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ABSTRACT
Background: Optimal iodine intake during infancy is critical for
brain development, but no estimated average requirement (EAR) is
available for this age group.
Objective: We measured daily iodine intake, excretion, and reten-
tion over a range of iodine intakes in early infancy to determine the
minimum daily intake required to achieve iodine balance.
Design: In a dose-response crossover study, we randomly assigned
healthy infants (n = 11; mean 6 SD age 13 6 3 wk) to sequentially
consume over 33 d 3 infant formula milks (IFMs) containing 10.5,
19.3, and 38.5 mg I/100 kcal, respectively. Each IFM was consumed
for 11 d, consisting of a 6-d run-in period followed by a 4-d balance
period and 1 run-out day.
Results: Iodine intake (mean 6 SD: 54.6 6 8.1, 142.3 6 23.1, and
268.46 32.6 mg/d), excretion (55.96 8.6, 121.96 21.7, and 228.76
39.3 mg/d), and retention (21.6 6 8.3, 20.6 6 21.6, and 39.8 6
34.3 mg/d) differed among the low, middle, and high iodine IFM
groups (P , 0.001 for all). There was a linear relation between
daily iodine intake and both daily iodine excretion and daily iodine
retention. Zero balance (iodine intake = iodine excretion, iodine
retention = 0 mg/d) was achieved at a daily iodine intake of 70 mg
(95% CI: 60, 80 mg).
Conclusion: Our data indicate the iodine requirement in 2- to 5-mo-
old infants is 70 mg/d. Adding an allowance for accumulation
of thyroidal iodine stores would produce an EAR of 72 mg and
a recommended dietary allowance of 80 mg. This trial was regis-
tered at clinicaltrials.gov as NCT02045784. Am J Clin Nutr
2016;104:620–8.

Keywords: iodine, infants, iodine requirement, iodine balance, io-
dine intake, iodine deficiency

INTRODUCTION

Iodine is an essential component of the thyroid hormones, and
hypothyroidism caused by iodine deficiency early in life can ir-
reversibly impair neuromotor development (1–3). The thyroxine
production rate during early infancy isw5–6 mg $ kg body weight
(BW)21 $ d21,7 higher than at any other life stage (4). Infants are
born with minimal thyroidal iodine stores (5) and are entirely
dependent on dietary iodine, making them particularly vulnerable

to low iodine intakes (1, 5–8). However, data on the daily dietary
iodine requirement at this critical age is limited (1, 6, 9–11).

The Institute of Medicine of the US National Academy of
Sciences recommends an adequate intake (AI) of iodine of
110 mg/d during the first 6 mo of infancy (12). The AI was set
based on the median breast milk iodine concentration of 146 mg/L
measured in a small study of US women in the 1980s, a period
when overall iodine intake in the US was excessive (12, 13), and
may therefore be set too high.

The cutoff for the median urinary iodine concentration (UIC),
the exposure biomarker recommended by WHO to assess iodine
status in infants, is 100 mg/L (14, 15), but there is little evidence
to support this cutoff in infancy. Assuming that the mean daily
urine volume in early infancy is w500 mL (16, 17) and iodine
bioavailability is w92% (12), a median UIC of 100 mg/L would
extrapolate to a mean daily iodine intake of w55 mg, half the
current AI. The discrepancy between the present intake rec-
ommendations and the WHO UIC cutoff makes monitoring of
population iodine status at this age problematic because in-
terpretation of the 2 measures disagrees.

Assessment of iodine intakes in populations should be based
on the estimated average requirement (EAR) and not on the AI
(10, 12, 16, 18). Quantitative data are urgently needed to define an
EAR in infancy, and this has been highlighted as a research
priority (10, 11). Moreover, a well-defined EAR would allow
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WHO to set an evidence-based cutoff for the median UIC to be
used in monitoring iodine status in infant populations.

The balance study technique is a classic design used to define
nutrient requirements. By assessing total nutrient intake and excretion,
nutrient retention can be calculated, and the daily intake required
to maintain the existing body pool can be determined (19, 20). The
EARs for iodine in 1–3- and 4–8-y-old children are based on data
from small iodine balance studies (12, 21, 22), and the technique has
been used in infants to assess balance for other nutrients (23–28).

Switzerland has a carefully monitored iodized salt program
with high household coverage that has assured iodine sufficiency
in the Swiss population for many decades (29, 30). The iodine
intake in formula-fed weaning infants in a Swiss national study
was adequate (30).

The overall objective of the study was to determine the daily
iodine intake required to achieve metabolic balance in full-term
healthy infants in an iodine-sufficient area. Therefore, we assessed the
iodine intake, excretion, and retention over a range of iodine intakes
in 2- to 5-mo-old formula-fed Swiss infants. The primary outcome
of the study was iodine retention (micrograms per day and micro-
grams per kilogram BW per day) in iodine-sufficient infants, derived
from the difference in measured iodine intake and iodine excretion.

METHODS

Study design

We conducted a randomized, double-blind, dose-response bal-
ance study inwhich exclusively formula-fed infants were assigned to
consume an infant formula milk (IFM) containing low, medium, and
high iodine content (see below). The 3 IFMswere fed sequentially in
random order with a crossover design, each for 11 d over a total
study period of 33 d. Each of the three 11-d periods consisted of 6
run-in days followed by a 4-d balance period and 1 run-out day to
avoid overlap with the new IFM period. The study was home-based.

