocation was concealed
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Contamination

Unclear risk

Not discussed

Selective reporting (reporting
bias)

Low risk

No protocol available but study reports on all measured outcomes

Other bias

Low risk

Non-conflicting funding; authors state no conflict of interest

Baseline outcomes

Unclear risk

Not applicable in pregnant women (outcomes apply only to infant)

Baseline characteristics

Low risk

Similar baseline characteristics between groups 2 and 3
Goiter stage:
Group 2: 25 stage 0; 72 stage 1; 57 stage 2
Group 3: 0 stage 0; 68 stage 1; 82 stage 2

Bautista et al. 1982 (54)
Risk of bias domains

Authors’ rating

Support for rating

Random sequence generation Unclear risk
(selection bias)

Authors do not describe how randomization sequence was generated

Allocation
(selection bias)

Not described if and how allocation was concealed

concealment Unclear risk

Blinding of participants and Low risk
personnel (performance bias)

Double-blind, with the group designation of a particular child unknown to
his examiner.

Blinding of outcome assessment Low risk
(detection bias)

Subsequent assessment was double-blind, with the group designation of a
particular child unknown to his examiner.

Incomplete
outcome
(attrition bias)

Numbers lost to follow up were not described in the text or reflected in any
of the tables.

data Unclear risk

Contamination
Selective
bias)

High risk

reporting

(reporting Low risk

Introduction of exogenous iodine into the community during study contamination of controls
Most outcomes described in methods are reported on in results

Other bias

Unclear risk

Non-conflicting funding; no conflict of interest statement

Baseline outcomes

Low risk

Height and weight were similar between groups at baseline.

Baseline characteristics

High risk

Participants all taken from same population at same school. Goiter
prevalence similar between treatment and control. Significant difference
between Urinary iodine, TSH and Iodine uptake in 2 hours

Authors’ rating

Support for rating

Eftekari, et al. 2006 (56)
Risk of bias domains

Random sequence generation Unclear risk
(selection bias)

Authors state that participants were randomly assigned to treatment groups
but do not provide details on random sequence generation.

Allocation
(selection bias)

Not described if and how allocation was concealed

concealment Unclear risk

Blinding of participants and Low risk
personnel (performance bias)

Double-blind; participants unaware of group assignment. Supplement and
placebo looked identical

Blinding of outcome assessment Low risk
(detection bias)

Investigators unaware of group assignment
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Incomplete
outcome
(attrition bias)

data Low risk

Contamination
Selective
bias)

Low risk

reporting

(reporting Low risk

9/103 excluded from final analysis (9%)
Reported for other micronutrients, but nothing reported for iodine
Most outcomes described in methods are reported on in results

Other bias

Unclear risk

Non-conflicting funding; no conflict of interest statement

Baseline outcomes

Low risk

No differences between groups at baseline

Baseline characteristics

Low risk

No differences between groups at baseline

Authors’ rating

Support for rating

Furnee et al. 2000 (49)
Risk of bias domains

Random sequence generation Unclear risk
(selection bias)

Authors do not report how the random sequence was generated

Allocation
(selection bias)

Authors do not report if or how treatment allocation was conducted

concealment Unclear risk

Blinding of participants and Unclear risk
personnel (performance bias)

The authors do not describe whether the participants were blinded or not
to the intervention. Possible that poppy seed and iodized oil identical, but
not stated so cannot assume this.

Blinding of outcome assessment Unclear risk
(detection bias)

Those assessing goiter grading were blinded to the treatment allocation,
but measures repeated by CAF (potential bias), and no information given
on other people taking measurements

Incomplete
outcome
(attrition bias)

5/202 LTF and 2/35 LTF

Contamination
Selective
bias)

data Low risk
Unclear risk

reporting

(reporting Low risk

Authors do not report on contamination
No access to study protocol, however, all relevant outcomes are reported
on

Other bias

Unclear risk

Non-conflicting funding source; no conflict of interest statement.

Baseline outcomes

Low risk

Anthropometric measures similar in both groups

Baseline characteristics

Low risk

Baseline characteristics are similar in both groups

Gowachirapant et al. 2017 (37)
Risk of bias domains

Authors’ rating

Support for rating

Random sequence generation Low risk
(selection bias)

Randomization made by random numbers table

Allocation
(selection bias)

concealment Low risk

Codes kept in a sealed envelope by a Data Safety and Monitoring Board
member, and only broken after data analysis was completed

Blinding of participants and Low risk
personnel (performance bias)

Codes kept in a sealed envelope by a Data Safety and Monitoring Board
member, and only broken after data analysis was completed

Blinding of outcome assessment Low risk
(detection bias)

Randomization codes only broken after data analysis was completed

Incomplete
outcome
(attrition bias)

Loss to follow-up >10% in both groups

data High risk
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Contamination
Selective
bias)

Low risk

reporting

(reporting Low risk

Both groups have similar access to iodized salt
All outcomes reported in methods are reported in results

Other bias

Low risk

Non-conflicting funding; no conflict of interest stated

Baseline outcomes

Unclear risk

Not applicable in pregnant women (outcomes apply only to infant)

Baseline characteristics

Low risk

No differences between groups at baseline

Hiéronimus et al. 2012 (39), including Brucker-Davis et al. 2015, (40)
Risk of bias domains

Authors’ rating

Support for rating

Random sequence generation Low risk
(selection bias)

Randomization table obtained by drawling lots by blocks, using tables of
permutation

Allocation
(selection bias)

concealment High risk

Open study

Blinding of participants and High risk
personnel (performance bias)

Open study

Blinding of outcome assessment Unclear risk
(detection bias)

Authors do not mention blinding of outcome assessors

Incomplete
outcome
(attrition bias)

Loss to follow-up of included participants >10% in the intervention group

Contamination
Selective
bias)

data High risk
Unclear risk

reporting

(reporting Low risk

Not discussed
Most outcomes mentioned in the methods are reported in the results

Other bias

Low risk

Non-conflicted funding; authors state no conflict of interest

Baseline outcomes

Unclear risk

Not applicable in pregnant women (outcomes apply only to infant)

Baseline characteristics

Low risk

Similar baseline characteristics between intervention and control groups

Huang et al. 1995 (45), including Zhu et al. 1995 (46)
Risk of bias domains

Authors’ rating

Support for rating

Random sequence generation Unclear risk
(selection bias)

Author state that pairing method was used but do not provide any details
on how this was done

Allocation
(selection bias)

Not described if and how allocation was concealed

concealment Unclear risk

Blinding of participants and Unclear risk
personnel (performance bias)

Authors do not mention blinding of participants and control group received
a placebo

Blinding of outcome assessment Unclear risk
(detection bias)

Authors do not mention blinding of outcome assessors

Incomplete
outcome
(attrition bias)

Iodine group 26% loss; control group 22% loss

Contamination
Selective
bias)

reporting

data High risk
Unclear risk

(reporting Low risk

Potential sources of contamination not reported
Most outcomes described in methods are reported on in results
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Other bias

Unclear risk

Funding source and potential conflict of interest not reported

Baseline outcomes

Unclear risk

Not applicable in pregnant women (outcomes apply only to infant)

Baseline characteristics

Unclear risk

Baseline outcomes reported but not analyzed (Group B vs C)

Authors’ rating

Support for rating

Huda et al. 2001 (53)
Risk of bias domains

Random sequence generation Unclear risk
(selection bias)

Stratified by school and grade and randomly assigned

Allocation
(selection bias)

Not described if and how allocation was concealed

concealment Unclear risk

Blinding of participants and Low risk
personnel (performance bias)

Double-blind; iodized oil and placebo oil were identical

Blinding of outcome assessment Unclear risk
(detection bias)

Double-blind; however, it is not explicitly stated that the outcome assessors
were blinded to the participant's treatment allocation

Incomplete
outcome
(attrition bias)

7% of children in iodine group and 5% of children in placebo group
dropped out

Contamination

Selective
bias)

data Low risk
High risk

reporting

(reporting Low risk

p76:"we had originally planned to study only children with low T4 levels
however in the year between screening and commencing the study, the
children’s T4 levels improved substantially and although there was no
formal iodization program in the area. we are unsure how some iodine had
come into the area, however at the time of enrolment, the children
remained moderately iodine deficient as measured by UIE [Urinary Iodine
Excretion] UIE."
Most outcomes described in methods are reported on in results

Other bias

Unclear risk

Non-conflicting funding; no conflict of interest statement

Baseline outcomes

Low risk

No significant difference in weight between iodine and placebo groups at
baseline

Baseline characteristics

Low risk

No significant differences between groups in any socio-economic or
nutritional variables, age or sex distribution, or Urinary Iodine
Concentration, T4 and TSH at baseline

Pharoah & Connolly, 1991 (42)
Risk of bias domains

Authors’ rating

Support for rating

Random sequence generation High risk
(selection bias)

Non-randomized controlled trial

Allocation
(selection bias)

Alternate families were injected with either iodized oil or saline

concealment Unclear risk

Blinding of participants and Unclear risk
personnel (performance bias)

Blinding of participants was not described

Blinding of outcome assessment Low risk
(detection bias)

Diagnosis of endemic cretinism was made without knowledge of treatment
allocation

Incomplete
outcome
(attrition bias)

Iodine group: 13% of children died; placebo group: 18% of children died

data High risk
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Contamination
Selective
bias)

Unclear risk

reporting

(reporting High risk

Authors do not discuss contamination
No access to the study protocol; not all outcomes measured were reported
on

Other bias

Unclear risk

No conflict of interest statement and information on source of funding

Baseline outcomes

Unclear risk

Not applicable in pregnant women (outcomes apply only to infant)

Baseline characteristics

Low risk

Socioeconomic status of villages from which mothers recruited was similar

Pongpaew et al., 1998 (55)
Risk of bias domains

Authors’ rating

Support for rating

Random sequence generation High risk
(selection bias)

Controlled before-after study

Allocation
(selection bias)

Each school has been openly allocated to the named intervention

concealment High risk

Blinding of participants and High risk
personnel (performance bias)

It seems that the participants were aware of the treatment being received

Blinding of outcome assessment High risk
(detection bias)

It appears that everyone was aware of the treatment allocation

Incomplete
outcome
(attrition bias)

Authors do not report participant attrition rates

Contamination

Selective
bias)

data Unclear risk
High risk

reporting

(reporting Low risk

Though dietary iodine intake was estimated in all groups, it was possible
that in all groups, children would receive iodine from other sources as well
(this is actually stated for the fish sauce group). The control group was
stated to occasionally receive iodized salt or supplements in addition to
information
No access to study protocol, however, all relevant outcomes are reported
on

Other bias

Unclear risk

Non-conflicting funding source; no conflict of interest statement.

Baseline outcomes

Low risk

Baseline age similar and authors report no significant difference between
schools. Though authors do not report on any difference in weight and
height between schools at baseline, data presented in Table 1 indicate that
the schools were comparable.

Baseline characteristics

Unclear risk

Authors do not comment on the baseline characteristics of each groups,
however, UIC baseline in group 1 group is classed as mildly iodine deficient
(Ban Khao Wong) and the other groups are all classed as iodine sufficient
(following WHO classification as per the procedure in this review)

Pretell et al. 1972 (35), including Kevany et al. 1969 (36)
Risk of bias domains

Authors’ rating

Support for rating

Random sequence generation High risk
(selection bias)

Non-randomized controlled trial

Allocation
(selection bias)

Authors state: Among schoolchildren, groupings for the placebo
and the iodized oil were predetermined at random within a given age.
However, it is not described how the other villagers were allocated to the

concealment Unclear risk
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treatments or if the person allocating the treatment was blinded to the
treatment being allocated
Blinding of participants and Unclear risk
personnel (performance bias)

Although the authors do not describe whether or not the participants were
blinded to the treatment, it is unlikely that the participants would have been
aware of the treatment as all participants received an injection

Blinding of outcome assessment Unclear risk
(detection bias)

Kevany states that outcome assessors were blinded to the treatment
however it is not clear if the examiners of the children were aware of the
treatment received by the mothers

Incomplete
outcome
(attrition bias)

11% and 12% of iodine and placebo groups respectively died during first 2
years of life

Contamination
Selective
bias)

data High risk
Low risk

reporting

(reporting Low risk

Salt used by villagers contained 0.2 µg/g iodine
Although we could not access the study protocol all important outcomes
are reported per treatment group

Other bias

Unclear risk

There is no conflict of interest statement and it is unclear who funded this
trial

Baseline outcomes

Unclear risk

Not applicable in pregnant women (outcomes apply only to infant)

Baseline characteristics

Low risk

Authors do not report on the baseline characteristics of the Peruvian
participants however the socioeconomic conditions in the villages were
similar.

Ramirez et al. 1969 (43), including Ramirez et al. 1972 (44) and Kevany 1969 (36)
Risk of bias domains

Authors’ rating

Support for rating

Random sequence generation High risk
(selection bias)

Non-randomized controlled trial

Allocation
(selection bias)

Authors do not describe how villages (Ecuador) or villagers (Peru) were

concealment Unclear risk

Blinding of participants and High risk
personnel (performance bias)

Participants were not blinded to the treatment being received. Tocachi
villagers received intramuscular iodine supplement; La Esperanza villagers
did not receive anything

Blinding of outcome assessment Unclear risk
(detection bias)

Kevany states that outcome assessors were blinded to the treatment
however it is not clear if the examiners of the children were aware of the
treatment received by the mothers

Incomplete
outcome
(attrition bias)

percentage deaths and loss to follow up higher than 10% in each group

Contamination
Selective
bias)

reporting

data High risk
Low risk

(reporting Low risk

Salt used by villagers contained 0.2 µg/g iodine
Although we could not access the study protocol all important outcomes
are reported per treatment group

Other bias

Unclear risk

There is no conflict of interest statement and it is unclear who funded this
trial

Baseline outcomes

Unclear risk

Not applicable in pregnant women (outcomes apply only to infant)

Baseline characteristics

High risk

Socioeconomic conditions appear similar in both Ecuadorian villages;
however, Tocachi showed higher degree of undernutrition in all surveys.
The prevalence of goitre and neural and motor abnormalities appears to be
similar across the groups
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Rogahn et al. 2000 (47)
Risk of bias domains

Authors’ rating

Support for rating

Random sequence generation Low risk
(selection bias)

Randomization was stratified according to birth weight (<1000 g and >1000
g) using a two and four block design generated by randomized number
tables by Nutricia Ltd and sealed in opaque envelopes.

Allocation
(selection bias)

Treatment allocation using sealed, opaque envelopes

concealment Low risk

Blinding of participants and Low risk
personnel (performance bias)

Double-blind; formulas were similar in appearance

Blinding of outcome assessment Unclear risk
(detection bias)

Double-blind; however, it is not explicitly stated that outcome assessors
blinded

Incomplete
outcome
(attrition bias)

Intention to treat analysis

Contamination

Selective
bias)

data Low risk
Low risk

reporting

(reporting Low risk

3 infants randomized to the lower iodine group and 5 to the higher iodine
group received only their own mother’s breast milk and did not require any
supplementary formula
Most outcomes described in methods are reported on in results

Other bias

High risk

Funders could benefit commercially from trial outcome stated in conflict of
interest statement

Baseline outcomes

Low risk

No significant differences in outcomes at baseline, Table 3

Baseline characteristics

Low risk

No significant differences between groups at baseline, Table 1

Authors’ rating

Support for rating

Zhou et al. 2015 (38)
Risk of bias domains

Random sequence generation Low risk
(selection bias)

Web-based randomization
randomization schedule.

Allocation
(selection bias)

concealment Low risk

Neither participants nor research staff were aware of group allocation of
participants

Blinding of participants and Low risk
personnel (performance bias)

Neither participants nor research staff were aware of group allocation of
participants

Blinding of outcome assessment Low risk
(detection bias)

The research staff were not aware of group allocation of participants

Incomplete
outcome
(attrition bias)

RCT as stopped early, but all included women to stop date were reported
on.

Contamination
Selective
bias)

reporting

data Low risk
Unclear risk

(reporting Low risk

service,

with

independently-generated

Not discussed
All relevant outcomes reported on

Other bias

Low risk

Competing interests declared however of low risk: some authors received
industrial honoraria which is paid to the research institute to support
continuing education for students and postgraduates. All other grants and
fellowships non-conflicting.

Baseline outcomes

Unclear risk

Not applicable in pregnant women (outcomes apply only to infant)

Baseline characteristics

Low risk

Baseline characteristics were comparable in both intervention and control
groups
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Zhuang & Wang, 1998 (41)
Risk of bias domains

Authors’ rating

Support for rating

Random sequence generation Unclear risk
(selection bias)

Authors do not describe how randomization sequence generated

Allocation
(selection bias)

Not described if or how allocation was concealed

concealment Unclear risk

Blinding of participants and High risk
personnel (performance bias)

No mention of blinding; iodine group received a tablet whereas control
group received nothing

Blinding of outcome assessment High risk
(detection bias)

No mention of blinding; iodine group received a tablet whereas control
group received nothing

Incomplete
outcome
(attrition bias)

Loss to follow up 15% in intervention and 17% in control groups

Contamination
Selective
bias)

data High risk
Unclear risk

reporting

(reporting Low risk

Not reported on
Most outcomes described in methods are reported on in results

Other bias

Unclear risk

Source of funding not reported and no conflict of interest statement

Baseline outcomes

Unclear risk

Not applicable in pregnant women (outcomes apply only to infant)

Baseline characteristics

Unclear risk

No reported baseline characteristics per group

Zimmerman et al. 2006 (52), including Zimmermann et al. 2007 (51)
Risk of bias domains

Authors’ rating

Support for rating

Random sequence generation Low risk
(selection bias)

Excel software, with the random-number-generator function and by using a
Bernoulli distribution

Allocation
(selection bias)

Person allocating the participant to the various treatment groups was aware
of the treatment being allocated (see additional info from authors).

concealment High risk

Blinding of participants and Low risk
personnel (performance bias)

Double-blind, iodized oil and placebo oil were identical.

Blinding of outcome assessment Unclear risk
(detection bias)

Double-blind, however it is not explicitly stated that the outcome assessors
were blinded to the participant's treatment allocation.

Incomplete
outcome
(attrition bias)

Iodine: 4/159 (3%) lost to follow up; Control: 2/151 (1%) lost to follow up

Contamination
Selective
bias)

reporting

data Low risk
Unclear risk

(reporting Low risk

Not reported on
Most outcomes described in methods are reported on in results

Other bias

Low risk

Non-conflicting funding; authors state no conflicts of interest

Baseline outcomes

Low risk

No significant differences in height or weight at baseline (reported in Table
1 in the manuscript)

Baseline characteristics

Low risk

No significant differences for outcomes of interest to our review but high
risk for mental performance outcomes as there was a significant difference
between the groups for these outcomes.
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Zimmerman et al. 2007 (50), including Zimmermann et al 2007 (51)
Risk of bias domains

Authors’ rating

Support for rating

Random sequence generation Unclear risk
(selection bias)

Authors do not describe how randomization sequence generated

Allocation
(selection bias)

Not described if or how allocation was concealed

concealment Unclear risk

Blinding of participants and Low risk
personnel (performance bias)

Double blind; the iodized oil and the placebo oil were identical, as was the
dosage regime for both groups

Blinding of outcome assessment Low risk
(detection bias)

Double blind; however, it is not explicitly stated that the outcome assessors
were blinded to the participant's treatment allocation

Incomplete
outcome
(attrition bias)

Loss to follow up (subjects moved away from the study area or were absent
on the days of data collection) at 6 months: placebo (7%), IS (8%), VAS (5%),
IS VAS (7%) groups

Contamination
Selective
bias)

reporting

data Low risk

Unclear risk
(reporting Low risk

Not reported on
Most outcomes described in methods are reported on in results

Other bias

Unclear risk

Potential conflict of interest from Guerbet- no statement that sponsors did
not influence study; authors state no conflicts of interest of authors

Baseline outcomes

Low risk

(Table 2) no significant differences in important outcomes

Baseline characteristics

Unclear risk

No reported baseline characteristics per group, reported instead for total
sample in table 1
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Supplemental Table 4: Data and analyses
Life stage and
subgroup

No.
First author,
Studies date

N

Statistical
Method

Effect Estimate

Comments

Primary outcomes: Prenatal somatic growth outcomes measured at birth

Interventions in pregnant women: iodized oil or iodine tablets versus placebo or no intervention
Birth weight (g)

6

1418 Mean
Difference (IV,
Random, 95%
CI)

61.16 [-165.51,
287.84]

Severe iodine 2
deficiency

Anees et al.
2015 (34);
Pretell et al.
1972 (35)

635

Mean
Difference (IV,
Random, 95%
CI)

200.03 [183.05,
217.02]

Moderate to
mild iodine
deficiency

Gowachirapant 783
et al. 2017 (37);
Zhou et al.
2015 (38);
Hiéronimus et
al. 2012 (39);
Zhuang and
Wang 1998 (41)

Mean
Difference (IV,
Random, 95%
CI)

-13.83 [-212.37,
184.71]

Birth length (cm)

4

4

1106 Mean
Difference (IV,
Random, 95%
CI)

0.04 [-0.42,
0.50]

Severe iodine 1
deficiency

Pretell et al.
1972 (35)

456

Mean
Difference (IV,
Random, 95%
CI)

4.70 [-1.60,
11.00]

Moderate to
mild iodine
deficiency

Gowachirapant 650
et al. 2017 (37);
Zhou et al.
2015 (38);
Hiéronimus et
al. 2012 (39)

Mean
Difference (IV,
Random, 95%
CI)

0.01 [-0.39,
0.41]

1180 Mean
Difference (IV,
Random, 95%
CI)

0.26 [-0.20,
0.73]

Head circumference
(cm) at birth

3

3

Severe iodine 1
deficiency

Pretell et al.
1972 (35)

568

Mean
Difference (IV,
Random, 95%
CI)

0.40 [0.14, 0.66]

Moderate to
mild iodine
deficiency

2

Gowachirapant 612
et al. 2017 (37);
Zhou et al.
2015 (38)

Mean
Difference (IV,
Random, 95%
CI)

0.28 [-0.67,
1.23]

1

Pretell et al.
1972 (35)

Mean
Difference (IV,
Random, 95%
CI)

-1.10 [-2.53,
0.33]

Apgar score (severe
iodine deficiency)

456
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Life stage and
subgroup

No.
First author,
Studies date

Placental weight (g)
(severe iodine
deficiency)

1

Pretell et al.
1972 (35)

N

456

Statistical
Method

Effect Estimate

Mean
Difference (IV,
Random, 95%
CI)

-75.00 [-397.94,
247.94]

Comments

Primary outcomes: Postnatal somatic growth outcomes measured during infancy, childhood and adolescence

Interventions in pregnant women: iodized oil versus placebo or no intervention
Length at age 6 months 1
(standardized measure)

Huang et al.
1995 (45)

76

Standardized
Mean
Difference (IV,
Random, 95%
CI)

-0.04 [-0.39,
0.30]

Weight at age 6 months 1
(standardized measure)

Huang et al.
1995 (45)

76

Standardized
Mean
Difference (IV,
Random, 95%
CI)

0.46 [0.12, 0.79]

Head circumference at
age 6 months
(standardized measure)

Huang et al.
1995 (45)

76

Standardized
Mean
Difference (IV,
Random, 95%
CI)

-0.25 [-0.66,
0.16]

1

Length (cm) (severe
iodine deficiency)

Mean age of infants was
different between groups,
therefore standardized
measures were used.

