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Abstract
Objective: To compare the breast-milk iodine concentrations (BMIC) of lactating
women before and after the mandatory iodine fortification of bread in Australia in 2009.
Design: Cross-sectional study. Breast milk samples were collected from two
cohorts of women in South Australia within 7 d of delivery to determine BMIC. The
percentage of samples with iodine concentration below 100 µg/l, a level
considered adequate for breast-fed infants, was calculated. Sociodemographic
information and intake of dietary supplements were obtained from all women.
Setting: The breast milk samples were collected between 2006 and 2007 in the
pre-fortification cohort and between 2012 and 2013 in the post-fortification cohort.
Results: The median (interquartile range) BMIC was higher in the post-fortification
samples compared with samples collected in the pre-fortification period
(187 (130–276) v. 103 (73–156) µg/l; P< 0·05). Overall, the percentage of women
with BMIC <100 µg/l was lower in the post-fortification cohort than in the
pre-fortification cohort (13 v. 49%; P< 0·01). The percentage of women with
BMIC <100 µg/l in the post-fortification cohort was lower among women who
took iodine supplements in pregnancy (12 v. 29%; P< 0·01).
Conclusions: Mandatory iodine fortification of bread has resulted in an increase in
the iodine content of breast milk in Australian women. However, iodine
supplementation may still be required in some women post-iodine fortification
to reach the level of BMIC that is considered adequate to meet the iodine
requirement of full-term infants.
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Iodine is a trace element essential for the synthesis of the
thyroid hormones triiodothyronine and thyroxine, and plays
an important role in physical growth and mental develop-
ment(1). Iodine deficiency can impair mental function and
physical development, particularly when it occurs during
pregnancy or early infancy(2). For exclusively breast-fed
infants, breast milk provides the sole source of iodine.
Breast-milk iodine concentration (BMIC) has been shown to
vary between populations, such that women from areas of
iodine sufficiency have higher BMIC than women from
areas of iodine deficiency(3). A BMIC of at least 100 µg/l is
considered sufficient to provide adequate iodine to meet the
needs of breast-fed term infants(3).

Despite the well-established negative effect of severe
iodine deficiency in the perinatal period on infant
and child development(4), data regarding the BMIC of
Australian lactating women are scarce. Only one small study
(n 49), which was conducted over a decade ago, reported a

median BMIC of 84µg/l at ~4 d postpartum(5), suggesting
that the iodine content of breast milk was inadequate to
meet infant requirements. The Australian National Iodine
Nutrition Study of school-aged children in 2006 also sug-
gested the re-emergence of iodine deficiency in Australia(6).

In response to concerns about the re-emergence of
iodine deficiency in Australia, mandatory use of iodised
salt in bread making was introduced in 2009(7). The
mandatory iodine fortification was closely followed by
recommendations from the National Health and Medical
Research Council in 2010 for all pregnant and lactating
women to take an iodine supplement of 150 µg/d(8).
A small study (n 60) suggested that the iodine status of
breast-feeding women in Australia, as assessed by urinary
iodine concentration, has improved since the introduction
of iodine fortification(9). However, there are no studies to
date which have assessed BMIC in Australian women
after the introduction of mandatory iodine fortification
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and the National Health and Medical Research Council’s
recommendation for iodine supplements.

Therefore, the primary aim of the present study was
to compare BMIC from lactating women living in the
same region of Australia pre and post mandatory iodine
fortification. An additional aim of the study was to evaluate
the effect of iodine supplementation on BMIC in the
context of mandatory iodine fortification.

Methods

Study setting and participants
The study utilised breast milk samples collected from
South Australian women participating in two separate
pregnancy nutrition studies: the DOMInO (DHA to Opti-
mise Mother Infant Outcome)(10) and the PINK (Pregnancy
Iodine and Neurodevelopment in Kids) studies(11). Breast
milk samples were collected between 2006 and 2007 in
the DOMInO study (pre-fortification) and between 2012
and 2013 in the PINK study (post-fortification).

The inclusion criteria for the DOMInO study were
women with a singleton pregnancy less than 20 weeks’
gestation who were not taking fish oil or prenatal sup-
plements containing DHA. The inclusion criteria for the
PINK study were any women less than 20 weeks’ gestation
without a history of thyroid disease(11). Both studies
excluded women with known major fetal abnormalities or
a history of drug or alcohol abuse. Women were also
excluded in both studies if English was not the main lan-
guage spoken at home. All women were recruited at the
Women’s and Children’s Hospital, Flinders Medical Centre
or Flinders Private Hospital in Adelaide, South Australia.