Randomization and masking

Using spreadsheet software (Excel; Microsoft Office 2010), we
randomly assigned the participants to 1 of 6 possible sequences of
administration of the 3 IFMs (block size of 3). The 3 IFMs were
packed in identical cans labeled with color codes that did not
indicate the type of formula or concentration of iodine. Subjects,
investigators, and sponsors were masked to formula assignment.

Subjects

We enrolled a convenience sample of 11 infants from Zurich,
Switzerland, and conducted the study between January 2015 and
August 2015. Healthy infants were included in the study if they
fulfilled the following criteria: 1) 2–4 mo old at entry; 2) exclusively
formula-fed; 3) singleton born at full-term (in pregnancy week 38–
42); 4) normal birth weight ($2500 g); 5) euthyroid: not hypo-
thyroid [defined as thyroid-stimulating hormone (TSH)$4.2 mU/L
and free thyroxine (fT4) ,15 pmol/L] or hyperthyroid (defined
as TSH ,0.1 mU/L and fT4 .30 pmol/L); 6) normal iron sta-
tus (ferritin 37–220 mg/L) and hemoglobin (95–135 g/L); 7) no
infection/inflammation (C-reactive protein ,10 mg/L); 8) no
known family history of thyroid disease; 9) no overt gastric reflux;
10) currently not receiving any breast milk, solid food, or iodine-
containing dietary supplements; 11) having received infant formula

based on cow milk protein already before the study and showing no
symptoms indicating cow milk allergy; 12) no maternal or infant
exposure to iodine-containing contrast agent or iodine-containing
medication (for the mother, within the last year); and 13) maternal
residence in Switzerland $1 y before delivery and since delivery.
Mothers were encouraged to breastfeed their infants and were only
asked to participate in the study if they could not or did not intend
to breastfeed.

Sample-size calculations were based on the best available
estimate of the minimum number of data points required to con-
struct a regression model of iodine retention as a function of
iodine intake. In the absence of data on iodine retention in infants, we
used the data from an iodine balance study in 18–30-mo-old children
and estimated an R2 of 0.365 for the intake/retention regression
(21, 31, 32). We used G*Power (version 3.1.3) (33) for sample-size
calculation. A squared correlation coefficient of 0.365 can be
detected at P, 0.05 with 80% power and an effect size (f2) of 0.30
with 29 intake/retention observations. Our aim was thus to recruit
a minimum of 10 infants to achieve 30 observations (means 6 SDs
calculated from 4 balance days $ infant21 $ dose21).

Ethical permission for the study was obtained from the Ethics
Committee of the Canton Zurich (KEK-ZH-Nr. 2014-0271) and
from the Ethics Committee of the ETH Zurich (EK 2013-N-21).
Parents gave informed written consent before participation in the
study and received a symbolic reimbursement at the end of the trial.
The study was registered at clinicaltrials.gov as NCT02045784.

Study diet

The study IFM contained 3 concentrations of iodine based on
the AI (110 mg/d) for 0–6-mo-old infants and aimed to supply
55% (60 mg/d), 100% (110 mg/d), and 200% (220 mg/d) of the
AI/d, respectively. The iodine fortification levels were set at
10.5 mg/100 kcal, 19.3 mg/100 kcal, and 38.5 mg/100 kcal, re-
spectively. Iodine was added to the IFM powder as potassium
iodide (DSM Nutritional Products Ltd.). The actual iodine
content of the ready-to-drink IFM was measured and confirmed
by multicollector inductively coupled plasma mass spectrometry
(MC-ICP-MS) (see below) (34).

The IFM was specifically produced for the study by
HOCHDORF Swiss Nutrition Ltd. by use of an iodine-free vi-
tamin and mineral mix supplied by DSM Nutritional Products
Ltd. It was a cow milk–based formula (proteins 1.4 g/100 mL,
whey/casein 60/40). The study IFM conformed to the commercial
premium infant formula for 0–6 mo by the same producer (Hero
Baby 1: brand owner, Hero Ltd.), except for the iodine content.
The total nutrient composition, as well as the tested iodine con-
tents of the study IFMs, complied with European Community
directives on infant formula and follow-on formula (minimum
10 mg I/100 kcal and maximum 50 mg I/100 kcal) (35).

Study procedures

Recruitment was done through posters at local health clinics
and pediatric practices. We asked the parents and their infants to
attend a clinic appointment before the start of the study, during
which we explained the study protocol and obtained written in-
formed consent from the parents.Wemeasured each infant’s length
and weight and obtained venous blood samples from the infants.
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During home visits, we provided the IFM, along with bottled
water and detailed instructions for the IFM preparation. At the
beginning of each 11-d study sequence, we supplied the new IFM
to the home and the remaining IFM of the last 11-d sequence was
collected. At the end of the study, we collected all unused ma-
terials and measured the infants’ weight.