Mean length increase increments
(cm), at age (m, months):

Iodine

1

Ramirez et al.
1969 (43)

90

Control

1

Ramirez et al.
1969 (43)

177

Head circumference
(cm) (severe iodine
deficiency)

Effect sizes for relevant
outcomes not estimable.
Mean growth difference in
1.25 3.5 6 m 9.5 13
18
time increments reported
m
m
m
m
m
only; no SD available. Author
2.22 4.92 3.92 2.57 2.56 3.66 not reachable. NR = not
reported
NR

5.84 4.13 3.35 2.59 3.27

Mean head circumference
increase increments (cm), at age
(months):
1.25 3.5

6

9.5

13

18

Iodine

1

Ramirez et al.
1969 (43)

90

1.46 2.57 2.36 1.20 0.83 1.27

Control

1

Ramirez et al.
1969 (43)

177

NR

Weight (kg) (severe
iodine deficiency)

2.58 1.95 1.23 0.78 0.96

Mean weight increase increments
(kg) at age (months):
1.25 3.5

6

9.5

13

18

Iodine

1

Ramirez et al.
1969 (43)

90

1.16 2.90 2.61 1.25 1.13 1.88

Control

1

Ramirez et al.
1969 (43)

177

NR

Length postnatal to 24
months

1

Length (cm)
at 12 months

1

3.15 2.38 1.54 0.95 2.43
Effect sizes from same trial.

Gowachirapant
et al. 2017 (37)

373

Mean
Difference (IV,
Random, 95%
CI)

-0.10 [-0.81,
0.61]
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Life stage and
subgroup

Length (cm)
at 24 months

Weight to 24 months
Weight(kg) at
12 months

No.
First author,
Studies date

1

Gowachirapant
et al. 2017 (37)

N

417

Statistical
Method

Effect Estimate

Mean
Difference (IV,
Random, 95%
CI)

-0.20 [-1.01,
0.61]

1

Effect sizes from same trial.

1

Gowachirapant
et al. 2017 (37)

378

Mean
Difference (IV,
Random, 95%
CI)

-0.10 [-0.35,
0.15]

Weight (kg) at 1
24 months

Gowachirapant
et al. 2017 (37)

411

Mean
Difference (IV,
Random, 95%
CI)

-0.10 [-0.48,
0.28]

Head circumference
postnatal to 24 months

1

Effect sizes from same trial.

Head
1
circumference
at 12 months
(cm)

Gowachirapant
et al. 2017 (37)

375

Mean
Difference (IV,
Random, 95%
CI)

0.00 [-0.34,
0.34]

Head
1
circumference
at 24 months
(cm)

Gowachirapant
et al. 2017 (37)

416

Mean
Difference (IV,
Random, 95%
CI)

-0.10 [-0.47,
0.27]

Pharoah and
Connolly 1991
(42)

29

Mean
Difference (IV,
Random, 95%
CI)

0.00 [-5.70,
5.70]

Height (cm) at 15 years
(severe iodine
deficiency)

1

Comments

Interventions in infants (0-24 months): high iodine versus standard infant formula
Weight (g) at 40 weeks’
post conception
Higher iodine 1
(intervention)

Rogahn et al.
2000 (47)

57

Median (range)

3180 (23604000)

Lower iodine
[control]

1

Rogahn et al.
2000 (47)

58

Median (range)

3200 (20404200)

Higher iodine 1
(intervention)

Rogahn et al.
2000 (47)

57

Median (range)

25 (14-37)

Lower iodine
[control]

1

Rogahn et al.
2000 (47)

58

Median (range)

25.5 (9-37)

Higher iodine 1
(intervention)

Rogahn et al.
2000 (47)

57

Median (range)

35.5 (32.4-38.4)

Lower iodine
[control]

Rogahn et al.
2000 (47)

58

Median (range)

35.9 (32.4-38.0)

Weight gain (g/day) at
40 weeks’ post
conception

Effect sizes for relevant
outcomes not estimable. Only
median and range reported;
no mean and SD available.
Contact author no longer at
hospital connected to email
address in manuscript;
forwarding address not
found.

Head circumference
(mm) at 40 weeks’ post
conception

1
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Life stage and
subgroup

No.
First author,
Studies date

N

Statistical
Method

Effect Estimate

Comments

Head circumference
gain (cm/week) at 40
weeks’ post conception
Higher iodine 1
(intervention)

Rogahn et al.
2000 (47)

57

Median (range)

0.75 (0.4-1.1)

Lower iodine
[control]

1

Rogahn et al.
2000 (47)

58

Median (range)

0.78 (1.53-1.3)

Higher iodine 1
(intervention)

Rogahn et al.
2000 (47)

57

Median (range)

90.2 /77.3103.1)

Lower iodine
[control]

1

Rogahn et al.
2000 (47)

58

Median (range)

89.3 (75.5100.8)

Higher iodine 1
(intervention)

Rogahn et al.
2000 (47)

57

Median (range)

0.43 (0.24-0.58)

Lower iodine
[control]

Rogahn et al.
2000 (47)

58

Median (range)

0.45 (0.26-0.63)

Lower leg length (mm)
at 40 weeks’ post
conception

Lower leg length gain
(mm/day) at 40 weeks’
post conception

1

Primary outcomes: Postnatal somatic growth outcomes measured during childhood (pre-school and school-age children)

Interventions in pre-school children (2-5 years): iodized versus non-iodized salt
Weight-for-age z score

1

Height-for-age z score

1

Aboud et al.
2016 (48)

1376 Mean
Difference (IV,
Random, 95%
CI)

0.13 [0.03, 0.23]

1376 Mean
Difference (IV,
Random, 95%
CI)

0.11 [-0.01,
0.23]

Interventions in school-age children (6-12 years): iodized oil or iodine fortification versus placebo or no intervention
Iodized oil versus placebo
Height (cm) 154-280
days post intervention

4

890

Mean
Difference (IV,
Random, 95%
CI)

-0.03 [-1.45,
1.39]

Severe iodine 1
deficiency

Furnee et al.
2000 (49)

230

Mean
Difference (IV,
Random, 95%
CI)

-0.50 [-2.93,
1.93]

Moderate to
mild iodine
deficiency

3

Zimmermann et 660
al. 2007 (50);
Zimmermann et
al. 2006 (52);
Huda et al.
2001(53)

Mean
Difference (IV,
Random, 95%
CI)

-0.06 [-2.06,
1.95]

Height-for-age z score
180-280 days post
intervention

3

708

Mean
Difference (IV,
Random, 95%
CI)

0.02 [-0.15,
0.18]
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Life stage and
subgroup

No.
First author,
Studies date

N

Statistical
Method

Effect Estimate

Severe iodine 1
deficiency

Furnee et al.
2000 (49)

230

Mean
Difference (IV,
Random, 95%
CI)

0.10 [-0.26,
0.46]

Moderate to
mild iodine
deficiency

2

Zimmermann et 478
al. 2007 (50);
Zimmermann et
al. 2006 (52)

Mean
Difference (IV,
Random, 95%
CI)

-0.01 [-0.19,
0.18]

Weight (kg) 112-280
days post intervention

5

1177 Mean
Difference (IV,
Random, 95%
CI)

0.21 [-0.48,
0.90]

Severe iodine 1
deficiency

Furnee et al.
2000 (49

230

Mean
Difference (IV,
Random, 95%
CI)

0.60 [-0.66,
1.86]

Moderate to
mild iodine
deficiency

Zimmermann
947
2007 (50);
Zimmermann
2006 (52); Huda
2001 (53);
Bautista 1982
(54)

Mean
Difference (IV,
Random, 95%
CI)

0.11 [-0.78,
0.99]

4

Comments

Iodine fortification versus no intervention
Height (cm) 1 year post
intervention
Iodized salt

1

Pongpaew et
al. 1998 (55)

68

Median (range)

131.1 (120.0149.5)

Iodinated
drinking
water

1

Pongpaew et
al. 1998 (55)

75

Median (range)

132.0 (121.5151.0)

Iodinefortified fish
paste

1

Pongpaew et
al. 1998 (55)

57

Median (range)

132.1 (121.5158.0)

Control

1

Pongpaew et
al. 1998 (55)

63

Median (range)

132.7 (118.5155.0)

68

Median (range)

-1.070 (-2.5300.400)

Effect sizes for relevant
outcomes not estimable.
Median and range reported;
no mean and SD available.
Contact author not reached.

Height-for-age z-score
1 year post intervention
Iodized salt

1

Iodinated
drinking
water

1

Pongpaew et
al. 1998 (55)

75

Median (range)

-1.350 (-3.2500.310)

Iodinefortified fish
paste salt

1

Pongpaew et
al. 1998 (55)

57

Median (range)

-1.045 (-3.51010190)

Control

1

Pongpaew et
al. 1998 (55)

63

Median (range)

-0.930 (-2.7101.230
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Life stage and
subgroup

No.
First author,
Studies date

N

Statistical
Method

Effect Estimate

Comments

Weight (kg) 1 year post
intervention
Iodized salt

1

Pongpaew et
al. 1998 (55)

68

Median (range)

27.3 (17.5-43.1)

Iodinated
drinking
water

1

Pongpaew et
al. 1998 (55)

75

Median (range)

27.0 (21.1-56.1)

Iodinefortified fish
paste salt

1

Pongpaew et
al. 1998 (55)

57

Median (range)

28.5 (19.9-48.4)

Control

1

Pongpaew et
al. 1998 (55)

63

Median (range)

27.5 (18.6-84.2)

Secondary outcomes: Postnatal somatic growth outcomes measured during childhood

Interventions in school-age children (6-12 years): iodized oil versus placebo
IGF-1 (ng/ml)
(moderate to mild
iodine deficiency)

2

Zimmermann et 498
al. 2007 (50);
Zimmermann et
al. 2006 (52)

Mean
Difference (IV,
Random, 95%
CI)

38.48 [6.19,
70.76]

IGFBP-3 (µg/ml)
(moderate to mild
iodine deficiency)

2

Zimmermann et 498
al. 2007 (50);
Zimmermann et
al. 2006 (52)

Mean
Difference (IV,
Random, 95%
CI)

0.46 [0.25, 0.66]

Primary outcomes: Postnatal somatic growth outcomes measured during adolescence

Interventions in adolescents (13-18 years): iodized oil versus placebo
Height (cm) 12 weeks’
post intervention

1

Eftekhari et al.
2006 (56)

47

Mean
Difference (IV,
Random, 95%
CI)

-2.00 [-4.29,
0.29]

Weight (kg) 12 weeks’
post intervention

1

Eftekhari et al.
2006 (56)

47

Mean
Difference (IV,
Random, 95%
CI)

-1.00 [-3.29,
1.29]

BMI at 12 weeks’ post
intervention

1

Eftekhari et al.
2006 (56)

47

Mean
Difference (IV,
Random, 95%
CI)

0.10 [-0.74,
0.94]
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Supplemental Table 5: High iodine infant formula compared to standard infant
formula for infant growth in neonates born pre-term

Patient or population: infants
Setting: one RCT with unknown iodine status of participants at baseline
Intervention: high iodine infant formula (40-50 µg I/kg bodyweight/day)
Comparison: standard infant formula (12-16 µg I/kg bodyweight/day)
Reference: Rogahn et al. 2000 (47)

Outcome
N participants
(studies)

Relative
effect
(95%
CI)

Illustrative comparative effect (95% CI)

Quality of
the
evidence
(GRADE)

What happens

With standard
infant formula

With high iodine
infant formula

Weight (g) at 40
weeks post
conception
115 participants

-

The median weight
at 40 weeks in the
control group was
3200 g

The median
weight at 40
weeks in the high
iodine group was
3180 g

⨁⨁◯◯
LOW1,2

High iodine formula
in preterm neonates
may make little or
no difference to
weight at 40 weeks

-

The median weight
gain at 40 weeks in
the control group
was 25.5 g/day

The median
weight gain at 40
weeks in the high
iodine group was
25 g/day

⨁⨁◯◯
LOW1,2

High iodine formula
in preterm neonates
may make little or
no difference to
weight gain at 40
weeks

-

The median head
circumference at 40
weeks in the control
group was 35.9 mm

The median head
circumference at
40 weeks in the
high iodine group
was 35.5 cm

⨁⨁◯◯
LOW1,2

High iodine formula
in preterm neonates
may make little or
no difference to
head circumference
at 40 weeks

-

The median head
circumference gain
at 40 weeks in the
control group was
0.8 cm/week

The median head
circumference
gain at 40 weeks
in the high iodine
group was 0.8
cm/week

⨁⨁◯◯
LOW1,2

High iodine formula
in preterm neonates
may make little or
no difference to
head circumference
gain at 40 weeks

(1 RCT)
Weight gain
(g/day) at 40
weeks post
conception
115 participants
(1 RCT)
Head
circumference
(mm)at 40 weeks
post conception
115 participants
(1 RCT)
Head
circumference
gain (cm/week) at
40 weeks post
conception
115 participants
(1 RCT)
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Outcome
N participants
(studies)

Relative
effect
(95%
CI)

Illustrative comparative effect (95% CI)

Quality of
the
evidence
(GRADE)

What happens

With standard
infant formula

With high iodine
infant formula

Lower leg length
(mm) at 40 weeks
post conception
115 participants
(1 RCT)

-

The median lower
leg length at 40
weeks in the control
group was 89.3 mm

The median lower
leg length at 40
weeks in the high
iodine group was
90.2 mm

⨁⨁◯◯
LOW1,2

High iodine formula
in preterm neonates
may make little or
no difference to
lower leg length at
40 weeks

Lower leg length
gain (mm/day) at
40 weeks post
conception
115 participants
(1 RCT)

-

The median lower
leg length gain at
40 weeks in the
control group was
0.5 mm/day

The median lower
leg length gain at
40 weeks in the
high iodine group
was 0.4 mm/day

⨁⨁◯◯
LOW1,2

High iodine formula
in preterm neonates
may make little or
no difference to
lower leg length
gain at 40 weeks

The risk in the intervention group (and its 95% CI) is based on the assumed risk in the comparison group and
the relative effect of the intervention (and its 95% CI).
GRADE Working Group grades of evidence
High quality: We are very confident that the true effect lies close to that of the estimate of the effect
Moderate quality: We are moderately confident in the effect estimate: The true effect is likely to be close to
the estimate of the effect, but there is a possibility that it is substantially different
Low quality: Our confidence in the effect estimate is limited: The true effect may be substantially different
from the estimate of the effect
Very low quality: We have very little confidence in the effect estimate: The true effect is likely to be
substantially different from the estimate of effect
1
2

Downgraded by 1: unclear risk of outcome blinding
Downgraded by 1: small sample size

RCT: Randomized Controlled Trial
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Supplemental Table 6: Iodized salt compared to non-iodized salt in pre-school
children on growth

Patient or population: pre-school children (4 - 6 years)
Setting: one cluster RCT with participants with a severe iodine deficiency at baseline
Intervention: iodized salt (>15 ppm)
Comparison: non-iodized salt
Reference: Aboud et al, 2016 (48)

Outcome
N participants
(studies)

Relative
effect
(95%
CI)

Illustrative comparative effect (95% CI)
Without
iodized salt

Effect difference with
iodized salt

Height-for-age
z score (HAZ)
1376
participants
(1 cluster RCT)

-

The mean
HAZ in
control
groups was
-1.60

0.11 higher HAZ

Weight-for-age
z score (WAZ)
1376
participants
(1 cluster RCT)

-

The mean
WAZ in
control
groups was
-1.78

0.13 higher WAZ

(could be 0.01 lower to
0.23 higher)

(could be 0.03 higher
to 0.23 higher)

Quality of
the
evidence
(GRADE)

What happens

⨁◯◯◯
VERY
LOW1

We are uncertain whether
iodized salt in severelyiodine deficient preschool children improves
height-for-age z-scores

⨁◯◯◯
VERY
LOW1

We are uncertain whether
iodized salt in severelyiodine deficient preschool children improves
weight-for-age z-scores

The risk in the intervention group (and its 95% CI) is based on the assumed risk in the comparison group and
the relative effect of the intervention (and its 95% CI).
GRADE Working Group grades of evidence
High quality: We are very confident that the true effect lies close to that of the estimate of the effect
Moderate quality: We are moderately confident in the effect estimate: The true effect is likely to be close to
the estimate of the effect, but there is a possibility that it is substantially different
Low quality: Our confidence in the effect estimate is limited: The true effect may be substantially different
from the estimate of the effect
Very low quality: We have very little confidence in the effect estimate: The true effect is likely to be
substantially different from the estimate of effect
1

Downgraded by 2: High risk of bias from significant differences in baseline outcomes and

baseline characteristics between study groups (significant difference between baseline UIC
in intervention and control groups), and a high risk of contamination due to an uncontrolled
availability of the intervention (iodized salt) in both intervention and control village markets
HAZ: Height-Age-Z-score; RCT: Randomized Controlled Trial; UIC: Urinary Iodine
Concentration; WAZ: Weight-Age-Z-score
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Supplemental Table 7: Iodized oil compared to placebo for growth in adolescents

Patient or population: adolescents (14 – 18 years)
Setting: one RCT with participants with a sufficient iodine status at baseline
Intervention: iodized oil
Comparison: placebo
Reference: Eftekhari et al. 2006 (56)

Outcome
N participants
(studies)

Relative
effect
(95%
CI)

Illustrative comparative effect (95%
CI)

Quality of
the evidence
(GRADE)

What happens

Without
iodized oil

Without iodized oil

Height 12
weeks’ post
intervention
47 participants
(1 RCT)

-

The mean
height 12
weeks post
intervention
in control
groups was
158 cm

2 cm lower height
(could be 4.29 lower
to 0.29 higher)

⨁⨁⨁◯
MODERATE1

Giving iodized oil to
iodine sufficient
adolescents may make
little or no difference to
height at 12 weeks’ post
intervention

Weight 12
weeks’ post
intervention
47 participants
(1 RCT)

-

The mean
weight 12
weeks post
intervention
in control
groups was
51.0 kg

1 kg lower weight
(could be 3.29 lower
to 1.29 higher)

⨁⨁⨁◯
MODERATE1

Giving iodized oil to
iodine sufficient
adolescents may make
little or no difference to
weight at 12 weeks’ post
intervention

BMI at 12
weeks’ post
intervention
47 participants
(1 RCT)

-

The mean
BMI at 12
weeks post
intervention
in control
groups was
20.4

0.1 higher BMI
(could be 0.74 lower
to 0.94 higher)

⨁⨁⨁◯
MODERATE1

Giving iodized oil to
iodine sufficient
adolescents may make
little or no difference to
BMI at 12 weeks’ post
intervention

The risk in the intervention group (and its 95% CI) is based on the assumed risk in the comparison group and
the relative effect of the intervention (and its 95% CI).
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Outcome
N participants
(studies)

Relative
effect
(95%
CI)

Illustrative comparative effect (95%
CI)
Without
iodized oil

Quality of
the evidence
(GRADE)

What happens

Without iodized oil

GRADE Working Group grades of evidence
High quality: We are very confident that the true effect lies close to that of the estimate of the effect
Moderate quality: We are moderately confident in the effect estimate: The true effect is likely to be close to
the estimate of the effect, but there is a possibility that it is substantially different
Low quality: Our confidence in the effect estimate is limited: The true effect may be substantially different
from the estimate of the effect
Very low quality: We have very little confidence in the effect estimate: The true effect is likely to be
substantially different from the estimate of effect
1

Downgraded by 1: unclear selection bias.

RCT: Randomized Controlled Trial
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Abstract

Background Acute excess iodine intake can damage the thyroid, but the effects of
chronic excess iodine intake are uncertain. Few data exist for pregnant and lactating
women, and infants exposed to excessive iodine intakes.
Methods This was a multicenter cross-sectional study. At study sites in rural Kenya
and urban Tanzania previously reporting iodine excess in children, we measured
urinary iodine concentration (UIC) and TSH, total T4 and thyroglobulin (Tg) in schoolage children (SAC), women of reproductive age (WRA), pregnant (PW) and lactating
women, and breastfeeding and weaning infants. In a national study in Djibouti, we
measured UIC in SAC and PW. At all sites, we estimated daily iodine intake based on
UIC, and measured iodine concentration in household salt and drinking water.
Results The total sample size was 4636; 1390, 2048 and 1198 subjects from Kenya,
Tanzania and Djibouti, respectively. In Kenya and Tanzania: 1) median UIC was well
above thresholds for adequate iodine nutrition in all groups and exceeded the
threshold for excess iodine intake in SAC; 2) iodine concentrations >40 mg iodine/kg
were found in ≈55% of household salt samples; 3) iodine concentrations ≥10 µg/L
were detected in 9% of drinking water samples; 4) Tg was elevated in all population
groups; but the prevalence of thyroid disorders was negligible, except that 5-12% of
WRA had subclinical hyperthyroidism, and 10-15% of PW were hypothyroxinemic. In
Djibouti: 1) median (IQR) UIC in SAC and PW was 335 µg/L (216, 493) and 265 µg/L
(168, 449); 2) only 1.6% of Djibouti salt samples (n=1200) were adequately iodized
(>15 mg/kg); 3) median (IQR) iodine concentration in drinking water was 92 µg/L (37,
158; n=77). In all countries, UIC was not significantly correlated with salt or water
iodine concentrations.
Conclusions Although iodine intakes were excessive and Tg concentrations were
elevated, there was little impact on thyroid function. Chronic excess iodine intakes
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thus appear to be well-tolerated by women, infants and children. However, such high
iodine intakes are unnecessary and should be avoided. Careful evaluation of
contributions from both iodized salt and groundwater iodine is recommended before
any review of iodization policy is considered.