Assessment of breast-milk iodine concentration
The breast milk samples were collected at either the
hospital or the participant’s home within 7 d of delivery
using sterile 70ml specimen collection containers (Techno
Plas, Australia). In the DOMInO study breast milk samples
were stored at −20°C after collection until analysis, whereas
in PINK study samples were stored at −20°C for an average
of 9 d before being delivered to the central laboratory after
which they were stored at −80°C until analysis.

BMIC was determined using a validated method of
inductively coupled plasma–mass spectrometry(12). Using
this method the results obtained for the external standard,
NIST 1549 milk powder (National Institute of Standards
and Technology (NIST), Gaithersburg, MD, USA), was 3·38
(SD 0·02) mg/kg compared with the certified value of 3·38
(SD 0·02) mg/kg. The method’s quantification limit was
1·6 µg/l. The intra-assay and inter-assay CV was <1% and
3·5%, respectively.

Sociodemographic information
Information on sociodemographic characteristics of the
women, including age, ethnicity, education, employment

status, parity, alcohol consumption and smoking status,
was collected at the time of enrolment in both the DOM-
InO and PINK studies based on self-reporting. Ethnicity
was classified as Caucasian, Aboriginal/Torres Strait
Islander, Pacific Islander, Maori, Asian, Indian, African
Black and other. Only a small number of participants
reported their ethnicity as not being Caucasian (6%
pre-fortification and 16% post-fortification). Therefore,
participants were classified as being of either ‘Caucasian’
or ‘non-Caucasian’ ethnicity for the purpose of the present
study. Height and weight of women in both cohorts
were also obtained at study entry and used to calculate
maternal BMI (kg/m2).

No specific information regarding intake of supple-
ments containing iodine was collected in the DOMInO
study. However, a surveyed conducted in July 2009 (two
years after the commencement of the DOMInO study)
reported that a number of dietary supplements targeted at
pregnant women contained at least some iodine(13). Thus,
in order to assess the effect of iodine fortification alone on
BMIC, women in the pre-fortification (DOMInO) cohort
who reported taking dietary supplements that potentially
contained iodine were grouped as the ‘iodine supplement’
group. The remaining women were grouped as the
‘non-iodine supplement’ group. The PINK study collected
more detailed information on the specific brand/name
of supplements taken by women; on the basis of this
information, women were classified into either the
‘iodine supplement’ group if they were consuming any
supplements containing iodine or the ‘non-iodine
supplement’ group if they did not take any dietary
supplements or if the supplements they were taking did
not contain iodine.

Data analysis
The statistical software package SPSS Statistics Version 17.0
was used for all statistical analyses. Differences in
sociodemographic, maternal health and lifestyle baseline
characteristics between the pre- and post-fortification
samples were determined by the Mann–Whitney test for
non-normally distributed continuous variables or the
χ2 test for categorical variables. Evidence from the sole
iodine balance study to date indicated that a positive
iodine balance in full-term infants is achieved only when
iodine intake is 15 µg/kg per d, which is equivalent to a
BMIC of approximately 100 µg/l(3). Therefore, our study
used the cut-off of 100 µg/l based on a review of the
literature. The median BMIC was determined and
the proportion of women with BMIC below 100 µg/l, the
suggested cut-off for providing an adequate iodine supply
for breast-fed infants(3), was also determined. A linear
regression model was fitted to estimate the effect of
mandatory iodine fortification on BMIC. The log of breast-
milk iodine was used for analyses due to the skewed
distribution of BMIC. The estimates (differences in means
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on the log scale) were subsequently back-transformed to
the original scale and are reported as ratios of geometric
means. An interaction term was fitted to test for effect
modification of iodine fortification by supplement use
and estimates of the effect of fortification were derived
separately for the iodine supplement and non-iodine
supplement groups. Due to differences in some key
sociodemographic characteristics between women in the
pre- and post-fortification samples, the analyses were
adjusted for maternal BMI at study entry, maternal
smoking during pregnancy, maternal alcohol consumption
during pregnancy, parity (0 v. ≥1) and completion of
secondary education. Additional linear models, using data
from both the pre- and post-fortification cohorts and
BMIC as a continuous variable, were also used to identify
significant predictors of BMIC. A P value of <0·05 was
considered statistically significant.