During each of the three 4-d balance periods (4 3 24 h), the
parents recorded all IFM consumed by the infant in a daily diary.
The parents were asked to weigh the ready-to-drink infant for-
mula bottle before and after each feeding using the provided
calibrated scales (Kern EMB1200-1, KERN) (d = 0.1 g). Parents
used single-use bibs, which were weighed before and after each
feeding to assess formula milk spillages. An IFM sample was
collected from each feeding. Samples were cooled immediately
in the participant’s refrigerator and collected by the study team
on a consecutive day. For each study day, one daily pooled IFM
sample was generated by the study team from equal parts of
the IFM samples collected from each individual feeding of that
study day and stored at 2258C at the Human Nutrition Labo-
ratory of the ETH Zurich until analysis.

During each 4-d balance period (4 3 24 h), all soiled diapers
and cleaning tissues were collected. Parents were asked to re-
cord any losses of urine or feces in the infants’ clothing or
bedding in a daily diary. Parents were also instructed not to bath
their baby during the balance days to avoid potential losses
of urine in the bath water. All diapers, cleaning tissues, and baby
lotions were provided to the participants for the whole study
period. All materials used in the study were tested for iodine
contamination before the study.

Assessment of iodine intake

The IFMconsumption during each 4-d balance periodwas assessed
from theweight of the IFMbottles, whichwas recorded by the parents
before and after each feeding. The iodine intake per feeding and over
24 h was calculated from the amount of IFM consumed and the
measured iodine concentration in the collected IFM samples.

The iodine concentration in the IFM samples was analyzed by
MC-ICP-MS by use of isotope dilution analysis (IDA) with 129I
and tellurium for mass bias correction (34). Sample preparation
was done by use of tetramethylammonium hydroxide (TMAH;
Tama) for iodine extraction at 908C for 180 min. Whole milk
reference powder (NIST SRM1549a whole milk powder; Na-
tional Institute of Standards and Technology) was used as an
external control. The mean 6 SD iodine concentration of the
standard reference material (n = 13) was 3342 6 51 mg/kg, well
in agreement with the certified acceptable range (3040–3640 mg/kg).
The CV was 2% (n = 13).

Assessment of iodine excretion

Total daily iodine excretion in urine and feces was assessed by
complete collection of all soiled infant diapers and cleaning
tissues during each 4-d balance period. The iodine content was
analyzed after alkaline extraction by MC-ICP-MS by use of IDA
with 129I and tellurium for mass bias correction.

Iodine extraction.

Iodine was extracted from the used diapers by use of microwave-
assisted extraction with TMAH. The outer plastic and unsoiled outer

edges of each diaper were removed. The diaper was then cut in small
pieces, the sample weight was recorded, and the pieces transferred
into a blender (Kenwood BL770). Ultrapure water ($18.2 MU cm,
Barnstead E-Pure, Thermo Scientific) was added to the blender to
achieve a total weight of 1000 g, and the exact weight was noted.
The diaper pieces were homogenized. An aliquot of 1 g of the
homogenate was sampled into a microwave extraction system
Teflon vessel (Multiwave GO, Anton Paar), and the exact weight
was noted. Iodine was extracted by adding 1.0 mL TMAH (25%)
(Tama pure-AA TMAH 25%) to each vessel, followed by 6.0 mL
of ultrapure water. The Teflon vessels were placed into the mi-
crowave extraction system, and the samples were heated up to
1808C within 10 min. The temperature was then kept at 1808C for
10 min, before the samples were cooled down to 408C. The Teflon
vessels were removed from the system and carefully opened in
a laminar flow hood. The content was transferred into graduated
50-mL disposable polypropylene (PP) tubes with screw cap (Sar-
stedt). Each vessel was rinsed with 2.0 mL of ultrapure water, and
the rinse water was added to the respective 50-mL PP tubes, re-
sulting in a final volume of 10 mL with a TMAH concentration of
2.5%. To each sample, 50 mL of a 10 mg/L tellurium spike solution
(AppliChem) and 50 mL of a 1.3 mg/g 129I spike solution (NIST
SRM 4949C 129I radioactivity standard, Standard Reference Ma-
terial 4949C; National Institute of Standards and Technology) were
added, as recently described (34). The tubes were vortexed before
overnight sedimentation at room temperature. On the next day, the
samples were centrifuged (Mistral 1000, MSE) for 10 min at 3500 g
at ambient temperature. By using 20-mL syringes (BD Discardit
II, Becton Dickinson), the supernatants were filtered through
disposable syringe filters (Chromafil GF/RC-45/25, pore size:
1.0/0.45 mm, Macherey-Nagel) into graduated 15-mL PP tubes
with screw cap (Semadeni) and stored at 48C until analysis.

Iodine analysis.

The iodine content in the samples was measured by MC-ICP-MS
(FinniganNEPTUNEhigh resolution double focusingMC-ICP-MS;
Thermo Scientific) by applying IDAwith 129I for quantification and
tellurium for mass bias correction (34). Each run in the microwave
extraction system consisted of 10 diaper samples, a blank sample
(ultrapure water), and a control diaper sample for quality control.

Quality control.

Control diapers were prepared by adding 10 mL of laboratory
specific control urines with UICs of 2173 and 4850 mg/L to infant
diapers. The UIC of the control urines was measured by the Pino
et al. (36) modification of the Sandell-Kolthoff method. Our lab-
oratory is certified by the Program to Ensure the Quality of Urinary
Iodine Procedures (Centers for Disease Control and Prevention)
and participates successfully in its quarterly external validation.
The control diapers were measured in the same way as the col-
lected infant diapers. The expected iodine content in the control
diapers was 21.7 and 48.5 mg, respectively. Measured mean 6 SD
iodine content was 21.4 6 2.3 mg (n = 41) and 44.0 6 2.0 mg
(n = 88), equivalent to mean 6 SD recoveries of 99% 6 11%
and 91% 6 4% with a CV of 11% and 5%, respectively.