Abbreviations
ATA, American Thyroid Association; BMIC, Breast Milk Iodine Concentration; BMI, Body Mass
Index; DBS, Dried Blood Spot ; DISED, Direction de la Statistique et les Études
Démographiques, (National Statistics and Demographic Studies Department of Djibouti);
HAZ, height-for-age-z-score; IIH, Iodine Induced Hyperthyroidism; MUAC, Mid-Upper Arm
Circumference; NIS; Sodium-Iodine Symporter; TFNC, Tanzania Food and Nutrition Centre;
Tg, Thyroglobulin, TSH, Thyroid Stimulating Hormone (thyrotropin); tT4, total thyroxine; UIC,
Urinary Iodine concentration; mUIC, median UIC; WAZ, weight-for-age-z-score; WHO, World
Health Organization; WLZ, weight-for-length-z-score.
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Introduction

Iodine is a constituent of thyroid hormone, and essential for normal growth and
development. Iodine intake and thyroid gland function have a U-shaped relationship,
i.e. both inadequate and excessive intakes may affect normal thyroid function and
increase the risk of morbidity (1-3). Optimal population iodine nutrition is defined as
a median urinary iodine concentration (UIC) of 100-299 µg/L for school-age children
(SAC) and 150-499 µg/L for pregnant women (PW) (4). Universal salt iodization (USI)
has had remarkable success worldwide, and although 112 out of 143 countries with
data in SAC report UIC within the optimal range, iodine intakes are excessive in 11
countries (5).
Excess iodine intakes may arise from consumption of excessive seaweed, dietary
supplements, or over-iodized salt (6-11). Recent data from Somalia (8), without a salt
iodization program in place, suggest iodine-rich groundwater may be another cause
of excess intakes. Distinct geographical pockets of naturally-occurring elevated water
iodine concentrations have been documented in a number of countries (6, 11-14).
Iodine intakes in excess of daily requirements are generally well tolerated by the
healthy thyroid (9, 15). However, both acute and chronic excessive iodine intakes have
been associated with thyroid disorders in susceptible individuals (9, 15, 16) but data
are scarce, particularly in vulnerable populations such as pregnant and lactating
women, and infants (9).
Thyroglobulin (Tg), the thyroid-specific glycoprotein on which iodine is stored and
thyroid hormone is formed, can be measured in serum or on dried blood spots (DBS)
and is a sensitive biomarker of iodine status (17-19). Tg is recommended in addition
to spot urine samples for UIC in population surveys of iodine status (4). Collection of
DBS-Tg is a field-friendly method (20) and DBS-Tg is a sensitive biomarker for
borderline excessive iodine intakes in school age children and pregnant women (2,
3).
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Our study aim was to assess the effects of a chronic exposure to iodine intakes above
recommended levels on Tg, thyroid function and subclinical and overt thyroid
disorders in women, infants and children. To do this, we selected two regions in Kenya
and Tanzania that previously reported high iodine intakes in SAC, and performed a
national survey in Djibouti, a country suspected to have iodine-rich groundwater due
to its location in Northeast Africa (11). Our hypothesis was that chronic excess iodine
intakes in these regions would cause an increase in thyroid disorders in the
population.
Materials and Methods
Kenya and Tanzania
Study design and study sites

We conducted a cross-sectional study of six population groups at sites in rural Eastern
Kenya (Kibwezi, Makueni County) and urban Tanzania (Kinondoni District, Dar es
Salaam) with previously documented iodine excess in school-age children (mUIC
>300 µg/L) (2, 21).
Kenya
Since its inception in 1970, salt iodization in Kenya has been remarkably successful,
with a 99.5% household coverage of iodized salt recorded in 2014 (22). In 2003-2004
the national median UIC in SAC was 118 µg/L (23), though intake was as high as 477
µg/L in Nairobi. In response, the government in 2010 reduced the recommended salt
iodine concentration from 100 mg/kg to 30-50 mg/kg (24). In 2011, the Kenyan
National Micronutrient Survey reported a national median (IQR) UIC of 208 µg/L (108,
333) in SAC; 30% had a UIC >300 µg/L (24), but intakes varied highly nationwide. A
study in the Kibwezi District recorded a median UIC 624 µg/L (437, 939) in SAC
(n=342) (21); 90% had a UIC >300 µg/L, and 21% had an elevated serum Tg (>40
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µg/L). Daily salt intake was estimated to be 4 g/child/day, and the mean iodine
content in household salt samples was 64 mg/kg (n =18), suggesting additional
dietary iodine contributions from another source. Limited data on groundwater iodine
concentrations in Kenya have generally recorded concentrations <10 µg/L (25, 26).
Tanzania
Salt iodization was introduced in Tanzania in 1995 (27) and mandated at 20-80 mg/kg
(28). In 2010, national coverage of iodized salt was 82% (29) but this dropped to 64%
in 2014 and coverage was uneven across the country (29). The 2010 national survey
reported a median UIC in WRA of 160 µg/L, but high intakes were observed in urban
areas (median UIC 375 µg/L) (30). In Kinondoni District of Dar es Salaam, median UIC
in SAC is 338 µg/L (range 6-1883) and geometric mean ± SD DBS-Tg is 17.6 µg/L ±
14.3 (2).
At both country sites, iodized salt was widely available and bouillon cubes or powder
made with iodized salt were used to flavor foods. Iodine-containing dietary
supplements are generally unavailable. Subsidized fortified maize meal (vitamin A,
thiamin, riboflavin, niacin, pyridoxine, folic acid, iron and zinc) and fortified cooking
oil (vitamin A) were staples in the diet.
Subjects

Following a standard protocol for both study sites, we recruited participants from six
different population groups: 1) school age children (6-12 y); 2) non-pregnant nonlactating women of reproductive age (18-44 y); 3) pregnant women (18-44 y); 4)
lactating women (18-44 y); 5) 0-6-month-old exclusively breastfed infants
(“breastfeeding infants”); 6) infants and children 7-24-months of age receiving both
breast milk and complementary foods (“weaning infants”). School age children and
women of reproductive age, and lactating women and breastfeeding infants were
recruited as pairs where possible.
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The inclusion criteria for all subjects were: 1) residence at the study site for ≥12
months; 2) apparently healthy and no reported treatment for chronic disease; 3) no
family or personal history of thyroid disease; 4) no exposure to iodine containing
contrast agent or medication within the last year (since birth if <12 months, except
for iodine disinfectant used at birth). Additional criteria for women and infants stated
that WRA should not currently be pregnant or be breastfeeding, and pregnant or
lactating women must have had a healthy, singleton pregnancy. Infants
(breastfeeding infants and weaning infants) must have been born at full term
(gestation of 38-42 weeks) from a singleton pregnancy, and not have a WLZ <-3 or
MUAC <115 mm (31). Any infant identified as such was excluded from the study and
referred for medical assistance. Pregnant women (PW) were recruited at all stages of
gestation; mean ±SD gestational age at enrolment was 27 ± 8.5 weeks for Kenyan
women and 25 ± 7.0 weeks in Tanzania (P=0.24). Sample sizes were greater for
trimesters two and three compared with the first trimester (Kenya: 8.4%, 31.3% 60.2%;
Tanzania: 5.3%, 53.4%, 41.2%; of total sample sizes for trimesters 1, 2 and 3
respectively).
As a population-based study with a cross-sectional sampling frame, we estimated the
number of subjects needed to establish the median urinary iodine concentration
around which the population varies according to Lemeshow et al. (32), and that
needed to estimate the proportion of school-age children with an elevated
thyroglobulin on dried blood spots (>40 µg/L), using the equation of Naing et al. (33).
Using previous data from Kinondoni, Tanzania (2), and allowing for a 15% margin for
participant withdrawal and loss to follow-up, we calculated a sample size of 300
participants per group per study site would allow us to estimate these outcomes with
a 90% confidence and 5% error.
Ethical approval was obtained from the Ethics Review Committee of the ETH Zürich
(Zurich, Switzerland), the National Institute for Medical Research in Tanzania and the
226

MANUSCRIPT TWO
Kenyatta University Ethics Review Committee in Kenya. Participants were recruited
following information sessions: in schools, parents of students in applicable class age
groups were invited to attend an information session; in participating health centers
and dispensaries, a similar session was held at the start of pre- or ante-natal clinics on
appropriate days. Participation was voluntary and written informed consent was
obtained from every participant at entry to the study (parent or legal guardian for
(breastfeeding infants and weaning infants; parent and child for participation of
school-age children). All collected data were anonymized before analysis. In Kenya,
we recruited participants from three health centers, one hospital and three schools in
the Kibwezi District, and in Tanzania, from four health dispensaries and five schools
in Kinondoni District.
Study procedures

The study was conducted between January and April 2016.
Anthropometrics
Upon entry to the study, anthropometric assessment of all participants was conducted
using standard methods (34). Participants were instructed to remove shoes where
applicable, empty pockets and wear light clothing. We measured bodyweight to the
nearest 0.1 kg using a Seca digital scale (Seca 874) or Seca baby scale (Seca 384)
calibrated with standard weights (Seca, Hamburg, Germany), length or height to the
nearest 0.1 cm using a pull-down measuring tape or UNICEF length board (UNICEF
Supply Division), and head circumference to the nearest 0.1 cm using a commercial
tape measure. Weight and height were measured for all participants, and head
circumference for infants and children. We calculated weight-for-age (WAZ) and
length or height-for-age (HAZ) Z-scores for infants and children based on the WHO
age- and sex-specific Child Growth Standards, available at (35), using Anthro and
AnthroPlus (version 3.2.2, World Health Organization, Geneva, Switzerland). We
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calculated BMI for women of reproductive age and lactating women by dividing the
weight (kg) by the square of the height (m2). At inclusion, we estimated weight-length
Z-scores (WLZ) using age- and gender-specific WHO growth charts (35) for all
breastfeeding infants and measured the mid-upper arm circumference (MUAC) of
weaning infants using an 6-60-month-old MUAC tape (UNICEF Supply Division).
Median Z-scores in included infants were otherwise all greater than the WHO cut-off
of <-2 to indicate low WAZ or HAZ (35).
Questionnaire
A questionnaire was administrated to all participants to ascertain general dietary
habits, including general consumption of native iodine-rich foods, knowledge and use
of iodized salt for both participant and household, use of dietary supplements and
cigarette smoking in women. Additional questions for breastfeeding infants and their
lactating mothers covered iodine exposure at birth and feeding practices, and for
weaning infants, weaning practices and complementary food intake, particularly
weaning foods fortified with iodine.
Spot urine sample
We collected a spot urine sample from all participants at any time of day except the
first morning void, to determine iodine status by UIC. School age children, women of
reproductive age, pregnant women and lactating women were given a plastic cup
and were asked to provide ~20 mL of fresh midstream urine. Where mother-child
pairs were sampled, samples were collected on the same day. Samples from
breastfeeding infants were collected using a pad collection system (Sterisets
Newcastle Urine Collection Pack, Sterisets International B.V., The Netherlands). The
pad was placed inside a disposable nappy and checked regularly until wet with urine
(but not soiled with feces), when it was then removed and > 3 mL urine expressed.
Mothers of weaning infants were invited to use the same system for their infants, or if
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preferred, supplied with a clean plastic cup, to collect approximately 20 mL
midstream urine. The urine samples were aliquoted (at least 1 mL per aliquot) into
three 2.0 mL Eppendorf tubes (Eppendorf, Germany) without filtration, transported
in a cool box from the place of the collection to the local storage freezer, transported
frozen to the laboratory and stored frozen at -20°C until analysis.
Estimated iodine intake
We estimated the daily iodine intake using UIC for each population group except for
lactating women (36), using average urine volumes of 1 L for school-age children, 1.5
L for women of reproductive age, 1.8 L for pregnant women (37) and 500 mL for both
infant groups (38). We set dietary iodine excretion at 90% (37).
Dried blood spots
Trained laboratory technicians collected finger prick samples from school age
children and women or heel prick samples from the infants onto dried blood spot
(DBS) filter paper collection cards (IDBS-226, Perkin Elmer, CT, USA). Blood spots
contained 50 µL of whole blood. After collection, cards were dried at room
temperature and placed in sealed plastic bags with a desiccant, and then stored
frozen at -20 °C until analysis. We measured DBS-Tg, DBS-TSH and DBS-total T4 (tT4)
to assess prevalence of thyroid dysfunction.
Breast milk
To assess breast milk iodine concentration (BMIC) and provide a complete
assessment of the iodine status of lactating women, we collected a breast milk sample
from lactating women enrolled in Kenya. A 10 mL foremilk sample was obtained by
manual expression into a plastic container (39). Breast milk samples were transported
cold from the place of collection, separated into aliquots, frozen at -20°C and shipped
frozen from the study sites to the ETH Zurich for analysis.
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Salt
A household salt sample for determination of iodine content was collected from
women of reproductive age-school-age children pairs enrolled in the study at both
sites. During pre-study information sessions held at the respective schools, parents
were requested to bring approximately 50 g of household salt to their visit in a clean
plastic container. The salt samples were stored tightly closed at room temperature
without drying until analysis.
Drinking water
In Kenya, we collected 20 mL of household water that was usually drunk and used for
culinary purposes. Women of reproductive age-school-age children pairs were asked
to bring a sample in a clean plastic container. The water samples were aliquoted into
three 2.0 mL Eppendorf tubes (Eppendorf, Germany) and frozen at -20°C until
analysis. Furthermore. we opportunistically sampled groundwater sources in Kenya in
a 25 km radius around the study site, including from bore holes, wells, springs, a local
river, and piped water outlets, reportedly fed from a natural source approximately 10
Km from the study site (Umani Springs, Chyulu Hills National Park), and treated with
chlorine disinfectants. (No samples could be taken directly from this source, uniquely
from the outlets.) We took water from each site in triplicate in 20 mL clean, iodinefree plastic containers, from which each sample was were aliquoted into three 2.0 mL
Eppendorf tubes (Eppendorf, Germany) without filtration, and frozen at -20°C until
analysis. Bore holes were pumped and allowed to run for a few minutes before
sampling to obtain fresh water. In Tanzania, we collected a drinking water sample
from a sub-set of 30 students per school (final n =114). Selection of these students
was made with the help of teachers, to permit collection of water from groundwater
sources in the immediate vicinity to the school. Samples were aliquoted as previously
described.
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Djibouti
Study design and study sites

The study in Djibouti was cross-sectional and nationally representative. Recruitment
was from five districts each from both within and outside of Djibouti City, respectively.
School-age children were selected from representative households each assigned an
identification number in the ten districts; pregnant women were recruited from health
center records, n =130 for Djibouti City (13 health centers) and n =100 for the rest of
the country (20 per district). Sampling and study design was in accordance with the
National Statistics and Demographic Studies Department of Djibouti (DISED:
Direction de la Statistique et les Études Démographiques).
Subjects

We recruited 985 school-age children aged 6-13 years and 213 pregnant women
aged 18-43 years in their second or third trimester.
Procedures

Samples were collected between November and December 2015. Sample collection
did not coincide with the rainy period, though the Republic of Djibouti is an arid
country with an annual rainfall of <200 mm (40) The study was conducted in
participation with the Nutrition Service of the Republic of Djibouti Ministry of Health,
Mother and Child Health Department, (Ministère de la Santé, Direction de la Santé
de la Mère et de l’Enfant (DSME), Service Nutrition), who granted approval for
conduct of the study, and DISED.
Spot urine sample
Following written informed consent, we collected a spot urine sample from all
participants at any time of day except the first morning void. Participants were asked
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to provide approximately 20 mL of fresh, midstream urine into a plastic cup. Samples
were aliquoted into three 2.0 mL Eppendorf tubes (Eppendorf, Germany) without
filtration, transported in a cool box from the place of the collection to the local storage
freezer, transported frozen to the laboratory and stored frozen at -20°C until analysis.
Salt
All subjects were requested to provide a sample of household salt to assess iodine
content. Participants were requested to bring approximately 50 g of household salt
to their visit in a clean plastic container. The salt samples were stored tightly closed
at room temperature, without drying, until analysis.
Drinking water
We collected 77 potable water samples from drinking water outlets in five regions
(Djibouti city-Arta, Obock, Tadjourah, Dikhil and Ali Sabieh) to assess iodine content.
Samples were representative of the nine potential types of drinking water in Djibouti.
We collected approximately 25 ml water from each source into clean plastic
containers, which was later aliquoted, unfiltered, into three 2.0 mL Eppendorf tubes
(Eppendorf, Germany) and frozen at -20°C until analysis. Bore holes were allowed to
run for a few minutes before sampling to obtain fresh water.
Laboratory analyses

All sample collection materials (urine, salt and water collection material, test tubes,
urine collection pads) were tested for iodine contamination (41).
Urinary iodine, salt iodine and water iodine concentrations
The Tanzania Food and Nutrition Centre (TFNC, Dar es Salaam, Tanzania) measured
iodine concentrations in urine and salt from Tanzania and Djibouti, using a modified
version of the Sandell-Kolthoff method (42), with an inter-assay variation of 18.3% for
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lower controls (41 ± 7.5 µg/L; n =28), 10.5% for mid-range controls (88 ± 9.2 µg/L; n
=28) and 7.7% for high controls (180 ± 14 µg/L; n =28). All other urine, salt and water
samples were measured at the Human Nutrition Laboratory (Institute of Food,
Nutrition and Health, ETH Zurich, Switzerland), using the same method, with an interassay variation for lower controls of 4.6% (67 ± 3 µg/L; n =71), and for high controls
3.2% (205 ± 7 µg/L; n =71). The same ETH Zurich laboratory-specific control material
was analyzed at the TFNC with an inter-assay variation of 9.2% for lower controls (62
± 6 µg/L; n =18) and 3.5% for high controls (190 ± 7 µg/L; n =18). Both laboratories
successfully participate in the Program to Ensure the Quality of Urinary Iodine
Procedures (U.S. Centers for Disease Control and Prevention, Atlanta, USA) including
its quarterly external validation.
A sub-set of water samples were externally validated by the Inorganic Geochemistry
laboratories at the British Geological Survey (Nottingham, England) by Inductively
Coupled Plasma Mass Spectrometry (ICP-MS, Agilent 8900), with high agreement
between methods (R=0.999, P<0.001).
Adequate iodine status in school-age children, women of reproductive age,
breastfeeding infants and weaning infants was defined as mUIC ≥100 µg/L (4). In
pregnant women, adequacy was set at ≥150 µg/L, and excess at ≥500 µg/L (4). In
school-age children, excessive iodine intake was defined as mUIC ≥300 µg/L; no such
threshold has been defined for non-pregnant adults or infants. UIC was not used to
determine iodine status in lactating women (36).
The salt iodine concentration was defined as low at <15 mg/kg, adequate at 15-40
mg/kg and high at >40 mg/kg (4); water with iodine ≥10 µg/L was considered as
iodine-concentrated (43).
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Thyroid function
We measured DBS-Tg at the Human Nutrition Laboratory of the ETH Zurich using a
DBS-Tg ELISA as described elsewhere (44). Serum control samples (Liquicheck Tumor
Marker Control, LOT.23911, 23912, 23913; Bio-Rad, Hercules, CA, USA) were used
as standards for the DBS Tg assays. In-house DBS samples were used for quality
control and the inter-assay variation for lower controls was 18.3% (25.8 ± 4.7 µg/L;
n=96), 12.0% at mid-range controls (51.7 ± 6.2 µg/L; n=96), and 12.7% for high
controls (72.0 ± 9.1 µg/L; n=31). Assay-specific reference ranges for DBS-Tg are 4-40
µg/L in SAC and 0.3-43.5 µg/L in PW with risk of an excessive intake in that population
defined as >3% of values lying above the upper threshold. No reference values for
this DBS-Tg assay have been defined for non-pregnant adults or infants.
We measured TSH and TT4 concentrations at the University Children's Hospital Zurich
(Swiss Newborn Screening Laboratory & Children’s Research Center, Zurich,
Switzerland) using an automated time-resolved fluoroimmunoassay method and a
Genetic Screening Processor (GSP) machine (2021-0010, PerkinElmer, Turku, Finland)
and related GSP Neonatal TSH/T4 kits (PerkinElmer, Turku, Finland). Kit-specific
controls were used for the analysis, with an intra-assay variability for TSH of 9.1% at
0.92 ± 0.08 mU/L (n=26) and 6.8% at 10.20 ± 0.69 mU/L (n=30) and for TT4 of 7.4%
at 49.5 ± 3.6 nmol/L (n=28), 14.0% at 106.2 ± 14.9 nmol/L (n=28) and 6.0% at 221.1
± 13.3 nmol/L (n=28). American Thyroid Association (ATA) recommended thresholds
(45-48) were used to adapt kit-specific laboratory reference ranges and applied to
estimate the prevalence of thyroid dysfunction in the study population. For infants,
school-age children and women of reproductive age, we used the following
thresholds: TSH: 0–7 days, 0.1–10.5 mU/L; 7–21 days, 0.1–5.3 mU/L; 21–60 days, 0.1–
5.0 mU/L; 60–155 days, 0.1–4.5 mU/L; ≥155 days, 0.1–3.7 mU/L; tT4 : 0–7 days, 114–
245 nmol/L; 7–21 days, 123–170 nmol/L; 21–60 days, 84–170 nmol/L; 60–155 days,
80–165 nmol/L; ≥155 days, 65–165 nmol/L). In the absence of reference ranges for
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lactating women, the adult reference range was used (0.1-3.7 mIU/L). We also applied
this reference range to pregnant women in the second and third trimesters. For
pregnant women in the first trimester, we lowered the upper limit of our DBS-TSH
assay by 18% to 3.0 mU/L, following the most recent ATA recommendations (48). For
DBS-tT4 in pregnant women in gestational weeks 1-6, we applied the assay specific
normal adult reference range 65-165 nmol/L, increasing the upper limit by 5% per
week from week 7 (48). From week 16, we multiplied the non-pregnant adult
reference range by 1.5 and used the resulting thresholds of 97.5-247.5 nmol/L
thereafter (48). Data were recorded as being either lower than or elevated over these
reference ranges. We then applied the following diagnostic criteria to our data to
estimate prevalence of thyroid dysfunction: subclinical hypothyroidism: elevated
DBS-TSH, normal DBS-tT4; overt hypothyroidism: elevated DBS-TSH and low DBStT4 or DBS-TSH >10 mU/L and normal tT4; subclinical hyperthyroidism: low DBS-TSH
and normal DBS-tT4; overt hyperthyroidism: low DBS-TSH and elevated DBS-tT4;
isolated hypothyroxinemia: normal DBS-TSH and low DBS-tT4.
Breast milk iodine concentration
We measured BMIC at the Human Nutrition Laboratory of the ETH Zurich by multicollector inductively coupled plasma mass spectrometry (MC-ICP-MS, Finnigan
NEPTUNE, Thermo Scientific, Waltham, MA, USA) with the use of isotope dilution
analysis with 129I and Tellurium for mass bias correction (39). Samples were prepared
with the use of tetramethylammonium hydroxide (Tama, Kawasaki, Japan) for iodine
extraction at 90 °C for 180 min. Whole-milk powder standard reference material (NIST
SRM1549a Whole Milk Powder; National Institute of Standards and Technology,
Gaithersburg, MD, USA) was used as an external control. The mean ± SD iodine
concentration of the standard reference material (n=6) was 3427 ± 80 µg/kg (CV: 2%),
which is in agreement with the certified acceptable range (3040-3640 µg/kg).
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Statistical analyses

Statistical analyses were performed using Microsoft Excel 2011 (Microsoft
Corporation) and IBM SPSS Statistics Version 23 (IBM Company, Armonk, NY, USA).
UIC and DBS-Tg were the co-primary outcomes and TSH and tT4 on DBS secondary
outcomes. Data normality was assessed using Kolmogorov-Smirnov and Shapiro-Wilk
tests, a skewness of <1 and visually using Q-Q and P-P plots; non-normal data were
log-transformed where possible. Outlying data were checked for validity and
corrected where possible or removed where there were obvious typographical errors
(such as 200 cm height) which could not be resolved. Otherwise, no outliers were
removed. Unless specified, all normally-distributed data are described as mean ± SD,
and non-parametric data as median (IQR). Data were bootstrapped (n=1,000) where
applicable to obtain robust confidence intervals.
We assessed group differences between continuous non-parametric variables using
the Kruskall-Wallis test with Bonferroni correction, and by one-way ANOVA with
Bonferroni correction for data able to be appropriately log-transformed. Spearman’s
rho was used to test non-parametric associations with ordinal data. The association
between UIC and other secondary outcome parameters was assessed using
regression analyses on log data with relevant covariates. Group differences for
prevalence were compared using the chi-square test, followed by the z test to check
for significant differences between the individual values, applying Bonferroni
correction. We undertook separate subgroup analyses in pregnant women, based on
gestational week: pregnant women who enrolled at 1) 20 weeks’ gestation or less
(n=42 in Kenya and n=104 in Tanzania), corresponding to the time before which the
fetal thyroid is not capable of iodine organification, and at 2) 36 weeks’ gestation or
less (n=116 in Kenya and n=300 in Tanzania).
In Djibouti, we assessed the association between water iodine concentration and UIC
where both water iodine concentration and UIC were available. To further model
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influences on UIC in addition to potential effects of water consumption, we estimated
the distance from the coast for each location as a proxy for the potential influence of
seafood consumption on iodine intake, and investigated the potential influence of
main bedrock type per location on the corresponding iodine content of the water
source, applicable to traditional and drilled wells only. Rock types were taken from
the Global Lithological Map (GLiM) v1.0 (University of Hamburg, Germany) (49). We
also evaluated the trends between water source and iodine concentration at each
location.
Significance was set at P<0.05.
Results

Kenya and Tanzania
We sampled 3446 participants from rural Kenya (n=1390) and urban Tanzania
(n=2048). Three infants in Kenya were excluded because of severe acute malnutrition.
General characteristics of all participants at inclusion are shown in Table 1. HAZ and
WAZ in school-age children were lower at the rural site in Kenya compared to the
urban site in Tanzania (P=0.014 and P<0.0001 respectively). BMI of non-pregnant
women was also lower at the rural site compared to the urban site (P<0.0001).
Salt iodine and water iodine concentration
The self-reported household iodized salt use was 71% in Kenya and 84% in Tanzania
(P=0.91). The measured median (IQR) salt iodine concentration in Kenya was 43
mg/kg (32, 54; n=195) and 44 mg/kg (35, 53; n=274) in Tanzania (P=0.91): 44% (total
n=195) of salt samples in Kenya and 32% (total n=274) in Tanzania were adequately
iodized (15-40 mg/kg). Two samples from Tanzania contained no iodine (<5 mg/kg).
From the remaining samples, 0.5% of samples in Kenya and 2% in Tanzania were
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below recommended levels (<15 mg/kg); 55% and 56% of the samples contained
>40 mg/kg respectively.
Urinary iodine, estimated iodine intake, and breast milk iodine concentrations
The median UIC (mUIC) was well above the thresholds for adequate iodine nutrition
in all population groups and exceeded the threshold for excess iodine intake (≥300
µg/L) in school-age children, but not in pregnant women (Figure 1). Estimated iodine
intakes are described in Table 2. The UIC of the school-age children or women of
reproductive age was not significantly correlated with salt iodine concentration or
with the household or collected water iodine concentrations, in any country.
The mUIC (IQR) in lactating women was 245 µg/L (279, 886) in Kenya and 192 µg/L
(120, 297) in Tanzania (P=0.003), significantly lower than the mUIC in women of
reproductive age for both study sites (P<0.001; Figure 1). The median BMIC (IQR) for
lactating women in Kenya was 240 µg/L (173, 347; n =126), and positively correlated
with their UIC as well as the UIC of their breastfed infants, respectively (P<0.01).
Thyroid function
In school-age children in Kenya, median (IQR) DBS-Tg was 37 µg/L (25, 53), and in
Tanzania, 32 µg/L (22, 45) (P=0.001): 46% and 31% of children had elevated DBS-Tg
concentrations respectively (Table 2). The prevalence of elevated DBS-Tg
concentrations in pregnant women was approximately half that of school-age
children: 20% in Kenya and 16% in Tanzania (Table 2). Gestational week was
negatively correlated with UIC in Kenyan women (P<0.05) and positively correlated
with DBS-Tg in Kenya (P<0.05) and Tanzania (P<0.01). Median DBS-Tg were >50 µg/L
in both breastfeeding infants and weaning infants in both countries.
In Kenya, household water brought by school-age children-women of reproductive
age pairs (n=177) was generally low in iodine: 47% of samples measured 0 µg/L; yet
238

MANUSCRIPT TWO
14% of samples measured over >10 µg/L, and one sample from a natural spring
measured 2943 µg/L (a possible contamination). The mean ± SD iodine concentration
in these samples was 20 ± 221 µg/L, and the median (IQR) 1 µg/L (0, 4). Samples
originated from harvested rain water (n=1), bore holes (n =1), river water (n =5), wells
(n =1), springs (n =23), and piped water outlets (n =146). In Tanzania, household water
samples (n =114) collected from subsets of students from each of the four schools
ranged from 0 to 596 µg/L. The mean ± SD iodine concentration from Tanzania was
24 ± 78 µg/L; the median (IQR) 4 µg/L (0, 11). There was no difference in the water
iodine concentration between the Tanzanian water samples and the Kenyan
household water samples from Kenya (P=0.179, excluding the potentially
contaminated sample). The iodine concentration in the Kenya ground water samples
ranged from 3 µg/L to 717 µg/L, with mean ± SD water iodine concentration of 228
± 159 µg/L in the bore holes (n =23), 224 µg/L in the wells (n =2), 20 ± 2 µg/L in the
springs (n =4), 107 µg/L in the river (n =1), and 7 ± 3 µg/L (n =4) in water from piped
outlets (Supplemental Table 1).
The median (IQR) thyroid hormone concentration (DBS-TSH, DBS-tT4) and the
prevalence of subclinical and clinical thyroid disorders are presented by country and
population group in Table 3. The prevalence of subclinical and overt hypothyroidism
and hyperthyroidism was low in all population groups, except for subclinical
hyperthyroidism in women of reproductive age (5% in Kenya and 12% in Tanzania;
P<0.05), and hypothyroxinemia in pregnant (10% in Kenya and 15% in Tanzania
P>0.05). The prevalence of hypothyroxinemia increased with trimester in both
countries (P>0.05).
DBS-Tg was correlated with DBS-TSH for school-age children (P<0.0001) and
pregnant women (P=0.001) in Kenya, and for school-age children (P=0.001), pregnant
women (P<0.001), breastfeeding infants (P=0.002) and weaning infants (P=0.002) in
Tanzania. DBS-Tg was correlated with DBS-tT4 in women of reproductive age
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(P<0.001), pregnant women (P=0.009) and lactating women (P=0.036) in Kenya, and
women of reproductive age (P=0.027) and lactating women (P=0.049) in Tanzania.
There were no differences between prevalence of thyroid function disorders with
gestational age at 20 weeks, nor between women <36 weeks’ gestation and those
approaching term.
Djibouti
In Djibouti, we included a total of 1198 subjects; 985 school-age children and 213
pregnant women, from 17 towns, villages and settlements across the country.
Salt and water iodine concentration
Only 1.6% of all samples were adequately iodized (15-40 mg/kg). We detected iodine
(≥5 mg/kg) in only 9% of all household salt samples (n =1,200). Of these, 82%
contained <15 mg/kg and the median (IQR) of the iodine-containing samples was 10
mg/kg (6, 13; n =104).
We collected 77 water samples from 21 water outlets, including traditional and drilled
wells, public fountains and government-managed pipes, in the same locations, and
additional locations, across the country. The median (IQR) water iodine concentration
was 92 µg/L (37, 158); the highest concentration was 647 µg/L. There were no
significant differences between water from different types of water source, bedrock
type or distance from the sea.
Urinary iodine concentration and estimated iodine intake
The median UIC suggests excessive iodine intake in school-age children [median
(IQR) UIC 335 µg/L (216, 493)], but was within the normal range in pregnant women
[median (IQR) UIC 265 µg/L (168, 449); Table 2]. The mUIC for school-age children
and pregnant women was significantly lower than the mUIC in both Kenya and
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Tanzania (P<0.001). The estimated iodine intakes were 301 µg/day and 357 µg /day
in school-age children and pregnant women, respectively (Table 2).
There were no significant correlations between water iodine concentration and UIC
in either group. Similarly, there were no significant trends between UIC and distance
from the coast or rock type.
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SAC

n

± 3.9

11.0b

± 1.5

3.3d

± 5.6

24.9d

± 5.8

25.3b

± 6.4

33

± 1.7

8.5b

(y / mo)a

Age

55

43

-

-

-

49

% Male

(43.8, 46.2)

45.1e

(39.1, 42.2)

41.0g

-

-

-

(49.8, 52.1)

51

(cm)

Head circ.

(67.9, 74.9)

70.6

(56.2, 63.5)

60.0c

(153.9, 161.5)

158.7b

(154.0, 161.9)

157.9b

(152.5, 161.9)

156.6b

(115.3, 128.5)

122.2c

(cm)

Height /
Length

(7.5, 9.3)

8.3

(5.4, 7.2)

6.2d

(49.7, 63.2)

55.9b

(52.9, 67.5)

59.8b

(49.0, 66.8)

56.7b

(18.5, 24.1)

20.9d

(kg)

Weight

-

-

(20.0, 25.7)

22.5g

-

(19.7, 27.1)

23.1g

-

BMI

(-1.4, 0.2)

-0.7

(-0.5, 0.9)

0.0f

-

-

-

(-2.0, -0.8)

-1.4g

WAZ

(-1.8, 0.0)

-0.8e

(-112, 0.3)

-0.4

-

-

-

(-1.8, -0.5)

-1.1e

HAZ
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Table 1: General characteristics by study site and population group

242

Kinond
oni
District,
Tanzania

355

329

BFI

WI

337

PW

370

329

WRA

LW

328

SAC

n

± 3.5

10.4

± 1.2

2.4

± 5.3

27.1

± 6.0

26.8

± 6.2

33.8

± 1.8

8.7

(y / mo)a

Age

55

46

-

-

-

46

% Male

(43.5, 46.0)

44.6

(38.0, 41.2)

39.5

-

-

-

(50.0, 52.0)

51

(cm)

Head circ.

(68.1, 74.0)

71

(55.7, 61.2)

58.3

(152.2, 160.1)

156.1

(152.2, 160.8)

156.4

(152.4, 160.0)

156

(118.3, 132.9)

124.7

(cm)

Height /
Length

(7.5, 9.3)

8.4

(5.0, 6.6)

5.8

(53.1, 69.0)

61

(56.5, 73.1)

63.4

(55.1, 76.4)

65.6

(20.5, 28.5)

23.8

(kg)

Weight

-

-

(21.9, 28.3)

24.9

-

(22.8,30.9)

26.7

-

BMI

(-1.7, 0.2)

-0.8

(-0.8, 0.6)

-0.1

-

-

-

(-1.6, -0.3)

-0.8

WAZ

(-1.7, 0.0)

-0.8

(-0.8, 0.6)

-0.1

-

-

-

(-1.7, -0.2)

-0.9

HAZ
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Table 1: General characteristics by study site and population group
Values are mean ± SD or median (IQR). aAge given is in months for BFI and WI. Differences
between countries are indicated by superscript letters:

b

P <0.05;

c

P<0.001;

d

P<0.0001

(paired independent samples t-test, for normal or log-transformed-normal data); e P<0.05;

f

P<0.001; g P<0.0001 (Kruskall-Wallis test with Bonferroni correction for non-parametric data).
Abbreviations: BFI: breastfeeding infant; circ.: circumference; HAZ: height-age Z-score; LW:
lactating women; PW: pregnant women; mo: months; SAC: school-age children; WI: weaning
infant; y: years; WAZ: weight-age Z-score; WRA: women of reproductive age
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Figure 1: Urinary iodine concentration (µg/L), by study site and population group

Error bars denote 95% CI based on 1,000 bootstrapped samples. Population iodine
sufficiency and excess in school-age children are defined by a median urinary iodine
concentration of ≥100 µg/L and ≥300 µg/L, respectively; and in pregnant women, of ≥150
µg/L and ≥500 µg/L, respectively (4). Differences within population groups between countries
are as follows (Kruskall-Wallis test with Bonferroni correction): school-age children, KenyaTanzania P=0.010, Kenya-Djibouti P<0.001, Tanzania-Djibouti P<0.001; women of
reproductive age, P<0.001; pregnant women, Kenya-Tanzania P=0.005, Kenya-Djibouti
P=0.026, Tanzania-Djibouti P<0.001; lactating women, P=0.003, breastfeeding infants,
P=0.185; weaning infants, P=0.009. Median (IQR) breastmilk iodine concentration for
lactating women in Kenya: 240 µg/L (173, 347; n =126).
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Table 2: Median UIC, estimated iodine intake and median DBS-Tg, by study site and
population group
na

Kibwezi

Kinondoni

n

DBS-Tg (µg/L)

%
Elevated
DBS-Tg

284

424c
(294, 598)

382

253

37.4d
(25.0, 53.0)

46.2

WRA

293

289e
(173, 458)

390

213

26.6e
(18.9, 39.8)

-

PW

162

337 c
(198, 505)

546

149

28.1
(19.3, 41.3)

20.1

LW

146

245 c
(279, 886)

NA

147

21.5
(15.0, 31.1)

-

BFI

110

546
(323, 940)

246

142

51.1c
(37.8, 64.2)

-

WI

250

602c
(348, 1205)

271

312

56.1c
(43.4, 74.5)

-

SAC

317

520
(329, 760)

468

310

32.1
(21.7, 44.8)

31

WRA

298

473
(321, 689)

639

321

18.1
(12.1, 28.8)

-

PW

330

422
(270, 609)

684

335

25.9
(18.1, 36.3)

16.1

LW

363

192
(120, 297)

NA

366

19.2
(13.9, 27.5)

-

BFI

208

515
(279, 886)

232

341

59.4
(39.8, 81.7)

-

WI

240

528
(255, 952)

238

236

52.2
(35.7, 77.4)

-

SAC

985

334
(126, 493)

301

213

264
(168, 449)

357

District,
Tanzania

Estimated
median iodine
intake
(µg/day)

SAC

District,
Kenya

UIC
(µg/L)

Djibouti
PW

NA
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Table 2: Median UIC, estimated iodine intake and median DBS-Tg, by study site and
population group
Data are expressed as median (IQR). aDisparity in sample numbers is due to inability to give
sample, inadequate sample, sample loss or sample deterioration. bElevated UIC defined as
>300 µg/L in SAC and >500 µg/L in PW (5); elevated DBS-Tg >40 µg/L in SAC and 43.5 µg/L
in PW (2, 29). No thresholds have been defined for other groups.
Differences between groups are indicated by superscript letters:

c

P<0.05;

d

P <0.001;

e

P<0.0001 (paired independent samples t-test, for normal or log-transformed-normal data).
Daily iodine intakes are estimated using UIC for each population group (except for lactating
women) using average urine volumes of 1 L for school-age children, 1.5 L for women of
reproductive age, 1.8 L for pregnant women (60) and 500 mL for both infant groups (61).
Iodine excretion was set at 90% (60).
Abbreviations: BFI: breastfeeding infant; DBS: dried blood spot; LW: lactating women; NA:
not measured; PW: pregnant women; SAC: school-age children; Tg: thyroglobulin; UIC:
urinary iodine concentration; WI: weaning infant; WRA: women of reproductive age
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Kibwezi
District,
Kenya

252

213

149

147

142

312

Kenya

WRA

PW

LW

BFI

WI

n

(69.0, 101.0)
125.6a
(102.2,142.3)
118.1
(96.7, 135.7)

1.1b
(0.8, 1.5)
1.1c
(0.9, 1.5)

142.4

0.8

(0.8, 1.4)

(79.3,105.4)

(0.6, 1.2

86.3a

91.9c

0.8c

1.0a

(87.7, 125.4)

(1.1, 2.0)

(111.3,165.2)

103.1a

1.5c

(0.6, 1.1)

DBS-tT4
(nmol/L)

DBS-TSH
(mU/L)

0.5

0

0.0e

0.6

0.3e

1.4e,f

Subclinical
hypothyroidism
(%)

0

0

1.3e

0

0.3e,f

0.3e,f

Overt
hypothyroidism
(%)

0.6

0

0.7e

0.6

4.7f

0.0f

Subclinical
hyperthyroidism
(%)

0

0

0.0e

0.6

0.3e,f

0.0e,f

Overt
hyperthyroidism
(%)

-

-

-

10.2d

5.7e

4.8e,f

Isolated
hypothyroxinemia
(%)
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Table 3: TSH, total thyroxine concentrations and prevalence of thyroid function

disorders, by study site and population group
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Kinondoni
District,
Tanzania

310

321

335

365

339

227

SAC

WRA

PW

LW

BFI

WI

n

(64.0, 95.9)
112.6
(96.5, 138.7)
119
(98.7, 141.6)

1
(0.7, 1.3)
0.9
(0.7, 1.2)

132.7

0.8

(0.6, 1.2)

(73.0, 101.9)

(0.5, 1.0)

78

86.4

0.7

0.9

(81.0, 119.7)

(0.9, 1.4)

(109.8, 161.3)

102.2

1.1

(0.6, 1.0)

DBS-tT4
(nmol/L)

DBS-TSH
(mU/L)

0.3

0.0e,f,g

0

0.3e,f

0.9e,f,g

0.6e,f

Subclinical
hypothyroidism
(%)

0.3

1.1g

0.8

0.0e,f

0.3g

0.6e,f

Overt
hypothyroidism
(%)

1.5

0.0f

2.7

0.3f

11.9f

0.6f

Subclinical
hyperthyroidism
(%)

0

0.0e,f,g

0.5

0.0e,f

0.0e,f,g

0.0e,f

Overt
hyperthyroidism
(%)

-

-

-

14.8d,e

10.3e,g

10.7e,f

Isolated
hypothyroxinemia
(%)
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Table 3: TSH, total thyroxine concentrations and prevalence of thyroid function disorders, by
study site and population group
Data are expressed as median (IQR) and % prevalence. Differences between groups are
indicated by superscript letters: a P <0.05; b P <0.001; c P<0.0001 (paired independent
samples t-test, for normal or log-transformed-normal data); d denotes an increase in
prevalence of subclinical hypothyroxinemia with trimester (P<0.05; chi-square test based on
1,000 bootstrapped samples); superscript letters e, f & g denote subsets of thyroid
dysfunction group categories whose proportions are not significantly different at P<0.05; no
superscript letter per population group line indicates no difference between thyroid
dysfunction group categories for that population group.
Abbreviations: BFI: breastfeeding infant; DBS: dried blood spot; LW: lactating women; PW:
pregnant women; mo: months; SAC: school-age children; Tg: thyroglobulin; TSH: thyroid
stimulating hormone; tT4: total thyroxine; WI: weaning infant; y: years; WRA: women of
reproductive age
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Discussion

Our results suggest an iodine intake level well above requirements in all population
groups at the study sites in Kenya, Tanzania and nationally in Djibouti, with the
median UIC in school-age children exceeding the WHO threshold for iodine excess
of 300 μg/L (4) at each study site.
Iodine deficiency was historically endemic in Kenya and Tanzania, but both countries
have now had USI programs in place for more than 20 years. Salt iodine
concentrations measured in this study suggest high coverage of iodized salt in both
study sites, but more than half of the salt samples were over-iodized (>40 mg/kg).
The overall salt iodine concentrations were comparable between the two countries,
but the UIC in school-age children, women of reproductive age and pregnant women
were consistently higher in Tanzania than Kenya (P<0.001), possibly a reflection of
high salt consumption in Tanzania (50), although salt intakes were not measured in
this study. Moreover, we observed high ground water iodine concentrations in all
three study sites, and show, for the first time in these countries, that naturally
occurring high water iodine concentrations may also be a major contributor to the
overall iodine intake, particularly in Djibouti, and must be considered in national
iodine deficiency prevention programs. In 2017, after the completion of this study,
Djibouti inaugurated a new water pipeline from Ethiopia to provide the arid country
with a guaranteed water supply (51) and iodine intakes may concurrently fall.
We observed elevated thyroglobulin concentrations in all population groups in Kenya
and Tanzania. Thyroglobulin has been shown, both in vitro and in vivo, to be a potent
regulator of thyroid function at high iodine intakes (52), including suppressed
expression of the basolateral sodium-iodine symporter (53) and its counterpart on the
apical membrane, pendrin, (52). Megalin, an endocytic transporter protein binds
colloidal thyroglobulin with a high affinity and facilitates its transcytosis through the
thyrocyte, avoiding lysosomal degradation and allowing release into the circulation
251