The method was validated with respect to recovery, variability,
and limit of detection (LOD) ahead of the human study. Laboratory-
specific urine control samples with a UIC of 25 mg/L were spiked
with a 100 mg/L iodide solution from analytic grade potassium
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iodide (Riedel de Haën, Sigma-Aldrich). The spiked urine control
samples (40 mL) were applied to infant diapers to obtain a final
iodine content in the diapers of 17 mg (n = 2), 25 mg (n = 3),
38 mg (n = 2), 46 mg (n = 3), 68 mg (n = 2), 93 mg (n = 3), and
119 mg (n = 2), respectively. The iodine concentrations of the
spiked urine samples were verified by use of the Pino et al. (36)
modification of the Sandell-Kolthoff method. The diapers were
processed with spiked urine, and their iodine content was ana-
lyzed, as described above. The overall mean6 SD iodine recovery
for all control diaper samples was 98% 6 7%.

The interassay variation was determined by preparing and
analyzing 3 individual diapers with 4 different iodine contents
(25, 46, 93, and 180 mg/diaper). The intra-assay variation was
determined by analyzing triplicates from one diaper for each
iodine level. The interassay variability was 0.6% (n = 12) and
the intra-assay variability was 0.9% (n = 12). The LOD of the
method was determined by analyzing 10 unused diapers. The
mean 6 SD iodine content was 0.7 6 0.6 mg/diaper, resulting in
a LOD of 2.4 mg iodine/diaper.

Biochemical measurements

Serum ferritin was measured by ELISA by use of Orgentec
ferritin kits (ORG 5FE; Orgentec). TSH and fT4 were measured
by use of Tosoh AIA-600 II Automated Immunoassay Analyzer
(TSH and fT4 Assays; Tosoh). Hemoglobin was analyzed by use
of Sysmex XN-1000 automated hematology analyzer (Sysmex).
C-reactive protein was analyzed by rate turbidimetry by use of
Beckman UniCel DxC 600 (Beckman Coulter).

Statistical analysis

Weused EXCEL (2010;Microsoft), IBMSPSS Statistics software
(version 22; IBM) and R statistical programming environment
(version 3.2.3) (37) by use of the packages nlme (38) and ggplot2 (39)
for data processing and analysis. The primary outcome measure was
iodine retention, calculated for each infant and balance day as the
difference between measured daily iodine intake and measured daily
iodine excretion. One data point for iodine intake, excretion, and
retention (one balance day of subject ID 9 for the high dose) was
removed as an outlier based on visual inspection, leaving 131 data
points for data analysis. Mean 6 SD iodine intake, excretion, and
retention were calculated for each infant from data obtained for the 4
balance days for each of the 3 doses and the individual mean value
thus calculated. Data on iodine intake, excretion, and retention are
expressed in mg/d, as well as in mg $ kg BW21 $ d21, with the latter
for consistency with other infant balance studies (25–28).

Data were examined for normality by use of the Shapiro-Wilk
test. All data were normally distributed. Data on iodine intake,
excretion, and retention also fulfilled the condition of sphericity (for
the 3 doses), as tested by Mauchly’s test. All data are presented as
means 6 SDs. Associations between the subject characteristics at
baseline and iodine intake, iodine excretion, and iodine retention
were assessed by using Pearson’s correlation coefficient (r). Dif-
ferences in iodine intake, excretion, and retention among the 3
doses were compared by repeated-measure ANOVA by use of
Bonferroni correction for multiple comparisons.

We assessed the dose-response relation between daily iodine in-
take and iodine excretion as well as between daily iodine intake and
iodine retention by fitting mixed effects models (MEMs) for the

micrograms per day and micrograms per kilogram per day data, with
individual daily iodine intake as fixed factor and participant as
random factor. Baseline hemoglobin concentration correlated with
iodine retention for all 3 iodine doses and was thus also included as
a fixed factor in theMEMs. Each subject provided 4 data points (daily
values from 4 balance days) per parameter and per dose. Based on
visual inspection of the locally weighted scatter plot smoothing lines,
we tested linear models for the relation between intake and excretion
and linear, as well as logarithmic models for the relation between
intake and retention. The residualswere tested for normality. The final
model selection was based on a likelihood ratio test, i.e. the Akaike
Information Criterion (AIC). The model was also evaluated by using
goodness-of-fit plots and Pearson’s correlation coefficient for the
observed and predicted data. Significance was set at P , 0.05.

The finalMEMswere used to obtain predicted iodine excretion
and predicted iodine retention (micrograms per day and mi-
crograms per kilogram per day) for each individual intake (n =
131). Mean 6 SD predicted excretion and retention of 4 balance
days were calculated per infant and per dose. The agreement
between observed and predicted values for iodine excretion and
retention was evaluated by use of Pearson’s correlation co-
efficient. The predicted data were analyzed in the same way as
the measured excretion and retention (see above).