MANUSCRIPT TWO
(54). This mechanism may regulate and prevent the liberation of excessive thyroid
hormone under changes in iodine intake and may explain why, in the current
populations, thyroglobulin is elevated yet we observe little thyroid hormone
fluctuation. The thyroglobulin concentrations were correlated with TSH in most
groups, yet TSH remained within normal ranges. TSH is the central regulator of
thyroid function, and controls the synthesis of thyroglobulin on the thyrocyte
endoplasmic reticulum and its secretion onto the colloidal surface where iodination
takes place (53). An elevated thyroglobulin seen in response to increasing iodine
intake yet coupled with normal TSH suggests that, in addition to TSH, thyroglobulin
may contribute to thyroidal adaptation under extremes of iodine intake and may play
a regulatory role in thyroid function. Previous studies suggest thyroglobulin is a
sensitive marker of iodine status (1-3, 14, 17, 19); our data support these findings also
at excessive iodine intakes.
We did not observe an increased prevalence of thyroid disorders, except for women
of reproductive age who were affected by a 5% and 12% prevalence of subclinical
hyperthyroidism in Kenya and Tanzania respectively, and isolated maternal
hypothyroxinemia ranging from 10-15% in pregnant women (Table 3). We defined
subclinical hyperthyroidism by a low TSH concomitant with a tT4 within the reference
range, following ATA guidelines (45-48). In the US National Health and Nutrition
Examination Survey (NHANES), 1.8% of participants had a TSH <0.4 mU/L, however
split racially the proportions were significantly uneven: 4% of black people compared
to 1.4% of white people had a low TSH (P<0.01), suggesting that racial differences
may have a different set-point for normal thyroid function (55). Low TSH
concentrations might return to normal spontaneously, but generally about half of all
cases with subclinical hyperthyroidism may have an increased risk to develop overt
hyperthyroidism over time (56). Hyperthyroidism has been previously observed
following iodine repletion in iodine-deficient individuals, and iodine-induced
hyperthyroidism (IIH) is a recognized effect following the initiation of salt iodization
252

MANUSCRIPT TWO
(57-59). In such areas, WHO recommends a lowered threshold for iodine excess
equivalent to a median UIC 200 µg/L in SAC (4). In our study populations, acute IIH
is unlikely due to the high naturally-occurring water iodine concentrations and the
longevity of the USI programs in both countries.
Excess iodine intake has also been associated with subclinical and overt
hypothyroidism following acute iodine excess or in individuals with autoimmune
thyroiditis exposed to chronic high iodine intakes (9, 16), but this association is not
confirmed by our data. A possible explanation may be preservation of thyroid
function due to the markedly elevated thyroglobulin promoting the adaptive
mechanisms, as discussed above.
Pregnant women and their developing fetus may be vulnerable to iodine in excess (4,
37, 60-62), though the implications of iodine excess during pregnancy are poorly
understood and data are conflicting. Maternal hormone supply is critical for fetal
development, particularly in the first and second trimesters (63). Supply must cover
maternal and fetal needs throughout gestation. The fetal thyroid is formed at
gestational week 12, organification possible after week 16-20 (64), and, perhaps most
importantly here, the Wolff-Chaikoff effect is not functional until week 36 (65). Despite
high iodine intakes, pregnant women in our study were overall euthyroid, except for
maternal hypothyroxinemia (10% and 15% prevalence in Kenya and Tanzania
respectively), which was positively correlated with trimester (P<0.05). Thyroglobulin
was similarly positively correlated with gestational age, suggesting increased thyroid
activity, possibly affecting the T4 excretion. Hypothyroxinemia during pregnancy has
been linked with adverse birth outcomes including preterm delivery (66) and possibly
irreversible low childhood IQ (67-70). Our finding is in agreement with a recent
Chinese study reporting an almost three-fold increased risk of hypothyroxinemia in
pregnant women with UIC ≥500 µg/L than women with lower intakes (n =7,190,
P<0.05) (3). Iron deficiency, prevalent in both Kenya and Tanzania (24, 29), is another
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risk factor for hypothyroxinemia (69). In infants, the estimated iodine intake exceeded
the tolerable upper limits of 200 µg/day (37), and the thyroglobulin concentration was
markedly elevated. Although infants may be particularly vulnerable to excessive
iodine intakes (7, 65, 71), no thyroid dysfunction was observed in our study,
suggesting that the infant thyroid may adapt to high iodine intakes when chronic.
However, the long-term consequences of thyroidal stress during infancy are
uncertain, and our results conflict with findings elsewhere (10, 72, 73). Long-term
follow-up of infants exposed to excessive iodine intakes for long periods is required.
A strength of this study is its comprehensive assessment of iodine and thyroid status
in a large sample of six life-stage groups using standardized methods. We estimated
iodine intakes using dietary excretion assessed by spot urine samples and an
estimated fixed urine volume. We did not measure creatinine and did not correct for
hydration status. Despite the large overall sample size of this study, recruitment was
slower than expected in Kenya, and we could not reach the desired number of
pregnant women, lactating women and breastfeeding infants within the recruitment
period. Other reasons for a lower sample size in these groups include withdrawal
following consent. A limitation of our study is that we did not include older adults,
who are considered at highest risk for subclinical or overt thyroid disease (16). Also,
we did not measure anti-thyroid antibodies. Positive titers of thyroid antibodies have
been identified as a risk factor for the development of morbidity in geneticallysusceptible individuals with increasing iodine intake (16, 74). Though our
questionnaire surveyed general dietary intake of native iodine-rich and iodinefortified foods, processed or pre-prepared foods containing iodized salt, knowledge
and use of iodized salt, and source of household water, we could not use it to quantify
dietary intake from dietary sources. Bouillon containing iodized salt was widely
available, but its potential contribution together with iodized salt (75) was not
measured.
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In conclusion, we observed chronic excess iodine intake in three study sites in Eastern
Africa. Although Tg concentrations were elevated in all studied population groups,
thyroid dysfunction was rare. Our data confirm that populations can generally adapt
well to high intakes of iodine, and our findings are important because we examined
potentially vulnerable population groups early in the life cycle. High iodine intakes in
these areas likely arise from a combination of salt iodine concentrations above
recommended levels, excessive salt consumption, and groundwater that is high in
iodine. Enforcement of salt iodine standards combined with regular monitoring of
iodine status is critical to ensure optimal iodine intakes. Monitoring and surveillance
should be based primarily on UIC in conjunction with measuring salt iodine
concentrations. Where intakes are elevated and salt found to be over-iodized,
excessive salt iodine concentrations should be adjusted and adapted with respect to
the current average daily salt intake and the national salt iodization standard. Drinking
water should be considered as a potential route of dietary iodine where intakes
greatly exceed those expected from iodized salt.
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Supplemental Table: Water iodine concentrations of groundwater sources in a 25km radius
of the Kibwezi study site, Kenya
Type of source

Described use

Iodine concentration (µg/L)

Bore hole

Unknown

717

Bore hole

Drinking

466

Bore hole

Drinking

399

Bore hole

Unknown

373

Bore hole

Drinking

340

Bore hole

Drinking

331

Bore hole

Crops, animals, cooking; not directly potable

303

Bore hole

Crops, animals, cooking, not directly potable

251

Bore hole

Drinking

251

Bore hole

Drinking

248

Bore hole

Drinking

223

Bore hole

Crops, animals, cooking; not directly potable

188

Bore hole

Drinking

179

Bore hole

Drinking

135

Bore hole

Drinking

130

Bore hole

Drinking

116

Bore hole

Drinking

111

Bore hole

Crops, animals, cooking; not directly potable

101

Bore hole

Drinking

89

Bore hole

Drinking

80

Bore hole

Drinking

75

Bore hole

Drinking

73

Bore hole

Drinking

65

Well

Drinking

323

Well

Drinking

124

River

Drinking

107

Spring

Unknown

22

Spring

Drinking

20

Spring

Drinking

18

Spring

Unknown

16

Piped, from spring*

Drinking

11

Piped, from spring*

Drinking

6

Piped, from spring*

Drinking

4

Piped, from spring

Drinking

3

*Samples reported to originate at Umani Springs, Chyulu Hills, however this could not be
verified
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Supplementary material
Iodine in Groundwater (Not submitted for publication)

Results from Manuscript Two suggest that water contributes to elevated intakes in
communities at our study sites, Kibwezi, Kinondoni, and The Republic of Djibouti. An
in-depth review of the inorganic environmental geochemistry of iodine in relation to
its impact on groundwater and relation to population exposure is beyond the scope
of the present thesis. However, the fundamental concepts and their importance to
our results merit a brief discussion and are presented herewith.
Our water samples were collected opportunistically from water sources used by local
populations, and included drilled manual and electric bore holes, wells, springs, rivers
and water available via tap outlets, treated and piped from a nearby large natural
spring.
Most work on iodine environmental
Table S1: Iodine content in igneous and
sedimentary rock types
Rock type

Mean iodine content
(mg/kg)

geochemistry considers soil iodine
content (reviewed in detail in 1, 2).
The iodine content of various soils is
determined primarily by the iodine

Igneous rocks
Granite

0.25

All over intrusives

0.22

Basalts

0.22

All other volcanics

0.24

iodine that can be fixed by the

Volcanic glasses

0.52

various fractions in a soil and is a

fixation potential of the soil, which is
defined as “the total amount of

characteristic of a soil in a given

Sedimentary rocks
Sandstones

0.8

environment” (2). This depends on

Limestones

2.3

several factors, including the acid-

Shales

2.3

Organic-rich shales

16.7

Reproduced from (3)

alkali balance in the soil and the soil
components. Leaching of iodine by
rainwater has often cited as being
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responsible for poor iodine intakes in local populations; this is likely due to the
removal of soil fractions that trap iodine. Similarly, soils in mountainous regions often
cited as being poor in iodine due to wash-off by rainwater, are usually thin and with
a high component of coarse rock fragments which have a poor iodine fixation
potential when compared to organic-rich soils which are found on lower, or more
protected ground (3). These factors will influence iodine in surface water sources, such
as rivers, streams and lakes.
Though the weathering of bedrock provides little iodine itself, the bedrock type
governs the type of soil formed, and in this way bedrock can exert a strong influence
over the iodine fixation potential of soil. For instance, bedrock containing carbonate,
e.g. limestone, generally favours an alkaline or neutral overlay soil pH that has an
elevated iodine concentration. The iodine content of common rock types, including
limestone, is listed in Table S1.
Returning to iodine in potable groundwater sources, possibly the most important
factors to record are geographical coordinates and the depth of the source from
which the water is taken. Just as underlying bedrock can influence soil iodine content,
underlying bedrock strata define the mineral content of the water coming from or
passing through that strata. This is illustrated schematically in Figure 1. Here, bore
holes dug in slightly different locations or to different depths may hit a different rock
layer and therefore have a different mineral content. Location is also important: for
instance, coastal bedrock is most likely to be sedimented marine matter, containing
higher levels of iodine. Indeed, mean iodine content of organic-rich, shale sediment
rock is 16.7 mg/kg (1, 3).
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Figure S1: Schematic representation of the influence of bore hole location and depth on
water composition

A

B

Different bedrock strata are represented by different patterns.
Bore hole A: Here, a bore hole dug in this location can reach a different bedrock strata
depending on the depth of the drill, thus impacting on the water composition.
Bore hole B: Here, the water composition from nearby bore holes will be different due to the
underlying bedrock strata, despite an equal drill depth.
Figure: author’s own

Figure S2 demonstrates the importance of this factor in real terms. Rock type and
related aquafer productivity is indicated by variations in colour (see legend). The
underlying rock type will influence the overall mineral content of the water.
Furthermore, some coastal aquafers are affected by saline contamination (Dar es
Salaam, Tanzania; Mombasa, Kenya), particularly if the water source is over-exploited
[4]. Much of the population of Tanzania and Kenya, rely on groundwater for domestic
and industrial use, and boreholes, either privately-owned or communal, drilled or
hand-dug, supply the rural population in both countries (4-6).
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The aquafers serving Kibwezi are generally basement and volcanic. Though low to
moderate water yield is indicated form these aquafers, it is of note that volcanic rock
is rich in iron, which has a high iodine fixation potential (1). In Dar es Salaam, the
influencing aquafers are unconsolidated, or sedimentary, and likely influenced by
compression of marine matter and thus rich in iodine. Much of Djibouti is igneous,
possibly explaining, in conjunction with the costal location, the rich iodine obtained
across almost the whole country.
Aside from the factor of location and water source depth, sampling water for
analytical analysis, e.g. mineral content or water quality assessment, is rigorous and
highly controlled. The following qualities should be measured during sample
collection: pH, dissolved oxygen, redox potential, alkalinity, temperature, and specific
electrical conductance (8). Before laboratory assessment, samples should be filtered
at 0.45 µm. Assessment for iodine is by ICP-MS (8).
Review of the current results
We can make no definitive statements about water iodine concentration in the
present work, since our study was not designed to collect or measure iodine in water
samples to a high degree of precision. We did not plan the equipment or expertise
required into the study protocol or budget, nor were we able to obtain information
about bore hole depth. A strength in our study was that we could obtain our samples
easily and conduct their analysis using an adaptation of the Sandell-Kolthoff reaction
with high correlation using ICP-MS (British Geological Survey, Nottingham, England).
In summary, we recorded elevated groundwater concentrations in Kenya, Tanzania
and the Republic of Djibouti. Though our findings are limited by methodology, they
provide a preliminary overview of the situation, and we hope they provide impetus
for further work. Mapping iodine in water systems may have public health merit. The
example of Djibouti provides evidence that groundwater iodine may be influential
against iodine deficiency in some communities, and further information on this
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phenomenon may facilitate targeted public health strategies, possibly improving
both performance and efficiency.

Figure S2: Simplified hydrogeology showing the type and productivity of the main
aquafers of A) Tanzania and Kenya, and B) Djibouti, with approximate locations of
sample collection or study sites

Range of collected groundwater iodine concentrations, Kibwezi area: 0-2943 µg/L
Range of collected groundwater iodine concentrations, Kinondoni area: 0-596 µg/L

Groundwater iodine concentrations; Djibouti:
Water iodine concentrationµg/L
Traditional wells

Drilled well (with
pump)

Well without pump

Arta Beach

-

-

124

Arta city

-

152

-

Assamo

84

-

360

Dikhil city

-

166

84

Djibouti city

-

-

30

Doudoub Boloé

-

363

-

Gour'obbous

25

-

-

Obock city

317

87

115

Tadjourah city

146

-

30

-

159

93

Location

Yoboki
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Represent sampling locations

A

Kenya

Kibwezi

Tanzania

Dar es Salaam

B
Djibouti
Obock

Tadjourah

Djibouti City
Yoboki

Arta
Doudoube Boloé

Gour’obbous
Dikhil City

Assamo
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Map legends
Kenya Aquafers

Tanzania and Djibouti Aquafers

Reproduced (permissions granted) with adaptations from The Africa Groundwater Atlas (6):
Kenya (5), Tanzania (4), Djibouti (7). Acknowledgement to The Africa Groundwater Atlas.
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THYROGLOBULIN IS MARKEDLY ELEVATED IN 6-24-MONTH-OLD
INFANTS AT BOTH LOW AND HIGH IODINE INTAKES AND SUGGESTS A
NARROW OPTIMAL IODINE INTAKE RANGE

Jessica Farebrother1, Michael Zimmermann1,2, Vincent Assey2,3, Mary Christine
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Abstract

Background In areas of incomplete salt iodization coverage, infants and children aged
6-24-months weaning from breastmilk and receiving complementary foods are at risk
of iodine deficiency. However, few data exist on the risk of excessive iodine intakes
in this age group. Thyroglobulin (Tg) is a sensitive marker of iodine intake in schoolage children and adults and may be used to estimate the optimal iodine intake range
in infancy.
Objective To assess the association of low and high iodine intakes with Tg and thyroid
function in weaning infants.
Methods This multicenter cross-sectional study recruited infants aged 6-24-months
(n=1,543; mean age 12.2 ± 4.6 months) receiving breastmilk with complementary
foods, from seven countries in areas with previously documented deficient, sufficient
or excessive iodine intakes in schoolchildren or pregnant women. We measured
urinary iodine concentration (UIC) and thyroglobulin (Tg), total T4 and TSH on dried
blood spots (DBS).
Results Median (IQR) UIC ranged from 48 µg/L (31, 79 µg/L) to 552 µg/L (272, 987
µg/L) across the study sites. Median DBS-Tg was high (>50 µg/L) at estimated habitual
iodine intakes <50 µg/day and >230 µg/day. Prevalence of overt thyroid disorders
was low (<3%), yet we observed subclinical hyperthyroidism in the countries with the
lowest iodine intake.
Conclusions Tg is a sensitive biomarker of iodine intake in 6-24-month-old infants and
follows a U-shaped relationship with iodine intake, suggesting a relatively narrow
optimal intake range. Infants with low iodine intakes may be at an increased risk of
subclinical thyroid dysfunction. In population monitoring of iodine deficiency or
excess, assessment of iodine status using UIC and Tg may be valuable in this young
age group.
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Abbreviations
BMIC, Breast Milk Iodine Concentration; DBS, Dried Blood Spot; HAZ, height-for-age-zscore; MUAC, Mid-Upper Arm Circumference; Tg, Thyroglobulin, TSH, Thyroid Stimulating
Hormone (thyrotropin); tT4, total thyroxine; UIC, Urinary Iodine concentration; mUIC, median
UIC; USI, Universal Salt Iodisation, WAZ, weight-for-age-z-score; WHO, World Health
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Introduction

Universal salt iodization (USI) is the most effective means to assure optimal population
iodine status (1-3). In countries where USI is well implemented, iodine requirements
of young infants are covered through breast milk (4), but USI may not meet dietary
requirements in later infancy, as infants transition from breastmilk to solid food (5).
Home-prepared complementary foods are generally low in native iodine (6). Pediatric
guidelines recommend no extra salt be given to infants during the first year and that
cow’s milk should not be introduced as a drink before the age of 12-mo (7). The
dietary sources of iodine for this age group may thus be limited.
The weaning period begins at about 4-6-mo of age, and covers the latter part of the
first 1,000 days of life, which are the most important for both growth and cognitive
development (8, 9). Thyroid hormone synthesis rate is high and consequently the
iodine requirement is increased (10, 11). Our group has previously shown that
weaning infants are at risk of iodine deficiency (12) and may be vulnerable to thyroid
dysfunction with chronic excess iodine intakes (13). Yet, data reporting on iodine
intakes in this age group are sparse (14, 15). Thyroglobulin (Tg) has proved to be a
reliable biomarker of iodine intake and is recommended by WHO to complement
urinary iodine concentration (UIC) measured in spot urine samples in population
surveys (2). A U-shaped association between iodine intake and thyroid function has
been demonstrated for school-age children and pregnant women (16-18). Population
thresholds for UIC reflecting optimal iodine nutrition have been established in these
groups (2). WHO applies the same lower UIC threshold for 6-24-mo infants as for
school-age children, but the evidence for this recommendation is weak. Considering
the high dietary iodine requirements per kg body weight at this age (19, 20) and the
low urine volume (0.5 L) (21), the UIC thresholds reflecting adequate iodine intake
compared to older children may be higher.
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We hypothesized that thyroid function follows the same U-shaped association in 624-mo infants as observed in other population groups, and that this association may
be used to estimate the optimal intake range. Our data will inform and guide
recommendations on iodine content in complementary foods in this age group.
Subjects and Methods

Subjects
All infants were apparently healthy, aged between 6 and 24 months, resident at the
respective study site for >12 months (or since birth), and consuming both breast milk
and complementary foods at inclusion. Various terminology exists for infants during
this phase of dietary transition; for the purposes of this article we will hereafter refer
to 6-24-mo-old infants receiving both complementary foods and breast milk as
“weaning infants”.
We recruited weaning infants in seven countries from areas with previously
documented deficient, sufficient or excessive iodine intakes. The study sites were
purposefully selected based on UIC in school-age children or pregnant women
populations for whom intake thresholds are established, and are not considered
representative of national status in any country. Sites were as follows [location,
median UIC, population]: 1) Amizmiz, Morocco: 32 µg/L (n=245 pregnant women
(22)); 2) West Kiang, Lower River Region, The Gambia: 50 µg/L, (n=203 school-age
children) (R Wegmuller & M Andersson; unpublished data, 2013); 3) Dipolog City,
Zamboanga del Norte, The Philippines: 68 µg/L (n=342 school-age children (23)); 4)
Linfen, Shanxi Province, China: 201 µg/L (n=388 school-age children (4)); 5) Zagreb,
Croatia: 205 µg/L (n=159 school-age children (24)); 6) Kinondoni, Dar-es-Salaam,
Tanzania: 520 µg/L (n=317, school-age children (25)); 7) Kibwezi, Makindu County,
Kenya: 424 µg/L (n=284, school-age children (25)).
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The study design was cross-sectional with convenience sampling. Allowing for a 15%
margin for subject withdrawal, we aimed to enroll 300 participants per group per
study site, to determine the median UIC per group with a 90% confidence and 5%
error (26). The same sample size and precision was estimated as sufficient to also
assess Tg as a co-primary outcome, based on proportions of subjects of school-age
with an elevated Tg >40 µg/L (since Tg thresholds are not defined in 6-24-mo infants)
(27).
We finally recruited n=232 in Morocco, n=95 in The Gambia, n=105 in The Philippines,
n=324 in China, n=38 in Croatia, n=275 in Tanzania, and n=320 eligible infants in
Kenya. In Croatia, the desired sample size could not be reached within the set
recruitment period; these data and the data from China are part of a larger study (4),
as are those from Tanzania and Kenya (25). The sites in The Gambia and The
Philippines were pilot studies for a randomized controlled trial that was withdrawn
after the pilot phase (Trial Identification NCT02421653). Sample sizes for these pilot
studies were set at n=100.
Ethical approval was obtained from the Ethics Review Committee of the ETH Zürich
(Zurich, Switzerland), and the corresponding local institution in each host country.
Data were collected between 2015 and 2017.
Methods
Following inclusion, we administered a questionnaire in the local language to each
parent or guardian to assess weaning practices, exposure of the weaning infant to
iodine from iodized salt, fortified complementary foods and native iodine-containing
foods, and household use of iodized salt. Anthropometric assessment was conducted
in duplicate using standard methods (28). We measured bodyweight to the nearest
0.1 kg using a Seca baby scale (Seca 384, Seca, Hamburg, Germany) and length to
the nearest 0.1 cm using an UNICEF length board (UNICEF Supply Division) or Seca
279

MANUSCRIPT THREE
foldable height board (Seca, Hamburg, Germany). These measurements were not
taken in China or Croatia. We calculated weight-for-length (WLZ), weight-for-age
(WAZ) and length-for-age (HAZ) Z-scores based on the WHO age- and sex-specific
Child Growth Standards, available at (29), using the Anthro software (Version 3.2.2,
World Health Organization, Geneva, Switzerland). We excluded n=3 infants from The
Gambia and n=2 from Kenya with a WLZ <-3 or mid upper arm circumference (MUAC)
<115 mm (30), who were referred for medical assistance per study protocol.
Otherwise median Z-scores were greater than the WHO cut-off of <-2 to indicate low
WAZ or HAZ (29).
We collected spot urine samples to determine population iodine status by UIC.
Samples were collected at any time of the day except the first morning void, into a
clean plastic cup or for infants using nappies, using a pad collection system (Sterisets
Newcastle Urine Collection Pack, Sterisets International B.V., The Netherlands) (31) .
Samples were aliquoted into three 2.0 ml Eppendorf tubes (Eppendorf, Germany),
and stored at -20°C until analysis. On the same day, trained laboratory technicians or
nurses collected finger or heel prick dried blood spot (DBS) samples onto filter paper
collection cards (IDBS-226, Perkin Elmer, CT, USA), which were dried at room
temperature, sealed in plastic bags with a desiccant and stored frozen at -20 °C until
analysis. Blood spots contained 50 µL of whole blood. We measured DBS-Tg, DBSthyrotropin (TSH) and DBS-total thyroxine (tT4), used to assess thyroid function and
prevalence of dysfunction.
Laboratory analyses

All sample collection materials were tested for iodine contamination (31). All analytical
procedures were validated using external control samples and certified standard
reference materials where available.
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Urinary iodine concentrations
UIC were measured in the corresponding country or at the Laboratory of Human
Nutrition of the ETH Zürich (Zürich, Switzerland), using a modified version of the
Sandell-Kolthoff method (32). Each participating laboratory participates in and
successfully fulfills the quarterly external validation requirements of the Program to
Ensure the Quality of Urinary Iodine Procedures (U.S. Centers for Disease Control and
Prevention, Atlanta, USA). The inter-assay variation determined at the Laboratory of
Human Nutrition, ETH Zurich (Zurich, Switzerland) was 4.6% at 67 ± 3 µg/L for lower
urine control samples and 3.2% at 205 ± 7 µg/L for higher urine control samples.
Dried blood spot samples
We measured DBS-Tg at the Human Nutrition Laboratory of the ETH Zurich using a
DBS-Tg enzyme-linked immunosorbent assay as previously described (33). Serum
control samples (Liquicheck Tumor Marker Control, LOT.23911, 23912, 23913; BioRad, Hercules, CA, USA) were used as standards for the DBS Tg assays. In-house DBS
samples were used for quality control; the intra-assay variation was 18.3% at 25.8 ±
4.7 µg/L (n=96), 11.8% at 51.7 ± 6.2 µg/L (n=96), and 12.7% at 72.0 ± 9.1 µg/L (n=31).
At the time of writing, no current reference range has been defined for DBS-Tg in
weaning infants.
We measured DBS-TSH and DBS-tT4 concentrations at the University Children's
Hospital Zurich (Swiss Newborn Screening Laboratory & Children’s Research Center,
Zurich, Switzerland) using an automated time-resolved fluoroimmunoassay method
and a Genetic Screening Processor (GSP) machine (2021-0010, PerkinElmer, Turku,
Finland) and related GSP Neonatal TSH/T4 kits (PerkinElmer, Turku, Finland). Kitspecific controls were used for the analysis, with an intra-assay variability for TSH of
9.1% at 0.92 ± 0.08 mU/L (n=26) and 6.8% at 10.20 ± 0.69 mU/L (n=30) and for tT4
of 7.4% at 49.5 ± 3.6 nmol/L (n=28), 14.0% at 106.2 ± 14.9 nmol/L (n=28) and 6.0%
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at 221.1 ± 13.3 nmol/L (n=28). We applied kit specific reference ranges to our data:
DBS-TSH, 0.4-4.0 mU/L, and DBS-tT4, 65-165 nmol/L. Data were recorded as being
under or over these thresholds, and used to estimate prevalence of thyroid
dysfunction in our study populations, defined as: subclinical hypothyroidism: elevated
DBS-TSH, normal DBS-tT4; overt hypothyroidism: elevated DBS-TSH, low DBS-tT4 or
DBS-TSH >10 mU/L, normal tT4; subclinical hyperthyroidism: low DBS-TSH (0.1-0.4
mU/L), normal DBS-tT4; subclinical hyperthyroidism with suppressed TSH: low DBSTSH (<0.1 mU/L), normal DBS-tT4; borderline overt hyperthyroidism: TSH 0.4 mU/L,
normal DBS-TT4; overt hyperthyroidism: low DBS-TSH (0.1-0.4 mU/L), elevated DBStT4; overt hyperthyroidism with suppressed TSH: low DBS-TSH (<0.1 mU/L), elevated
DBS-tT4.
Statistical analyses

Statistical analyses were performed using Microsoft Excel 2011 (Microsoft
Corporation) and IBM SPSS Statistics Version 23 (IBM Company, Armonk, NY, USA).
UIC was the primary outcome parameter and DBS-Tg, -TSH and –tT4, and prevalence
of thyroid function disorders were secondary outcomes. Further outcomes included
information gathered from questionnaires.
Data normality was assessed using Kolmogorov-Smirnov and Shapiro-Wilk tests, a
skewness of <1 and visually using Q-Q and P-P plots; non-normal data were logtransformed. For variables with outcomes <1 (DBS-Tg, DBS-TSH), we added 1 to all
values before transformation. DBS-Tg values <0.91 µg/L, the limit of detection of the
assay (33), were suppressed. No other outliers were removed. All normally-distributed
data are described as mean ± SD, and skewed data as median (IQR), unless otherwise
described. Skewed data were bootstrapped to obtain robust confidence intervals.
We estimated the daily iodine intake using UIC assuming an average urine volume of
0.5 L (21) and an iodine excretion rate of 87% of total daily iodine intake per child
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(19). We assessed group differences using one-way ANOVA for normally-distributed
data with Games-Howell post-hoc tests for groups with unequal sizes, or, for skewed
data, the Kruskall-Wallis test with pairwise post-hoc analysis. Continuous variables
were correlated using the Pearson correlation coefficient (r) for normal or logtransformed normal data, or Kendall’s tau-b (tb) for correlations involving skewed data.
Group differences for prevalence were compared using the chi-square test, followed
by the z test to check for significant differences between individual values (Bonferroni
correction). We illustrate the association between DBS-Tg and UIC per study site, by
a second-order polynomial trend line added to show best fit, and by a Loess
smoothed line (with 75% of points to fit) for these variables plotted as continuous
data.
Significance was set at p<0.05.
Results

We recruited a total sample of 1,543 eligible infants, with a mean age of 12.2 ± 4.6
months. The general characteristics of infants per country are given in Table 1.
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UIC , µg/L

WAZ2

HAZ

2

WLZ2

9.4 ± 1.6

Weight3, kg

(-0.6, 0.9)

0.2

(-1.6, 2.7)

232

232

(-2.0, -0.7)

-1.5a

(-1.8, -0.5)

-1.2a,b

-0.8a,c

-1.2a

8.1a ±1.0

72.6a ± 4.0

3a (1-8)

54.7a

(-1.8, -0.3)

232

232

232

232

232

(10.3, 14.9)

(-0.1, 1.8)

0.7

72.4 a ± 6.1

2a (1-6)

47.4a

232

12.6a

10.9a,c

(8.5, 25.3)

(26.7, 77.3)

220

(13.6, 34.4)

42.6

20.8

97.9a

Soma,
Gambia

(61.3, 177.6)

220

n

(31.3, 79.0)

47.9

Length3, cm

No. children in
family2

Male2, %

Age , mo

2

Estimated iodine
intake3, µg/24h

2

Amizmiz,
Morocco

93

93

93

95

95

95

95

95

93

93

n

(-2.0, -0.7)

-1.3a

(-2.1, -0.5)

-1.4b

(-1.5, -0.4)

-0.9a

7.9a ± 1.0

71.0a ± 3.9

2a (1-9)

54.3a

(9.0, 14.0)

11.0a,b

(40.0, 115.5)

66.1

(92.0, 266)

152.0a,b

Dipolog City,
Philippines

105

105

105

105

105

105

105

105

105

105

n

NA

NA

NA

NA

NA

NA

NA

(11.0, 21.0)

15

(51.4, 147.8)

89.4

(118.3,339.8)

205.5b,c

Linfen,
China

-

-

-

-

-

-

-

324

300

300

n

NA

NA

NA

NA

NA

NA

NA

(7.0, 11.0)

9.0c

(37.8, 162.5)

96.6

(87.0, 373.5)

222.0a,c

Zagreb,
Croatia

-

-

-

-

-

-

-

38

33

33

n

(-1.3, 0.4)

-0.4b

(-1.3, 0.3)

-0.5c

(-1.0, 0.7)

-0.3b

8.5b ± 1.5

71.4a ± 4.9

2a (1-6)

55.6a

(8.0, 13.0)

9.0b,c

(118.3, 429.4)

240

(272.0, 987.1)

551.8d

Kinondoni,
Tanzania

273

273

273

274

274

161

275

275

204

204

n

(-1.4, 0.4)

-0.5b

(-1.6, 0.3)

-0.5c

(-1.0, 0.6)

-0.2b

8.5b ± 1.4

71.4a ± 5.0

2a (1-6)

53.1a

(7.9, 13.4)

10.3b,c

(144.8, 494.3)

233.3

(332.8,1136.3)

536.4d

Kibwezi,
Kenya

317

317

317

319

319

189

320

320

202

202

n

<0.001

<0.001

<0.001

<0.001

0.779

<0.05

0.428

<0.001

<0.001

<0.001

p
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Table 1: Subject characteristics, per study site1
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<6

85.6a

Infant food
is salted
(infants
<12
months)4

29.3a

87.9a

Infant food
is salted
(all
infants)4

8.2a

53.2a

Household
uses
iodized
salt4

NA

Dipolog City,
Philippines

-

n

NA

Linfen,
China

-

n

NA

Zagreb,
Croatia

-

n

Kinondoni,
Tanzania

225

125

232

231

59.8a

92.5a

92.6a

44.2a,b

92

40

95

95

20.6a

90.7a

94.3a

84.8c

102

54

105

105

NA

82.5a,b

92.3a

NA

-

97

324

-

NA

50b

52.6b

NA

-

16

19

-

70.8a

93.9a

94.9a

59.9b

9.5a

55.6b

-

n

72.7a

NA

Soma,
Gambia

34.9b

231

n

19.0a

Infant
feeding
from family
table4

Age mo
first
6 mo
wean
food4
>7
mo

Amizmiz,
Morocco

219

179

274

274

275

n

74.1a

86.5a

89.3a

17.6a,b

5.9a

68.4a,b

25.6a,b

Kibwezi,
Kenya

320

207

319

318

320

n

p

n.s

<0.05

<0.05

<0.05

<0.05
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No.
times
infant
ate
solid
food
over
last
24h4

No.
times
infant
breas
tfed
over
last
24h4

232

232

232

16.4a

3.9a

4.3a

5

≥6

232

5.6a

0

4

214

82.7a

≥6

232

214

4.2a

5

37.5a,b

214

7.0a

4

3

214

2.3a

3

232

214

2.3a

1-2

32.3a

214

1.4a

0

1-2

n

Amizmiz,
Morocco

3.2a,b

3.2a,b

21.1a

44.2b,c

28.4a

0.0a,b

89.4a

5.3a,b

3.2a,b

2.1a

0.0a

0.0a

Soma,
Gambia

95

95

95

95

95

95

94

94

94

94

94

94

n

NA

NA

Dipolog City,
Philippines

n

NA

NA

Linfen,
China

-

-

n

NA

NA

Zagreb,
Croatia

-

-

n

0.7b

8.7a,b

20.4a

55.3c

14.5b

0.4b

80.7a

11.3b

4.7a,b

2.2a

0.7a

0.4a

Kinondoni,
Tanzania

275

275

275

275

275

275

275

275

275

275

275

275

n

15.1c

11.3b

23.9a

27.7a

19.5b

2.5a,b

77.7a

2.5a

1.9b

15.0b

2.5a

0.3a

Kibwezi,
Kenya

318

318

318

318

318

318

319

319

319

319

319

319

n

p

<0.05

<0.05

n.s.

<0.05

<0.05

<0.05

n.s.

<0.05

<0.05

<0.05

n.s.

n.s.
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Table 1: Subject characteristics, per study site1
1

Data are median (IQR) or mean ± SD. Significance was set at p<0.05. Abbreviations: n: total

sample size per measurement; NA: data were not taken in this country or not applicable; n.s.:
not significant. Data were compared by;

2

Kruskall-Wallis test with pairwise post-hoc

comparisons; one-way ANOVA with Games-Howell post-hoc tests; 4Pearson Chi-square with
3

Bonferroni post-hoc tests. Outcomes with the same superscript letters are not significantly
different (p>0.05). p corresponds to the overall significance for that outcome. Daily iodine
intake is estimated using UIC, a urine volume of 0.5 L (21) and iodine excretion rate of 87%
(19).
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Figure 1A: Association between UIC (µg/L) and DBS-Tg (µg/L) across the 7 study sites
A

Error bars are 95% CI around the DBS-Tg medians, based on 1,000 bootstrapped samples.
The association between DBS-Tg and UIC is illustrated by a second-order polynomial trend
line added to show best fit, with the formula y=0.0006x2 – 0.3955x + 80.613. Countries from
left to right (n indicates DBS-Tg sample size): Amizmiz, Morocco n=228; Soma, The Gambia
n=92; Dipolog City, The Philippines n=53; Linfen, China n=127; Zagreb, Croatia n=26;
Kinondoni, Tanzania n=199; Kibwezi, Kenya n=294.
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Figure 1B: Association between UIC (µg/L) and DBS-Tg (µg/L) as continuous data
B

Scatterplot of individual values of DBS-Tg versus UIC in n=1,019 infants, presented on a log
scale for UIC and with a Loess smoothed line (to fit 75% of points) to show best fit, with the
formula y=53.92 + 3.72E-4 * x.
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Urinary iodine concentration, estimated iodine intake and weaning practices
We recruited infants with a range of different iodine intakes in this study; median UIC
ranged from 48 µg/L (IQR 31, 79 µg/L) in Morocco to 552 µg/L (IQR 272, 987 µg/L)
in Kenya (p<0.001; Table 1). The corresponding estimated iodine intakes ranged from
21 µg/day (IQR 14, 34 µg/day) to 233 µg/day (IQR 145, 494 µg/day), assuming an
iodine excretion rate of 87% (19) and urine volume of 0.5 L (21). UIC correlated
negatively with infant age in China (tb =-0.148; p<0.001) but not elsewhere.
The main source of dietary iodine was likely breastmilk: in countries with data most
infants were breastfed >6 times/day (Table 1). However, UIC was not associated with
breastfeeding or complementary food intake. In Kenya and Tanzania, 94% and 74%
of infants, respectively, received a cereal-based porridge (maize, wheat, cassava); in
Morocco, 36% of infants received Smida (semolina bread) and 33% fruits and/or
vegetable-based foods (data from Morocco, Tanzania and Kenya only), as first
weaning foods. In Morocco and Kenya, 26% and 21% of infants received dairy foods
(cow or goat milk, yoghurt or fromage frais) as first weaning foods. Over half of all
families added salt to infant foods; use was equally high for infants under 12 months
as for older infants, except in Croatia (Table 1). There were no differences in UIC
between infants who were reported to consume food from the family table, or not, or
between households who reported use of iodized salt, or not.
Thyroid function
Median DBS-Tg, DBS-TSH and DBS-tT4 are presented in Table 2. DBS-Tg was highest
at study sites with the lowest and highest median UIC (p<0.001), respectively,
indicating an U-shaped association (Table 2, Figures 1A and 1B). DBS-TSH and DBStT4 differed across study sites (p<0.001), and correlated with UIC (tb=0.15; p<0.01;
tb=0.05; p<0.05, respectively) in the overall sample, however the associations lost
significance when tested per study site. Similarly, DBS-TSH and DBS-tT4 were
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correlated with DBS-Tg (tb=0.07; p=0.001; tb=0.09; p<0.001, respectively) in the
overall sample. Per study site, significant correlations were observed between DBSTSH and DBS-Tg for the Philippines (tb=0.20; p=0.047) and Tanzania (tb=0.17;
p=0.001), and DBS-tT4 and DBS-Tg for the Philippines (tb=0.35; p<0.001) and Kenya
(tb=0.08; p=0.045).
In the overall sample, DBS-Tg showed a negative correlation with infant age (tb=0.05; p=0.018), though a correlation at study site level was only seen in Morocco,
where the association was positive (tb=0.10; p=0.023). No association was observed
in any of the other study sites. There were no differences in median DBS-Tg with
breastfeeding, intake of solid foods, or reported household iodized salt use, except
for Tanzania where DBS-Tg was higher in infants whose household reported using
iodized salt (p=0.005).
Prevalence of thyroid disorders was overall low, except for subclinical hyperthyroidism
with median DBS-TSH between 0.1-0.4 mU/L, which was highest in Morocco (p<0.05)
(Table 2). There were no infants with a suppressed TSH (<0.1 mU/L).
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231

231

231

231

0.0a

10.4a

0.4a

1.7a

Overt hypo
thyroidism3
%

Subclinical
hyper
thyroidism3,4
%

Overt hyper
thyroidism3,4
%
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thyroidism
(TSH=0.4)3
%

0.0a

1.1a

4.2a,b,c,d

0.0a

0.0a

231

0.0a

98.6

(0.4, 0.8)

0.6b,c

(41.6, 71.7)

52.3a,c
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hypo
thyroidism3
%

231

232

228

Soma,
Gambia

(85.9, 119.8)

118.2a

(0.5, 1.0)

0.7a

(43.0, 84.2)

62.0a

n

(97.6, 138.1)

DBS-tT42
nmol/L

DBS-TSH2
mU/L

DBS-Tg2
µg/L

Amizmiz,
Morocco

95

95

95

95

95

95

95

92

n

0.0a

0.0a

7.7a,d

1.9a

0.0a

(61.0, 99.4)

76.3b

(0.4, 0.8)

0.6a,b,c

(19.3, 41.6)

30.6b

Dipolog City,
Philippines

104

104

104

104

104

105

104

53

n

0.0a

0.0a

0.3c

0.0a

0.3a

(105.0, 142.3)

125.0a

(0.8, 1.5)

1.1d

(15.6, 48.3)

27.3b

Linfen,
China

316

316

316

316

316

318

317

127

n

0.0a

0.0a

6.5a,b,d

0.0a

0.0a

(55.0, 101.0)

77.0b

(04, 0.8)

0.5c

(8.8, 34.7)

23.7b

Zagreb,
Croatia

31

31

31

31

31

31

31

26

n

0.0a

0.0a

1.7b,c,d

0.0a

0.0a

(101.5, 144.5)

125.8a

(0.7, 1.3)

0.9

(35.3, 74.3)

50.1c,d

Kinondoni,
Tanzania

235

235

235

235

235

243

239

199

n

0.0a

0.0a

0.6b,c

0.0a

0.6a

(97.9, 136.6)

118.6a

(0.9, 1.5)

1.1d

(43.4, 74.6)

56.1a,d

Kibwezi,
Kenya

p

317 n.s.

317 n.s.

317 <0.05

317 n.s.

317 n.s.

317 <0.001

317 <0.001

294 <0.001

n
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Table 2: Thyroid function and associated disorders, per study site1
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Table 2: Thyroid function and associated disorders, per study site
1

Data are median (IQR), or % of n. Significance was set at p<0.05. Abbreviations: n: total

sample size per measurement; n.s.: not significant. Data are compared by 2Kruskall-Wallis test
with pairwise post-hoc comparisons; 3Pearson Chi-square with Bonferroni post-hoc tests;
outcomes with the same superscript letters are not significantly different (p>0.05). p
corresponds to the overall significance for that outcome.