Zero balance (iodine intake = iodine excretion, iodine reten-
tion = 0 mg/d) was obtained from the MEM of iodine intake com-
pared with iodine retention micrograms per day and micrograms per
kilogram per day, the former used to estimate a proposed EAR). We
compared the MEM of iodine intake compared with iodine retention
to a linear model of iodine intake compared with iodine retention
(the latter does not account for repeated measures) and derived the
SD of the iodine retention.

RESULTS

The measured mean 6 SD iodine content in the ready-to-
drink low, medium, and high iodine IFM was 6.1 6 0.5, 16.4 6
1.8, and 30.06 2.3 mg/100 g, respectively (n = 44 in each group).
In total, 11 infants (5 girls and 6 boys) were screened and en-
rolled, and all completed the study. All infants were of Caucasian
descent, except one infant whose father was of Asian origin; the
mothers represented 5 different European nationalities. No ad-
verse events were reported during the trial.

Baseline characteristics of the participants are shown in Table 1.
At baseline, 2 infants showed isolated mild elevated TSH (4.2 ,
TSH , 5.1 mU/L), and 7 infants showed isolated mild low fT4
(15 . fT4 . 11.8 pmol/L). However, we confirmed a normal
total triiodothyronine value for the 3 infants with the lowest fT4
(11.8 , fT4 , 13.3 pmol/L) (data not shown). There were 3
infants who had borderline low iron stores (37 . plasma ferritin
. 21.9 mg/L), but the hemoglobin concentration was normal in
all infants. For all 3 iodine doses, there were no significant as-
sociations between baseline characteristics and iodine intake or
iodine excretion, except for age at study start and iodine ex-
cretion for the low iodine dose (r =20.789, P = 0.004). Baseline
hemoglobin concentration was correlated with iodine retention
for all 3 iodine doses (r = 0.608–0.666, P = 0.025–0.047).

Iodine intake, iodine excretion, and iodine retention expressed
as mg/d and mg $ kg21 $ d21 for the low, medium, and high
iodine IFM are shown in Table 2. Individual data for the 11
study infants are provided in Supplemental Table 1. Daily
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iodine intake, iodine excretion, and iodine retention differed
among all 3 doses (P, 0.001 for all comparisons). We observed
a linear dose-response association between iodine intake and
iodine excretion (Figures 1A and 2A) and between iodine intake
and iodine retention (Figures 1B and 2B). In positive balance,
infants excreted a constant proportion of 87% of the ingested
iodine and retained a constant proportion of 13% (Table 2).

The predicted dose-response relation between daily iodine intake
and excretion obtained from theMEManalysis agreedwellwith the
measured data. The locally weighted scatter plot smoothing line is
comparable with the predicted linear model fit obtained from the
MEManalysis (Figures 1A and 2A). The samewas observed for the
daily iodine intake and iodine retention (Figures 1B and 2B). We
observed a strong correlation between the observed and predicted
data for iodine excretion (r = 0.919, P, 0.001 for the micrograms
per kilograms per day data) and iodine retention (r = 0.637, P ,
0.001, for the micrograms per kilograms BW per day data), in-
dicating satisfactory performance of the model to predict the io-
dine excretion and iodine retention from iodine intakes (data not
shown). Hemoglobin was identified as a covariate for the MEM
analysis and improved the overall model fit for iodine excretion
(AIC 1270 compared with 1273, P = 0.0162 for the micrograms
per day data; AIC 765 compared with 769, P = 0.0168 for the
micrograms per kilograms BW per day data) and iodine retention
(AIC 1270 compared with 1274, P = 0.0163 for the micrograms
per day data; AIC 765 compared with 769, P = 0.0167 for the
micrograms per kilograms BW per day data).

The predicted iodine excretion can be described as a function
of iodine intake by the following equations:

Iodine excretion ðlg=dÞ ¼ 0:773 iodine intake ðlg=dÞ
2 1:483 hemoglobin ðg=LÞ
þ 180:51 ð1Þ

Iodine excretion
�
lg $ kg2 1 $ d2 1

� ¼ 0:763 iodine

intake ðlg=kg=dÞ2 0:21

3 hemoglobin ðg=LÞ
þ 25:80 ð2Þ

The relation between iodine intake and predicted iodine retention
is expressed by the following equations:

Iodine retention ðlg=dÞ ¼ 0:233 iodine intake ðlg=dÞ
þ 1:483 hemoglobin ðg=LÞ
2 180:51 ð3Þ

Iodine retention
�
lg $ kg2 1 $ d2 1

� ¼ 0:243 iodine

intake ðlg=kg=dÞ þ 0:21

3 hemoglobin ðg=LÞ
2 25:78 ð4Þ

Iodine balance (iodine intake = iodine excretion, iodine reten-
tion = 0 mg/d) was derived from the MEM based on the micro-
grams per day data (Figure 1B) and was achieved at an iodine
intake of 70 mg/d (95% CI: 60, 80 mg/d). This result is in agree-
ment with the value derived from the MEM based on the micro-
grams per kilograms BW per day data, i.e., 10.6 mg $ kg21 $ d21

(95% CI: 9.2, 12.0 mg $ kg21 $ d21) (Figure 2B).
Use of a linear model yielded the same iodine intake at null

balance as the MEM and did not change the data interpretation. The

TABLE 1

Subject characteristics1

Variable Value (n = 11)