4

Subclinical and overt

hyperthyroidism with TSH 0.1-0.3 mU/L; no infant had a suppressed TSH <0.1 mU/L.
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Discussion

To our knowledge, this is the first study to report iodine status and thyroid function
in 6-24-mo weaning infants across a broad spectrum of iodine intakes.
We observed the same U-shaped association between UIC and Tg concentrations as
documented in other population groups (16-18). However, in this age group
compared to older children and adults, the optimal iodine intake range appears
narrow. Median Tg was high (>50 µg/L) at estimated average habitual iodine intakes
<50 µg/day and at intakes >230 µg/day, whereas in other population groups, the
thyroid appears to maintain normal activity over a broader range of iodine intakes (16,
17). The dietary iodine requirement for 6-24-mo old infants is poorly defined. The
Institute of Medicine of the US National Academy of Sciences recommends an
adequate intake (AI) of 130 µg/d and an upper level of 200 µg/d (20). WHO
recommended nutrient intake (RNI) stipulates 90 µg iodine/d from birth until 59
months (2). Though our study was not designed to define the optimal iodine intake,
the data presented suggest that the median UIC threshold of 100 µg/L defining
adequate iodine nutrition in this group may be too low: the Tg concentration was
markedly elevated in populations with an habitual iodine intake equivalent to this UIC.
The results suggest that the median UIC range reflecting optimal iodine nutrition in
young infants may be higher than for older children. Further studies with the aim to
establish the dietary requirements and the optimal median UIC range to define
adequate population iodine nutrition are warranted.
Tg is widely recognized to be an effective biomarker of iodine status (17, 34-36), and
we show that this also applies to 6-24-mo infants. In euthyroid populations with a
sufficient iodine intake, median serum Tg is typically around 10 µg/L (37-39), yet in
the present iodine-sufficient infant populations, median Tg ranged from 24 µg/L to
30 µg/L. Circulating Tg levels are high in early infancy but fall over the first year of life,
likely reaching concentrations typical of adults by about 6 mo to 2 y of age (40, 41).
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Though, normative pediatric reference ranges for Tg are derived over wide age
ranges and the actual age at which Tg stabilizes is uncertain, our results generally
agree: in the overall sample, we observed a weak negative correlation between Tg
and infant age. No age-specific reference range is available for the DBS-Tg assay
used in our study, thus the prevalence of elevated Tg could not be calculated.
Tg, the protein framework for thyroid hormone synthesis, is intricately involved with
thyroid cell function at all levels (42). Following iodination in the colloid, endocytosis
of Tg back into the thyrocyte follows two pathways; either lysosomal proteolysis to
release thyroid hormone, or transcytosis through the thyrocyte intact. This pathway
involves the transporter protein megalin (43). The expression of both Tg and megalin
are upregulated with TSH stimulation (35, 43) and provide important intracellular
regulation (42). We observed correlations between Tg and TSH, and Tg and tT4,
though they were generally weak.
In the present study, we expected to find a higher prevalence of hypothyroidism at
study sites with lower habitual median iodine intakes. Surprisingly, our data revealed
a higher prevalence of subclinical hyperthyroidism in infants in Morocco, The Gambia
and The Philippines (p<0.05). A high prevalence was also found in Croatia but the
sample size was small. Further, we found no infants with a clinically important
subclinical hyperthyroidism, i.e. with a suppressed TSH (<0.1 mU/L). Although the
etiology of hyperthyroidism is diverse, clinical juvenile hyperthyroidism is rare and
transitory, and usually associated with transfer of maternal autoimmunity (40, 44, 45).
Graves’ disease affecting neonates would therefore not be expected in the present
age group, as maternal TSH receptor-stimulating antibodies are usually cleared by
three months of age (40, 46).
In countries where maternal iodine status is borderline deficient, studies indicate that
weaning infants may be at risk of inadequate iodine intakes (12, 47, 48). A national
survey in mother-infant pairs (n=507) in Switzerland where the median breast milk
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iodine concentration (BMIC) was low (50 µg/L) found mild deficiency in 6-24-mo
infants receiving breastmilk and complementary foods (12). In-depth analysis of
different dietary patterns showed that fortified infant formula milk plays a pivotal role
in dietary iodine provision to infants in this setting. The BMIC observed in Swiss
women is comparable to that measured in lactating women 6-mo postpartum in The
Gambia (39 µg/L; n=186 (49)), and 9-mo postpartum in Morocco (26 µg/L; n=234 (50)).
More than 80% of weaning infants in Morocco and The Gambia in the present study
were breastfed ≥6 times/day. However, USI coverage and access to fortified
complementary foods were low in these countries. In the Philippines, although the
household coverage of iodized salt in Dipolog City was low, processed foods may be
produced with iodized salt. This is the inverse of Switzerland, where household
coverage is high but use of iodized salt in processed foods is voluntary. In Burkina
Faso where breastfeeding rates are similar to those in Morocco and The Gambia (97%
at 18-mo) (51, 52); the geometric mean UIC in 18-mo infants was 310 µg/L (n=80),
likely attributed to mandatory USI and subsequent adequate BMIC (51). A recent
multi-country study across sites with good coverage of adequately iodized (³15
mg/kg) salt confirmed USI, when well-enforced, meets the needs of both 0-6-mo and
7-24-mo infants (4).
Less is known about the iodine intake and thyroid function of infants in areas with
high iodine intake. In Kenya, the median BMIC was high (240 µg/L; n=126 (25)), and
breastmilk the likely principal source of iodine intake for these infants, and the
complementary weaning foods described are likely low in native iodine. Yet, mothers
reported adding salt to infant foods, and we recently described that elevated iodine
intakes at our study sites in Kenya and Tanzania are likely due to a combination of
over-iodized salt and iodine-concentrated ground water (25). Additional iodine intake
by weaning infants in these settings, such as that included in micronutrient powders
(53), may not be justified.
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Strengths of this study include recruitment of infants with a wide range of habitual
iodine intakes. However, the study was limited by the lack of a population with
habitual intakes of around 200 µg/d, ie. a UIC of 300-400 µg/L, though both Figure
1B and data elsewhere in the literature agree support our findings. In Burkina Faso,
n=80 infants aged 18-mo had a geometric mean UIC of 310 µg/L (95% CI 227-425
µg/L) and a geometric mean serum Tg of 26.1 µg/L (95% CI 23.3-29.0 µg/L) (51). A
cross-sectional study in n=568 Nepalese infants 6-24-mo described a median UIC of
407 µg/L (IQR 312, 491 µg/L) and geometric mean serum Tg of 21.7 µg/L (95% CI
20.4-22.9 µg/L) (13). In the Saharawi refugee camps of western Algeria, n=289 infants
of median age 31.4 mo (IQR 25.3, 35.1 mo) had a median UIC of 458 µg/L (IQR 275,
1026 µg/L) and median serum Tg of 38.4 µg/L (range 10.7-158.0 µg/L) (54). The study
was also limited by small sample sizes in Croatia, The Gambia and The Philippines
due to strict inclusion criteria, though results agree with previous studies with larger
sample sizes (4, 25). We did not measure urinary creatinine concentration and
estimates of daily iodine intakes are based on UIC and an average urine volume of
0.5 L (21). Further, we did not measure Tg antibodies, although autoimmunity in later
infancy is likely rare, as previously described. Finally, for full interpretation our data
lack measurement of T3, which may increase at low iodine intakes.
Conclusions

The association between UIC and Tg concentration follows the same U-shaped
association in 6-24-mo weaning infants as in other population groups. However, our
data suggest the optimal intake range is narrower than in older children or adults. We
confirm the utility of Tg as a biomarker of iodine intake is extended to 6-24-mo
weaning infants and children, though its use as a predictor of thyroid dysfunction
remains to be assessed. The prevalence of thyroid disorders was low in the present
study, and whilst weaning infants with low iodine intakes were at an increased risk of
subclinical hyperthyroidism, at higher intakes, increased Tg concentrations may be
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part of a physiologic mechanism to adapt to low and high intakes. We suggest that,
if deficient or excessive intakes are recorded in population iodine surveys on schoolage children, that monitoring and surveillance is extended to this age group. Criteria
to define optimal iodine nutrition in this age group are urgently needed.
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DISCUSSION
The overall aim of this doctoral thesis was to respond to gaps in the evidence base
on iodine nutrition and provide evidence to support and inform iodine nutrition policy.
For this, we had three main objectives:
1) Examine the effects of iodine deficiency and subsequent iodine repletion, through
fortification or supplementation, on pre-natal and post-natal growth outcomes at all
relevant life stages;
2) Assess the effect of a chronic, excessive iodine intake on thyroid function across
the life cycle;
3) Strengthen the evidence base on iodine nutrition for weaning infants, including
evaluating the impact of weaning practices on iodine nutrition and the effects on
thyroid function in weaning infants of a broad range of iodine intakes, from deficiency
to excess.
These objectives will be examined and interpreted over the next pages.
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Discussion and Interpretations

Does iodine deficiency negatively affect normal growth? What are the benefits of
iodine repletion on growth?
Not attaining full growth potential can have important long-term consequences for
the individual and society (1, 2). Stunting is a documented Iodine Deficiency Disorder
(IDD) (3-6), most often associated with myxoedematous cretinism (7). However, to
what extent iodine deficiency affects growth trajectories when not associated with
cretinism, or when deficiency is less severe or not during gestation, has remained
unanswered. We conducted a systematic review of the evidence linking repletion of
iodine deficiency through iodine supplementation or fortification on growth
outcomes across all relevant non-cretinous population groups (Manuscript One).
Growth is a multi-factorial process. Adequate macro- and micronutrient intake,
socioeconomic status, environmental and sanitary conditions, and culture all impact
on the population risk of stunting (1, 8). Trials measuring a difference in somatic
growth to a given intervention require a relatively long period between baseline and
endpoint and a large sample size to permit estimation of group differences with a
reasonable certainty (9). A systematic review and meta-analysis of existing trials with
outcomes responding to the research question has the potential to avoid these
limitations via the collation of evidence in an unbiased, concentrated format and from
multiple trials, thereby increasing sample size and reliability of findings (9, 10). Indeed,
since 2010, all public health recommendations published by WHO must comply with
a defined methodology published in the WHO Handbook for Guideline Development
and incorporating a systematic review following Cochrane methodology (11, 12). We
designed our systematic review in line with this requirement, using Cochrane
methodology and strict criteria to minimise confounding and bias, whilst ensuring a
comprehensive review of current best evidence.
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To elicit whether iodine deficiency affects growth, and if this can be corrected with
repletion, our choice of method is justified. Yet, we highlighted a lack of high-quality
literature reporting growth outcomes from iodine intervention trials. We identified
only 18 eligible trials out of 451 potential full texts screened, and none of these
studies had growth as the main outcome. Growth outcomes, such as height and
weight were taken per routine in many studies to examine sample group
characteristics, yet many potentially eligible trials reported these outcomes only at
baseline. The inclusion of a control group is not always ethical, and many trials did
not include an appropriate comparator (Supplemental Table 1.1). Further, across
many categories of bias, risk was high or unclear in many studies (Supplemental
Figure 1.2). Overall, evidence for iodine repletion on improvements in growth
outcomes was unclear and quality of our evidence assessed by GRADE1 was low or
very low.
A meta-analysis of two non-RCTs (13, 14) in iodine-supplemented severely iodinedeficient pregnant women showed an increased mean offspring birthweight of 200 g.
One of these studies also observed an increased length of 4.7 cm and increased head
circumference of 0.4 cm at birth in infants of iodine-supplemented pregnant women
(14). Studies conducted on pregnant women in conditions of moderate to mild iodine
deficiency did not find a difference between intervention and control groups. We
might therefore conclude that severe iodine deficiency during gestation negatively

GRADE Working Group grades of evidence.

1

High quality: We are very confident that the true effect lies close to that of the estimate of

the effect. Moderate quality: We are moderately confident in the effect estimate: The true
effect is likely to be close to the estimate of the effect, but there is a possibility that it is
substantially different. Low quality: Our confidence in the effect estimate is limited: The true
effect may be substantially different from the estimate of the effect. Very low quality: We have
very little confidence in the effect estimate: The true effect is likely to be substantially different
from the estimate of effect.
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affects growth whereas moderate to mild deficiency does not. However, because the
GRADE of this evidence was very low (except for birth length in moderate to mild
iodine deficiency, classed as low), we cannot draw firm conclusions. We found no
evidence of an effect of iodine supplementation or fortification on our primary growth
outcomes from our systematic review.
Still, no evidence of an effect is not equivalent to evidence of no effect. We identified
two studies reporting secondary outcomes, that is, indirect biochemical markers of
growth, in school-age children. A meta-analysis of two studies (15, 16) in moderate
to mild iodine deficiency showed an increase in IGF-1 titre of 38.48 ng/mL, and in
IGFBP-3 of 0.46 µg/mL following iodine supplementation in school-age children.
Though the quality of this evidence was low, interpretation alongside the
observations of Kim and Mohan in murine models (17) (Literature Review, Figure 3.2)
suggests that the growth hormone axis (Literature Review, Figure 1.2) is dominant at
this age. Biochemical growth indicators such as IGF-1 and IGFBP-3 may thus provide
sensitive and convenient biomarkers of growth for use in iodine or other intervention
trials on school-age children.
In pregnancy, the placenta likely protects the foetus from iodine deficiency.
Expression of the sodium-iodide symporter (NIS) in placental syncytiotrophblast cells
is upregulated by human chorionic gonadotrophin (hCG) produced following oocyte
fertilisation (18). As intracellular iodide increases in these cells, pendrin is activated,
completing the transport of iodide from the maternal to the foetal circulation (18).
Further studies suggest that the placenta also acts as a storage organ for foetal iodine
supply (19). Optimal function of these mechanisms is most likely under conditions of
euthyroidism, decreasing in functionality as iodine supply (from dietary intake and
liberation of maternal stores) decreases. In severe iodine deficiency, when intakes are
low and maternal stores depleted, these mechanisms may not be able to adequately
protect the foetus, thereby risk of cretinism and stunting is highest.
308

DISCUSSION
In light of this, we might postulate that iodine deficiency has a greater impact on
growth in infants and young children, when growth linked to thyroid hormone is
fastest (17). During infancy, breastmilk iodine concentration (BMIC) determines the
iodine status of exclusively breastfed infants. In situations of borderline-sufficient
iodine intakes, infant supply is prioritised by the breast (20) and iodine stores, which
are scant at birth, are subsequently filled (21). However, as maternal intakes decrease,
this protective mechanism by the breast is diminished (20), implying potential
secondary effects e.g. on growth. Observations from the present studies do not
support this argument, however. Infants aged 6-24-months had a higher median
weight-for-age Z-score (WAZ) of 0.2 in Morocco, where estimated iodine intakes were
lowest (about 21 µg/day), compared with similar infants in The Gambia with estimated
median iodine intakes 43 µg/day and a median WAZ of -1.5 (p<0.001) (Manuscript
Three). This interpretation is limited by a lack of data for these subjects in early infancy,
though BMICs from the literature suggest intakes were likely low: BMIC, 6 months
postpartum in The Gambia was 39 µg/L (22), and 9 months postpartum in Morocco,
26 µg/L (23). These observations support the consideration that growth is
considerably multifactorial. Despite the rigorous design of our systematic review, the
elaboration of the precise effect of iodine deficiency on growth in non-cretinous
individuals remains elusive.
Interpretations from cross-sectional studies are limited, since, by definition, they
cannot describe the effect of an intervention, and may be subject to bias (24, 25).
Further, RCTs are not always feasible for ethical reasons. Because of these factors, we
may have missed what might be important circumstantial evidence of the effect of
iodine deficiency on growth that was reported in cross-sectional or cohort studies.
Recent development of tools to critically appraise such studies may help to overcome
this and enable the findings of observational, and other studies with a less-robust
study design than RCTs, to be captured in high-quality systematic reviews (26).
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What are the effects of a chronic, excessive iodine intake on thyroid function across
the life cycle?
An increase in population prevalence of thyroid disorders have been frequently
documented following increases in habitual iodine intakes with e.g. initiation or
augmentation of salt iodisation, particularly hyperthyroidism. The aetiology is
presented in Part Two of the Literature Review. Autoimmunity in younger adults after
introduction of iodised salt policy has also been described (27). However, in these
studies increased incidence of morbidities is associated with increases in iodine intake
with correction of deficiency that are not excessive per se, as defined by a population
median urinary iodine concentration (mUIC) of 300 µg/L in school-age children or 500
µg/L in pregnant women (4). At the time of writing, 11 countries document a
population risk of iodine excess (28). Yet, few studies report on the prevalence of
thyroid disorders in populations with a long-standing elevated iodine intake, and
given the observations following implementation of iodine fortification programmes,
concerns for their stability were raised. Investigating the relevance of a prolonged
excessive iodine intake to public health policy was thus a research priority for this
thesis.
The design of the study reported in Manuscript Two is ideally suited to assess the
long-term risk from excessive intakes. Though randomised controlled trials are the
gold-standard of primary evidence (25), it would be both unfeasible and unethical to
expose vulnerable population groups to elevated doses of iodine. We purposefully
chose two sites in Kenya (29) and Tanzania (30), where mUIC >300 µg/L had been
documented in school-age children some years previously (2012-2013). We reconfirmed a mUIC >300 µg/L in school-age children at both sites during fieldwork in
2016. Further, the documentation of potable groundwater high in iodine at these
study sites suggests that intakes have been likely high over preceding generations.
We sampled all relevant population groups in our study to permit an assessment of
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long-term risk. Due to logistical constraints, we could not longitudinally re-assess the
school-age children who had participated in the previous studies, which may have
added weight to our findings.
The power and precision associated with the interpretations from cross-sectional,
descriptive studies can be limited by inadequate sample size (9). Primary outcomes
for Manuscript Two were UIC and thyroglobulin (Tg), both of which were used to
estimate a sample size of 300 subjects per population group per country site,
considered as adequate based on calculations in the literature (31). Yet,
interpretations of some outcomes were limited by a final sample <300, due to subject
ineligibility and recruitment problems, and specimen availability and quality.
Prevalence of thyroid disorders in our sample populations in Kenya and Tanzania was
generally low. Elsewhere, literature also reports a generally low prevalence of thyroid
disorders at more-than-adequate-borderline excess intakes, though prevalence tends
to increase with increasing iodine intakes. In populations with extremely high habitual
iodine intakes, prevalence of thyroid disorders increases though data are inconsistent.
Most of the available literature is from China, where high iodine concentrations in
groundwater have been widely documented (32-36). In Chinese adult populations,
mUIC was 615 µg/L in n=1,074 subjects exposed to drinking water with median 202
µg iodine/L. Prevalence of overt and subclinical hypothyroidism was 2% and 6%,
respectively, and 1% for both overt and subclinical hyperthyroidism (37). In n=788
adult subjects with mUIC 750 µg/L, the prevalence of overt and subclinical
hypothyroidism was 23% and 20%, and overt and subclinical hyperthyroidism, 1%,
respectively (38). A further study in n=506 adults with mUIC 1,152 µg/L described a
14% prevalence of subclinical hypothyroidism (39). In women of reproductive age
with mUIC 951 µg/L, prevalence of both overt and subclinical hypothyroidism was
<1%, and prevalence of overt and subclinical hyperthyroidism was 3% and 27% (40).
Two systematic reviews suggest an association between excess iodine intake and
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subclinical and overt hypothyroidism (41, 42), though meta-analyses may be
influenced by the difference in degree of excess iodine intake in the different studies
(38-40, 43) described previously (37, 44, 45).
Risks from a chronic, excessive iodine intake may be highest in older adults, for whom
the present study is limited by a lack of data (46). This risk is typically augmented in
deficient populations, in whom the formation of autonomously-functioning thyroid
nodules has developed over time, due to thyroid hyperactivity in response to low
intakes (46-48). The distribution of TSH in older adults (age 68 years) in a moderately
iodine-deficient area of Denmark was left-shifted (i.e. lower) suggesting more thyroid
hyper-function, whereas in a population of similar adults in Iceland, the TSH
distribution was right-shifted indicating thyroid function was impaired (46, 49). These
observations at higher intakes agree with those elsewhere in the literature described
above, however in direct contrast to the observations in Iceland, we documented
<1% prevalence of overt and subclinical hypothyroidism in women of reproductive
age at study sites in Kenya and Tanzania, and a respective 5% and 12% prevalence
of subclinical hyperthyroidism. Median TSH levels in these women were 0.8 mU/L and
0.7 mU/L, respectively, both within the reference range for TSH in this life-stage group
of 0.1-3.7 mU/L that we applied to our data. An evaluation of the TSH range in older
adults at the study sites in Kenya and Tanzania would bring a more complete
evaluation of long-term effects of chronic high iodine intakes, though longitudinal
follow-up of the women of reproductive age participants in this study would likely
provide the most powerful data.
Pregnant and lactating women and their offspring may be vulnerable to iodine excess,
due to changes in maternal physiology and the developmental stages of the foetus.
Whilst the placenta can channel iodine from the maternal to the foetal circulation and
protect against foetal deficiency as described earlier (18) (19), the placenta may not
protect the foetus from iodine excess. The foetal thyroid gland is not fully functional
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until after birth, and importantly, the Wolff-Chaikoff mechanism to regulate the
formation of excess hormone by the thyroid gland when exposed to excess iodine is
not mature until gestational week 36 (50). Indeed, over 50% of preterm infants in a
longitudinal study in Korea exposed to high BMIC and with mean UIC >225 µg/L
reported subclinical hypothyroidism at three and six weeks postpartum (51), likely
because infants in this study were born at 34 weeks’ gestation or less.
Prevalence of maternal hypothyroxinaemia in Kenya and Tanzania was 10% and 15%,
and mUICs 337 µg/L and 422 µg/L respectively. In contrast, in a large cross-sectional
study of pregnant women in China (n=7,190), in women with a UIC of 250-499 µg/L
(n=1,040),

prevalence

of

hypothyroxinaemia

was

2%

(52).

Maternal

hypothyroxinaemia can impair cognitive function in the offspring (53, 54) and is a risk
factor for premature delivery (55). The difference between the African and Chinese
populations described in these studies may be explained by iron status of women in
Kenya and Tanzania. Iron deficiency is a risk factor for maternal hypothyroxinaemia
(56). We did not measure iron status in the sampled pregnant women populations in
Kenya and Tanzania. Contrary to the <1% prevalence of subclinical hypothyroidism
observed in pregnant women at study sites in Kenya and Tanzania, prevalence of
subclinical hypothyroidism was higher in the pregnant women in the Chinese study
described above, at 5% in women with UIC 250-499 µg/L (52). An elevated TSH in
neonates born to pregnant women with very high iodine intakes (mUIC 1241 µg/L),
due to consumption of iodine-concentrated drinking water was observed elsewhere
in China (57), however intakes were around three times higher than in the women
sampled in Kenya and Tanzania. A meta-analysis of three observational studies in
pregnant women gave an odds ratio of 2.66 (95% CI 0.73-9.69) for subclinical
hypothyroidism in iodine excess, however the authors found considerable
heterogeneity between studies (I2=83%), weakening the strength of this finding. (41).
Nevertheless, subclinical hypothyroidism during pregnancy is associated with several
adverse maternal and neonatal outcomes (58), supporting the enforcement of iodine
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monitoring and surveillance initiatives in this population group using biomarkers of
thyroid function in addition to measurement of UIC.
In Chinese lactating women with mUIC 282 µg/L and mBMIC 346 µg/L, prevalence
of overt and subclinical hypothyroidism was 4% and 6%, and prevalence of overt and
subclinical hyperthyroidism 4% and 2%, respectively (44). Median water iodine
concentration was 58 µg/L (44). In lactating women in western Algeria also exposed
to high iodine concentrations in groundwater (43, 59), mUIC was 350 µg/L and
mBMIC 479 µg/L; prevalence of overt and subclinical hypothyroidism was 5% and
14%, and overt and subclinical hyperthyroidism, 5% and 3%, respectively (43). In the
present population of lactating women study in Kenya; median UIC was 245 µg/L and
median BMIC 240 µg/L; prevalence of overt and subclinical disorders was <2%.
Together, these data suggest that risk of thyroid disorders increases with iodine
intake. Prevalence of thyroid disorders in breastfeeding mother-infant dyads in the
present study was low, however more data on the long-term implication of high
iodine intakes in very early infancy are required to perform a dose-response risk
assessment.
The overall findings from Kenya and Tanzania suggest an adaptation of thyroid
function in response to long-term excessive or borderline excessive iodine intakes, as
might arise from exposure to iodine-concentrated groundwater across generations,
possibly through adaptation to a higher intake set-point. This likely involves the
release of Tg from the thyroid gland, and may explain why Tg titres are relatively high
across all population groups (46% and 31% elevated titre in school-age children in
Kenya and Tanzania, respectively) and normal thyroid function is maintained.
Literature suggests that megalin, the transmembrane protein transporter responsible
for the transcytosis and liberation of Tg preferentially binds to poorly-iodinated Tg
(60). Yet, the Tg molecule has many tyrosyl residues to which iodide ions can bind,
even though most residues never couple (61), and where intra-thyrocyte iodide
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concentrations are elevated (i.e. following excessive iodine exposure), Tg is likely
highly iodinated. Thus, instead of secretion of poorly-iodinated Tg from the thyrocyte,
secretion of highly-iodinated Tg may maintain intra-thyrocyte iodine concentrations.
Indeed, Tg has been shown to modulate thyroid follicle function in in vitro and animal
studies (61-63).
The cross-sectional survey in Djibouti was designed in conjunction with the National
Statistics and Demographic Studies Department of Djibouti to be nationally
representative. Median UIC in school-age children was borderline excessive and
adequate in pregnant women, despite no iodised salt coverage. A survey of water
sources revealed widespread high iodine concentrations (Supplemental Material to
Manuscript Two) though no associations with UIC were seen in either population
group. Water iodine content has therefore likely protected the Djiboutian population
from the effects of iodine deficiency thus far, however data on prevalence of thyroid
disorders in the population is lacking and prevents a fuller interpretation.
The phenomenon of high iodine concentrations found in groundwater, as also
described in China earlier, seems to be widespread around the globe (Literature
Review, Part Two). The public health implications should not be ignored. A change in
water supply for Djibouti, for example, may risk iodine deficiency in the population.
Further, reports of 100-fold variations in water iodine concentration in 55 locations
across Denmark (64) were cited as a major determinant of population iodine intake
(64, 65), including for formula-fed infants, whose formula varied from 37 µg/L to 138
µg/L when prepared with different water (64). In China, different salt iodisation
policies apply dependent upon local iodine consumption from native sources (66).
Mapping the possible contributions to population dietary iodine intakes of
groundwater high in iodine may allow for adaptation and optimisation of public health
policies involving iodine fortification and supplementation initiatives.
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Data from Manuscript Two also support Tg as a sensitive biomarker of iodine intake
and thyroid function (30, 67-70), including at more than adequate or borderline
excessive iodine intakes. Our data suggest at these intake levels, thyroidal regulatory
mechanisms maintain normal thyroid function, however the precise intracellular
mechanisms are still being elaborated and open questions remain. We conclude that
the risk of an increased population prevalence of thyroid disorders at these chronic,
borderline excessive iodine intakes is minimal.
What are the impact of weaning practices on iodine nutrition for weaning infants?
What are the effects of a broad range of iodine intakes on iodine status on thyroid
function in 6-24-month-olds?
As described in this thesis, weaning infants aged 6-24-months-old are the oldest
group within the critical first 1,000 days, one of the most important periods of growth
and development. Research within iodine nutrition has been, to date, mainly focused
on pregnancy, lactation and early infancy, and the evidence base in 6-24-month-old
weaning infants is limited. Interpretation of the sparse studies reporting data in this
infant group has been complicated by the absence of population biomarker cut-offs
and ambiguous intake recommendations. Literature to date has suggested risks of
iodine deficiency and excess. Further, supplementation initiatives e.g. micronutrient
powders (MNPs) include iodine, yet evidence to support this is weak. Weaning infants
were thus identified as a research focus group.
Previous data, described in the literature review, suggest that weaning infants may
be at risk of both deficient and excessive intakes, principally due to inadequate or
more-than-adequate maternal iodine intakes, respectively. Inadequate intakes in
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weaning
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reduced breastfeeding and a diet of
complementary

foods

that

are

Box

1:

A

inadvertent

theoretical

example

over-exposure

to

of

dietary

unfortified or low in native iodine (71-

iodine during weaning

74), or low maternal intakes from an

In a middle-income country with a well-

absence of iodised salt (23, 75) or

functioning USI policy, breastfeeding

fortification likely poorly adapted to
intake (73). Further, weaning practices
differ

significantly

between

high-

income and lower-income countries
(76).

Studies

in

weaning

infants

exposed to excessive iodine intakes
described a prevalence of 7-9%
subclinical

hypothyroidism

in
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upon

WHO

recommendations,

and

adherence is high. MNP programmes
with 14 micronutrients including iodine
aim to bridge the gap in essential
micronutrient intake and sachets are
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Industrial

through

health

complementary
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(and
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fortified) weaning foods e.g. Nestlé
Cerelacâ

and

follow-on

milk

are

vigorously promoted by an expanding
consider using these follow-on formulas

Weaning practices are highly variable,
depend

with

market, and availability is high. People

sample population (77, 78).

and

until age two years is encouraged in line

many

factors

including resource, time and tradition
(76, 79-81). In Manuscript Three, we

and commercial complementary foods to
be indicative of higher socioeconomic
status and greater wealth. Purchasing
power is higher than before (i.e. when the
parents were children themselves), and
with parental belief that commercial

describe a high rate of breastfeeding

foods are better than breastmilk or home-

across study sites despite a median

prepared food, uptake is high. With the

age of 9-12-months, however this is

stronger economy, more mothers go to
work, and less time is spent preparing

likely biased due to the low- and

weaning foods for the infant, and family

middle-income

food is often shared.

settings

(Morocco,

The Gambia, Tanzania, Kenya). Only
18% of 12-month-old infants in a national survey in Switzerland were still breastfed
(73). Dold et al. have recently confirmed that salt iodised to 25 mg/kg, if comprising
most of the daily intake, adequately covers requirements for the entire infant period
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(82), though, to achieve this, breastfeeding must be continued. Evidence of adequate
weaning infant intakes in Burkina Faso (83) and South Africa (84), where BMIC is
adequate and continued breastfeeding is high, supports this claim. Further, despite
>80% of infants receiving breastmilk six or more times per day in Morocco and The
Gambia, the incomplete or absent iodised salt coverage meant these infants were at
risk of deficiency. BMIC reported at these study sites suggests overall inadequate
maternal intakes (22, 23).
Iodine intakes are additive, and weaning infants, due to the nature of this transitional
period, may risk intakes that exceed their requirements. Box 12 provides a theoretical
example of an infant who is exposed to iodine from multiple dietary sources. It may
be typical in a low-, transition- or middle-income country, where uptake of commercial
foods (fortified or unfortified) and formula or follow-on milks for older infants is rising.
The market for formula milk in these countries is experiencing strong growth (86, 87).
Though the questionnaire used in the present studies was not designed to assess
purchase of commercially-prepared fortified weaning foods, and dietary assessment

2

The inspiration for the theoretical example in Box 1 was taken from our study site in The

Philippines: Dipolog City, Zamboanga del Norte. Recruitment of infants in Zamboanga was
slow, due to a very high local uptake of Cerelac, follow-on milk and other fortified weaning
foods which precluded infant enrolment. Billboard advertisements promoting use of weaning
formula and substitute formula to replace breastfeeding were commonplace, and local
Barangay healthcare workers reported frequent visit from sales representatives. MNPs were
distributed from these local health centres for consumption every second day, however
supply was lacking and MNPs did not reach every child. Discussions with mothers revealed a
high knowledge of the importance of iodine for child health and development, and mothers
were keen to be seen to both know about and purchase commercially—prepared
complementary foods. Local poverty, however, was high, and being a coastal area, the staple
diet was based around fish consumption, often made into a stock or soup made with bouillon,
and given to infants. USI coverage is high elsewhere in The Philippines, and functions well
(82) Evidence from Zamboanga, however, suggests that coverage in this province is
incomplete (85) If coverage had been more complete at our study site in Zamboanga, this
theoretical example would be likely close to reality.
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is not a reliable tool from which to estimate intakes in the general population,
questions on consumption of native iodine-rich foods, fortified weaning foods and
vitamin and mineral supplements provided a complement of information to the
assessment of iodine biomarker in our study populations.
Manuscript Three is the first to present, in parallel, data from 7 sites with a wide range
of iodine intakes in 6-24-month-old weaning infants. It provides a platform for
interpretation of existing studies, and upon which future research may be designed,
particularly if aimed at the derivation of reference ranges for UIC and Tg from
population studies in this age group. This is discussed in further detail, next.
A U-shaped association between iodine intake and Tg measured across the seven
study sites mirrors that seen in other population groups (30, 52, 88), and similarly
confirms the application of Tg as a sensitive biomarker of iodine intake in this age
group. Moreover, these data suggest an optimal iodine intake range in 6-24-monthold weaning infants of approximately 50 µg to 230 µg/day.
Firstly, this range appears narrower than described for school age children (30) and
pregnant women (88), particularly at higher intakes. The prevalence of elevated DBSTg (>43.5 µg/L) in pregnant women with intakes >695 µg iodine /day was 17% (88).
Though no cut-offs for DBS-Tg in weaning infants have been, to date, defined,
median DBS-Tg was >50 µg/L at intakes >230 µg/day in our study. Though our study
was not designed to establish a reference range for 6-24-month-old infants, our data
suggest that the UIC threshold of 100 µg/L to indicate sufficiency is too low and
instead, is right-shifted, implying that a higher population median UIC is required to
denote sufficiency in 6-24-month-old infants.
Further, our data suggest that the set-point for iodine sufficiency represented by a
low titre of circulating Tg is higher in 6-24-month-old infants than in other population
groups; school-age children in iodine sufficient populations have a serum Tg of about
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13 µg/L (30) and pregnant women about 10 µg/L (88). Yet, the median DBS-Tg of
infants at study sites in China and Croatia, considered as iodine sufficient sites, was
26 µg/L and 23 µg/L, respectively. This may be normal: Tg levels are high in young
infants, but fall over the first 12-months of life (89, 90). Concentrations likely reach
those of adults by about 24-months (90), though the actual age at which Tg stabilizes
is uncertain (89, 90). Further, interpretation of data across the literature is confounded
by different assay methodology. Sobrero et al. measured Tg concentrations from 14
µg/L to 54 µg/L in a group of infants >15 days old from five different assay methods
(90). The development of reference ranges for Tg in this population is an urgent
requirement.
Iodine Deficiency Disorders due to disturbances in thyroid hormone profile are well
described (3, 5, 67, 68, 91-96). We observed a higher prevalence of thyroid disorders
in weaning infants at study sites with the lowest habitual iodine intakes. However,
though we expected to see hypothyroidism, we observed a 10% and 4% prevalence
of subclinical hyperthyroidism at sites with habitual intakes < 50 µg/day. Yet, no infant
with a suppressed TSH (<0.1 mU/L) was found, therefore these observations may not
be clinically important and resolve spontaneously with time. Hyperthyroidism in this
age group is rare. Though it may be caused by acquired autoimmunity transferred
from the mother during gestation, maternal autoantibodies are usually cleared before
the age of 6 months (89, 97). We cannot say if this applies in our study population,
since we did not measure thyroid antibodies in DBS samples.
Alternative hypotheses include an inappropriate regulatory reaction by the thyroid
gland, triggered by alimentary changes during weaning. An increase in prevalence of
thyroid disorders is well-established following the abrupt increases in iodine intake in
deficient populations simultaneous to initiation of iodine fortification programmes (46,
47), and a higher prevalence of hyperthyroidism with chronic low iodine intakes has
been described in older adults, as reviewed above (49). However, no studies
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investigating this phenomenon in infants were retrieved. Where coverage of iodised
salt is low or incomplete, BMIC is likely low (22, 23). As weaning commences and
dietary diversity develops, exposure to iodine in the weaning diet above the low
habitual intakes provided by breastmilk may prompt TSH to decrease, particularly if
adaptive mechanisms in the thyrocyte involving Tg are inadequate. Aside from the
present study, data on hyperthyroidism in infancy is restricted to case studies, and
little is known about population prevalence of subclinical hyperthyroidism in infant
groups, nor the long-term outcomes.
Weaning infants from our study sites in Kenya and Tanzania had iodine intakes greater
than the tolerable upper level proposed by IOM (98) and EFSA (99), likely due to high
BMIC coupled with the high rates of breastfeeding. Yet we observed little thyroid
dysfunction, with prevalence of subclinical and overt hypothyroidism of <1% in both
Kenya and Tanzania, and of subclinical and overt hyperthyroidism of <1% in Kenya
and 2% in Tanzania. This contrasts with reports elsewhere in the literature. Infants in
Nepal aged 6-24-months with mUIC 407 µg/L had a 7% population prevalence of
subclinical hypothyroidism (78). In this study, median salt iodine concentration was 89
mg/kg (78), and groundwater from hand pumps and wells correlated significantly with
a higher UIC, though concentrations were not measured. Similarly, in western Algeria,
infants of mean age 31 months with mUIC 458 µg/L had a 9% prevalence of subclinical
hypothyroidism (77). These infants in this study were exposed to iodine through
iodine-rich groundwater, with negligible contribution from iodised salt (59).
A possible explanation for the difference in prevalence of subclinical hypothyroidism
between these infant populations and those in Kenya and Tanzania is duration of
iodine exposure, likely generational due to the high groundwater iodine exposure.
Whereas, exposure in the study populations in Nepal and Algeria, though chronic,
has been probably elevated for a much shorter duration: iodised salt was introduced
in Nepal in 1993 (78), and the Saharawi refugee camps in Algeria were instigated
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about 30 years ago (59). Further, displaced persons from Western Sahara were likely
previously iodine deficient; there are no available data on iodine intakes from Western
Sahara (28), though literature suggests inadequate coverage of iodised salt in
neighbouring country Mauritania (5), and insufficient intakes in Morocco (28). This
provides further support to the possibility that the thyroid function of populations at
the study sites in Kenya and Tanzania have adapted to a higher set-point iodine intake
level over generations of exposure. The analysis of further data from populations
similar to those studied herein is needed to substantiate this hypothesis. Potential
populations include Djibouti (if local groundwater is still consumed) and Somalia,
countries which both report high iodine intakes despite an absence of iodised salt.
Future directions

Thus far, this discussion has contextualised the findings in this thesis with those in the
literature, and introduced some opportunities for further research. Those pertaining
to the objectives of this thesis are described in more detail.
Measuring growth As discussed, intervention trials measuring growth may require a
large sample size and long follow-up. The positive difference seen in the relative
concentrations of biochemical growth indicators IGF-1 and IGFBP-3 suggest their use
as more sensitive and convenient biomarkers of growth in iodine or other intervention
trials than somatic growth outcomes such as height. However, some of the effects of
thyroid hormone on growth are direct and occur independently of the effects of
growth hormone, including effects on bone and the skeleton (17, 100). Measurement
of IGF-1 or IGFBP-3 may not capture these effects, limiting the potential
interpretation of these biomarkers. Instead, biomarkers of bone turnover and bone
mineral density as a proxy for bone growth might be considered (101); measureable
in both serum and urine samples. However, each of these biomarkers will be
influenced by several factors, including circadian rhythm that requires cumbersome
24h urine collections, and age of subject, potentially limiting interpretation (17, 101).
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Rigorous studies involving measurement of IGF-1, IGFBP-3 and other potential
biomarkers of growth, in conjunction with thyroid hormone and following iodine
supplementation under controlled settings and across different age groups, are
recommended to thoroughly establish the sensitivity of these biomarkers as
indicators of growth.
Evaluating the effects of prolonged iodine excess Observations in the present thesis
support the hypothesis that the thyroid gland can adapt to varying set-points of
iodine intake based on prolonged exposure, involving likely adaptation via the loss
of highly-iodinated Tg from the thyroid gland. Further in vitro and/or animal studies,
building on existing work (61, 62, 102, 103), are necessary to elaborate on this
hypothesis. Further, an assessment of the iodination level of circulating Tg would
provide a complement of information, and this aspect may be particularly important
in predictions of thyroid morbidity. As the Tg molecule becomes increasingly
iodinated, its stereochemistry changes and may become more immunogenic (104),
thereby increasing the risk of development of antibodies against Tg (TgAb).
Understanding the iodination level of circulating Tg might be used as a predicting
factor for the development of thyroid autoimmunity with elevated iodine intakes.
Positive titres of thyroid antibodies have been identified as a risk factor for the
development of morbidity in genetically-susceptible individuals under situations of
increasing iodine intake (46, 105-107).
Ensuring optimal iodine intakes in 6-24-month-old weaning infants This thesis has
presented data from seven different sites documenting a range of iodine intakes, and
significantly contributes to the limited evidence base to date. We describe a relatively
narrow range of optimal intakes and suggest that median Tg in iodine sufficient
infants is higher than in other population groups. Still, we highlight that further
research is urgently needed, including an evaluation of current population iodine
intake thresholds. Establishment of reference ranges for population data
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interpretation, for both UIC and Tg, are warranted in this age-group. Balance studies,
used in younger infants when alimentation can be strictly controlled, are not feasible
during weaning. Further, deliberate exposure of inadequate or excessive iodine
intakes during infancy is unethical. However, reference values may be derived from
cross-sectional studies with adequate sample size (9, 31) of both subject and
laboratory specimen.
This thesis has identified that weaning infants living in areas where iodised salt
coverage is absent or incomplete, where maternal iodine intakes are inadequate,
and/or where access to fortified complementary foods is low, may be at risk of
deficiency. Targeted iodine supplementation, with or without other micronutrients in
such settings, may help to assure iodine intakes throughout infancy. Micronutrient
powders fortified with iodine at 90 µg are provided for 6-24-month-old infants to
bridge the nutrition gap in many settings (108), yet evidence to support the inclusion
of iodine is lacking. A randomised controlled trial of iodine-containing micronutrient
powders, suitably-designed to assess the efficacy and safety of different iodine doses,
would elaborate and provide justification for these interventions.
Public Health recommendations

Though we could not clearly establish the role of iodine deficiency in the retardation
of correct growth, we demonstrated that infants and young children aged 6-24months show little evidence of thyroid disorders across a broad range of intakes.
Limited evidence from meta-analyses in severe iodine deficiency point to
improvements in prenatal growth with iodine supplementation, and throughout the
ensemble of the iodine literature, benefits of iodine fortification programmes
generally outweigh risks. Further, fortification initiatives such as Universal Salt
Iodisation (USI), if enforced, should cover the whole population. Yet, where coverage
is absent, targeted iodine supplementation such as micronutrient powders containing
iodine administered to 6-24-month-old infants may be considered but following
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population (general and target population) iodine status assessment, and an
evaluation of iodine intake requirement.
Long-term borderline excessive iodine intakes in populations seems not to increase
the risk of morbidity in any life-stage group. Monitoring and surveillance of population
iodine status, including in vulnerable groups such as pregnant women, should
concentrate on UIC measurement in conjunction with salt iodine concentrations.
Contributions of iodine from all sources should be identified, including environmental
sources such as groundwater, particularly where intakes are higher than those
expected from reported salt intakes. Where salt is over-iodised with respect to
habitual consumption, iodisation should be adapted with respect to average daily
intakes and the national salt standard, but USI policy should not be interrupted.
Continued breastfeeding should be encouraged until infant age 24-months. Breast
milk remains a key vehicle to assure iodine intakes in the weaning population in
conjunction with the introduction of complementary foods. Low BMIC, low maternal
iodine intake, and/or poor or absent coverage of iodised salt are principal risk factors
for iodine deficiency in this age-group. However, iodine intakes can arise from
multiple sources during weaning, and though in the present thesis, we did not
observe an elevated risk from high intakes, elsewhere in the literature, subclinical
hypothyroidism has been observed. Thus, monitoring and surveillance should be
extended to this age group, and should also inform on iodine sources and local
weaning practice. Iodine supplementation, particularly in areas already covered by
iodine fortification programmes, should be initiated with caution and only following
an assessment of need using dietary information, UIC, and Tg as a sensitive biomarker
of thyroid function. In advance of the derivation of reference ranges for UIC and Tg
in this age group, the current population mUIC cut-off of 100 µg/L in 6-24-month-old
infants should be applied with caution.
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Main conclusions

We found no strong evidence of an effect of iodine repletion on growth – but not
evidence of no effect. Eligible studies were limited and of poor quality. Iodine
repletion may improve indirect growth markers such as IGF-1, though current
evidence is weak.
We observed borderline excessive intakes in study populations in Kenya and Tanzania,
though prevalence of thyroid disorders was generally low. The observation of
groundwater high in iodine implies that iodine intakes have likely been high in
preceding generations living in the same location and supports a hypothesis of
thyroidal adaptability to high habitual iodine intakes. The elevated Tg observed likely
contributes to adaptive mechanisms and strengthens the recommendation of this
biomarker as a sensitive indicator of iodine intake and thyroid function.
In weaning infants, our data point to a narrow optimal range of iodine intakes, tighter
than in other population groups. Determination of a reference range for Tg in this
age group is warranted, particularly as we confirm it as a sensitive biomarker of iodine
intake in this age group. This study, to our knowledge, is the first to present data on
weaning, 6-24-month-old infants across a broad range of iodine intakes and suggests
that current iodine intake recommendations are too low. Our broad spread of data
provides henceforth comparative framework for data interpretation in weaning infants,
and on which to propose future studies designed to establish rigorous thresholds.
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Concluding remarks from the author
This thesis has responded to gaps in the evidence base for iodine and provides data
to inform and support public health policies, across the life cycle and in settings from
iodine deficiency to excess. Yet, with answers come questions, and I hope that this
work provides both inspiration and scientific justification for future research efforts to
continue towards the goal of optimal iodine nutrition for all.
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