Girls:boys 5:6

Vaginal delivery:Cesarean section 5:6

Birth weight, kg 3.58 6 0.43 (2.85–4.21)

Gestational age, wk 40 6 1 (38–42)

Age,2 wk 13 6 3 (9–19)

Body weight,2 kg 6.30 6 0.61 (5.32–7.84)

Body weight at study end, kg 7.33 6 0.77 (6.33–9.41)

TSH,2 mU/L 3.0 6 1.2 (1.1–5.1)

fT4,2 pmol/L 14.8 6 2.1 (11.8–18.7)

Hemoglobin,2 g/L 111 6 7 (99–122)

Plasma ferritin,2 mg/L 65.3 6 36.3 (21.9–133.0)

1Values are ratios or means 6 SDs (ranges) (all such values). fT4, free

thyroxine; TSH, thyroid-stimulating hormone.
2At study start.

TABLE 2

Observed and predicted daily iodine intake, iodine excretion, and iodine

retention for the 11 infants1

IFM

Low iodine Middle iodine High iodine

Observed, mg/d

Iodine intake 54.6 6 8.1a 142.3 6 23.1b 268.4 6 32.6c

Iodine excretion 55.9 6 8.6a 121.9 6 21.7b 228.7 6 39.3c

Iodine retention 21.6 6 8.3a 20.6 6 21.6b 39.8 6 34.3c

Predicted,2 mg/d

Iodine intake n.a. n.a. n.a.

Iodine excretion 57.6 6 11.3a 124.9 6 16.5b 222.6 6 23.0c

Iodine retention 23.3 6 11.3a 17.5 6 14.1b 47.0 6 14.2c

Observed, mg $ kg21 $ d21

Iodine intake 8.0 6 1.0a 21.3 6 2.1b 39.6 6 4.3c

Iodine excretion 8.2 6 1.1a 18.3 6 2.7b 33.2 6 5.6c

Iodine retention 20.4 6 1.4a 2.9 6 3.1b 6.2 6 4.4c

Predicted,3 mg $ kg21 $ d21

Iodine intake n.a. n.a. n.a.

Iodine excretion 8.5 6 1.8a 18.7 6 1.7b 32.6 6 2.9c

Iodine retention 20.6 6 1.5a 2.6 6 1.8b 7.0 6 2.2c

Observed,4 % of intake

Iodine intake n.a. n.a. n.a.

Iodine excretion 104.5 6 16.2a 87.8 6 15.5b 87.0 6 12.6b

Iodine retention 24.5 6 16.0a 11.9 6 15.5b 13.0 6 12.6b

1Values are means 6 SDs. The differences between the IFMs were

evaluated using repeated-measure ANOVA with Bonferroni correction.

Values with different superscript letters were significantly different (P #

0.001). IFM, infant formula milk; MEM, mixed-effects model; n.a., not

applicable.
2Predicted excretions were calculated from the observed intakes by use of

MEM: iodine excretion (mg/d) = 0.77 3 iodine intake (mg/d) 2 1.48 3
hemoglobin (g/L) + 180.51. Predicted retentions were calculated from the

observed intakes by use of MEM: iodine retention (mg/d) = 0.23 3 iodine

intake (mg/d) + 1.48 3 hemoglobin (g/L) 2 180.51.
3Predicted excretions were calculated from the observed intakes by

use of MEM: iodine excretion (mg $ kg21 $ d21) = 0.76 3 iodine intake

(mg $ kg21 $ d21) 2 0.21 3 hemoglobin (g/L) + 25.80. Predicted reten-

tions were calculated from the observed intakes by use of MEM: iodine

retention (mg $ kg21 $ d21) = 0.24 3 iodine intake (mg $ kg21 $ d21) +

0.21 3 hemoglobin (g/L) 2 25.78.
4Derived from mg/d data.
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SD of the iodine retention at null balance obtained from the linear
model was 3.75 mg/d.

DISCUSSION

This study suggests that 2- to 5-mo-old infants require a min-
imum daily iodine intake of 70 mg/d. At an average BWof 6.7 kg
at 4 mo of age (40), this corresponds to a daily iodine intake of
10.4 mg $ kg21 $ d21, comparable with the observed minimum
intake level of 10.6 mg $ kg21 $ d21 derived from the micrograms
per kilogram BW per day data. Intakes below this level will likely
result in negative balance, i.e. iodine depletion, and eventually
hypothyroidism caused by insufficient iodine to maintain normal
thyroid hormone synthesis. In positive balance, infants excreted
a constant proportion of 87% of ingested iodine, slightly lower
than what has been estimated for adults [90–92% (12, 41–43)].
The iodine retention was linear, and no down-regulation of the
retention rate (13%) was observed at intakes up to 300 mg/d. This

suggests that the infant thyroid accumulates significant amounts
of iodine when intakes exceed the minimum requirement.

Balance studies determine the intake required to maintain
existing body pools (19, 20). Healthy childhood growth and de-
velopment is characterized by gradual accumulation of thyroidal
iodine stores; this stored iodine can be used to produce thyroid
hormones during periods of low dietary iodine intake. Therefore, to
build thyroidal iodine stores, an additional allowance should be
added to the minimum iodine requirement for balance. Data on the
thyroidal iodine content in infants are scarce (5, 44–46). An au-
topsy study of full-term newborns in an iodine-sufficient area
reported a mean (6 SD) thyroidal iodine content of 292 mg
(647) (5, 47), a plausible amount considering the thyroid gland in
newborns weighsw1 g (4). Iodine-sufficient adults storew5–15 mg
of thyroidal iodine (48–51). Assuming a mean thyroidal iodine
store of 300 mg at birth, 15 y accumulation time, and a mean
thyroidal iodine store of 10 mg in iodine-sufficient adults, the
daily amount of dietary iodine needed to build up thyroid stores
is w1.77 mg/d. Rounding up and adding this allowance to the

FIGURE 1 Association between total daily iodine intake and ex-
cretion (mg/d) (A) and total daily iodine intake and retention (mg/d)
(B). Filled data points are measured values. Each subject provided 4
data points (daily values from 4 balance days)/dose (n = 131). The
filled line and light gray area represent the locally weighted scatter
plot smoothing line and the corresponding 95% CI for the observed
data. The dashed line and dark gray area represent the fitted linear
MEM and the corresponding 95% CI. (A) Iodine excretion (mg/d) =
0.77 3 iodine intake (mg/d) 2 1.48 3 hemoglobin (g/L) + 180.51. (B)
Iodine retention (mg/d) = 0.233 iodine intake (mg/d) + 1.48 3 hemoglobin
(g/L) 2 180.51). Open data points are predicted data obtained from the MEM
(n = 131). The dotted line in (B) represents the zero balance line. MEM, mixed
effects model.

FIGURE 2 Association between daily iodine intake and excretion ad-
justed for body weight (mg $ kg21 $ d21) (A) and daily iodine intake and
retention adjusted for body weight (mg $ kg21 $ d21) (B). Filled data points
are measured values. Each subject provided 4 data points (daily values from
4 balance days)/dose (n = 131). The filled line and light gray area represent
the locally weighted scatter plot smoothing line and the corresponding 95%
CI for the observed data. The dashed line and dark gray area represent
the fitted linear MEM and the corresponding 95% CI. (A) Iodine excretion
(mg $ kg21 $ d21) = 0.76 3 iodine intake (mg $ kg21 $ d21) 2 0.21 3
hemoglobin (g/L) + 25.80. (B) Iodine retention (mg $ kg21 $ d21) = 0.24 3
iodine intake (mg $ kg21 $ d21) + 0.21 3 hemoglobin (g/L) 2 25.78). Open
data points are predicted data obtained from the MEM (n = 131). The dotted
line in (B) represents the zero balance line. MEM, mixed effects model.
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minimum daily iodine intake requirement of 70 mg suggests an
EAR candidate of 72 mg for 2- to 5-mo-old infants.

Assessment of iodine intakes in populations should be based
on the EAR (12, 16). To compare our data with the present intake
recommendations, a recommended dietary allowance (RDA)
must be estimated. This is conventionally done by adding 2 SDs
to the EAR (12). The estimated SD of the iodine retention at null
balance was 3.75 mg/d (by use of the linear model). Adding
2 SDs to the intake at null balance (70 mg/d) plus 2 mg/d to
account for iodine stores results in an estimated RDA of 80 mg/d.
This RDA candidate is lower than the AI of 110 mg defined by
Institute of Medicine and the current recommended nutrient in-
take of 90 mg defined by WHO.

The EAR candidate of 72 mg/d for infants is slightly higher
than the current EAR of 65 mg/d for 1–3- and 4–8-y-old children
(12, 21, 22) but similar to the current EAR of 73 mg/d for 9–13-
y-old children (12). However, it is sharply higher than the re-
quirements for children in these age groups when expressed per
kg BW. Based on our proposed EAR and a mean BW of 6.7 kg
at 4 mo of age (40), the iodine requirement during early infancy
would be 10.7 mg $ kg21 $ d21. In contrast, it would be 5.5 mg $
kg21 $ d21 for 1–3-y-old children [based on the EAR of 65 mg/
d and a mean BW of 11.9 kg at 2 y (40)], 3.2 mg $ kg21 $ d21

for 4–8-y-old children [based on the EAR of 65 mg/d and
a mean BWof 20.4 kg at 6 y (40)], and 2.3 mg $ kg21 $ d21 for
9–13-y-old children [based on the EAR of 73 mg/d and
a mean BW of 31.6 kg at 10 y (40)]. This decrease in the iodine
requirement per kg BW during childhood is likely explained by
a decrease in thyroid hormone requirements per kg BW
during this same period. In infants, thyroxine production
rates are estimated to be w5–6 mg $ kg21 $ d21, decreas-
ing to w2–3 mg $ kg21 $ d21 in 3–9-y-old children and to
w1.5 mg $ kg21 $ d21 in adults (4). Therefore, our proposed
iodine requirement for infants, expressed in mg $ kg BW21 $ d21,
may be used to extrapolate intakes adapted for varying BWs
during early infancy (0–6 mo) but should not be extrapolated to
older children.

Our findings provide, to our knowledge, the first rigorously
defined data to estimate the minimum UIC threshold, indicating
adequate iodine nutrition in infant populations. Based on an
iodine intake of 72 mg/d (our estimate of the EAR in 2–5-mo-old
infants), a mean urinary iodine excretion rate of 87% [as mea-
sured in this study and assuming negligible fecal iodine excre-
tion (52)], and an estimated mean urine volume of 0.5 L/d at
this age (16, 17), the corresponding UIC is w125 mg/L. In UIC
distributions from population surveys that have been adjusted
for within-subject variability, the percentage of infants with
a UIC below this threshold are likely to have deficient iodine
intakes (53). Our findings also suggest the current median UIC
cut-off of 100 m/L to define iodine sufficiency in infant pop-
ulations may be too low (14, 15). However, more studies in-
vestigating the association between UIC, thyroid function, and
other health outcomes are needed to define the optimal UIC
range corresponding to adequate iodine nutrition during infancy.

To our knowledge, this study is the first iodine balance study
in euthyroid, iodine-sufficient, term infants. Iodine status during
pregnancy is adequate in Switzerland (30). All infants were
formula-fed before the study, and commercial IFM sold in
Switzerland must comply with the national (54) and European
(35) regulations and supply 57–286 mg I/d. The IFMs consumed

by the participating infants before the study supplied 102–128
mg I/d. Delange et al. (31, 32) conducted an iodine balance study
in a mixed group of preterm and full-term infants in Belgium,
at a time when the country was iodine-deficient (55). In that
study, the infants’ mean 6 SEM iodine intake was 20.0 6
1.9 mg $ kg21 $ d21, close to our middle dose, and excretion was
12.7 mg $ kg21 $ d21 (11.4 6 1.8 mg $ kg21 $ d21 in urine and
1.3 6 0.1 mg $ kg21 $ d21 in feces). The mean 6 SEM iodine
retention was 7.36 1.0 mg $ kg21 $ d21, equivalent to 37% of the
iodine intake, which is 3 times the iodine retention observed for
the same dose in our study (12%). However, because Delange’s
study was done in an iodine-deficient area, it likely overestimated
iodine retention because additional iodine is needed to restore
depleted iodine stores (56). Also, the study results should be in-
terpreted with caution because all samples were measured by use
of the Sandell-Kolthoff method, a technique that, depending on
the digestion step, may be inadequate for iodine determination in
complex sample matrices (34).

The present study has both strengths and weaknesses. The
balance study method generally neglects the metabolism from
different body compartments of the nutrient under study (19).
However, because the main iodine pool is concentrated in the
thyroid and only a smaller proportion is incorporated in thyroid
hormones or is present as circulating serum iodine, we feel that the
balance study technique is a valid approach for iodine (12). It has
also been argued that balance should be estimated from a steady
state of habitual intake and that the study duration in balance studies
may be too short to obtain a new balance at a different intake (19).
However, our data show constant rates of iodine excretion and
retention at the 2 higher doses, supporting a rapid steady state and
justifying the use of our data as the basis for dietary intake rec-
ommendations. Another potential weakness of the balance study
technique is the tendency to underestimate nutrient excretion and
consequently overestimate nutrient retention because of incomplete
collections and because losses from sweat, saliva, and skin are not
measured (20, 23). To overcome these shortcomings, we developed
and validated an innovative whole-diaper collection method to
collect both urine and feces, which minimizes losses and increases
the comfort for participating infants compared with conventional
collection techniques (23, 24, 57). We assumed iodine losses from
sweat and skin to be insignificant (58). Although the iodine content
of saliva may be high [w370–520 mg/L in adults (59)], most of the
iodine secreted in the saliva is recycled and taken up by the in-
testine (60), so we assumed salivary iodine losses relative to the
total iodine pool were minimal. We did not account for re-
gurgitation of IFM, but the losses were minimal.

Accurate and precise analytic methods are key factors for
determining exact nutrient balances (19). All our analytic methods
showed high precision and low CVs. We used ICP-MS, the gold
standard for iodine analysis, and all of our analyses were per-
formed and controlled by use of external quality controls. An-
other strength of our study is the crossover design. We corrected
the dose-response data for the correlation of repeated measures
within individuals. Although we studied only 11 infants, the var-
iability was low: the CV for the intake at null balancewas only 11%,
compared with 43% in the Belgian study (31, 32). For multiple
comparisons between the 3 iodine doses, we used the Bonferroni
correction to reduce the rate of false positive associations.
Even with this conservative correction, the differences in intake,
excretion, and retention across doses were significant for all
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comparisons. Only formula-fed infants were enrolled in the study
in order to assess dose-response relations over a range of intakes.
However, we believe that our results can also be applied to breast-
fed infants: iodine bioavailability is likely comparable for breast
milk and IFM because most iodine in breast milk is present as
iodide (as for IFM), and only a minor proportion is organically
bound (61, 62). Our data suggest an estimated breast milk iodine
concentration of $92 mg/L [assuming ingestion of 0.78 L/d (12,
63)] to meet the infants’ daily iodine requirement. Consequently,
present regulations for minimum iodine levels in IFM may be
set too low and require revision (35, 64). Baseline hemoglobin
was a predictor of iodine retention and was included as factor in
the models, but the effect of this covariate on iodine excretion
and retention was small.

In conclusion, this is the first study, to our knowledge, to
provide experimental data on iodine retention and iodine balance
in iodine-sufficient infants. The data provide a scientific evidence
base for the establishment of an EAR for iodine during the first
6 mo of life. However, further studies linking iodine intake and
iodine status to health and development outcomes are needed to
assess the favorable intake level and the tolerable upper intake
level for iodine in infants.
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