Results

A total of 1660 pregnant women were enrolled in the
DOMInO study in Adelaide sites between 2006 and 2007,
and 1129 (68%) of these women reported having ever
breast-fed their infant. Breast milk samples were collected
from 571 (51%) of these women for the analysis of breast-
milk fatty acid profile as part of the DOMInO study. Of the
breast milk samples collected, surplus breast milk samples
from 291 women were available for the assessment of
BMIC in the current study. There were no differences in
sociodemographic (ethnicity, education, currently in paid
employment, parity and age) and lifestyle (smoking and
alcohol consumption at study entry) characteristics
between breast-feeding women whose samples were
included in the analysis of BMIC and those who either did
not provide a sample or for whom there was no surplus
sample available for the analysis.

Of the 783 pregnant women who were recruited into
the PINK study, 708 (90%) were breast-feeding at birth
and breast milk samples were collected at birth from
653 (92%) of these women.

The baseline demographic information of the women
whose BMIC was assessed in the present study is shown in
Table 1. Compared with women in the pre-fortification
group, women in the post-fortification sample were
older, more educated, and a lower proportion reported
smoking or consuming alcohol at the time of enrolment
(P< 0·01).

Breast-milk iodine concentration pre and post
mandatory iodine fortification
BMIC pre and post mandatory iodine fortification are
reported in Table 2. Median (interquartile range) BMIC
was significantly higher in the post-fortification samples
compared with the pre-fortification samples (187 (130–276)
v. 103 (73–156) µg/l; P< 0·001).

There was a statistically significant interaction between
cohort (pre- v. post-fortification) and supplement use
(P< 0·001). Therefore, regression analysis to assess the
effect of iodine fortification on BMIC was performed
separately in the iodine supplement and the non-iodine
supplement groups. After adjustment for the effect of
smoking, maternal BMI, alcohol consumption, ethnicity,
parity and secondary school completion, the estimated
geometric mean BMIC in the post-fortification samples
was 1·8 times (95% CI 1·6, 2·0) that of the pre-fortification
samples in the iodine supplement group and 1·2 times
(95% CI 1·0, 1·4) in the non-iodine supplement group.

The proportion of women with BMIC <100 µg/l was
lower in the post-fortification compared with the
pre-fortification cohort (13 v. 49%; P< 0·001). In the
post-fortification cohort, where detailed information
on intake of iodine supplements was available, the
proportion of women with BMIC <100 µg/l was lower in
women who took iodine supplements in pregnancy
compared with women who did not take any supplements
containing iodine (12 v. 29%; P< 0·01).

Predictors of breast-milk iodine concentration of
lactating women
Maternal smoking status, alcohol consumption, ethnicity
and parity were all identified as predictors of BMIC,
whereas maternal BMI and completion of secondary
education were not (Table 3). BMIC was negatively
associated with smoking, but positively associated with
alcohol consumption. Non-Caucasian mothers had higher
BMIC than Caucasian mothers and mothers with parity
≥1 had higher BMIC than nulliparous mothers (Table 3).

Discussion

The present study is the first to assess the impact of
mandatory iodine fortification on BMIC in lactating
women in Australia and demonstrates that mandatory
iodine fortification has resulted in an increase in the
median BMIC in this population.

The median BMIC before the introduction of mandatory
iodine fortification could be interpreted as indicating
borderline iodine deficiency because almost half of the
pre-fortification samples had BMIC below 100 µg/l
(the level considered adequate(3)). Although breast milk
samples were available for analysis from only a relatively
small percentage of the breast-feeding women in the
original DOMInO cohort, key sociodemographic and
lifestyle characteristics of the women whose samples were
analysed in the current study were not different from those
of breast-feeding women whose samples were not
included. This gives us confidence that the BMIC in these
women is representative of the breast-feeding women in
the DOMInO cohort as a whole.

P
u
b
lic

H
ea
lt
h
N
u
tr
it
io
n

Breast-milk iodine concentration in Australia 3



The introduction of iodine fortification has resulted in
an improvement in the median BMIC as well as a reduc-
tion in the percentage of women having BMIC below the
cut-off level. However, it is also clear that the proportion
of women in the post-fortification cohort with BMIC below
the cut-off was notably higher in women who did not take
iodine supplements compared with those who did.
We interpret these results to suggest that, although
the mandatory iodine fortification has resulted in an
overall increase in BMIC in Australian women, iodine

supplementation may be required in some women to
reach the BMIC level that is considered adequate
(≥100 µg/l)(3) to meet the iodine requirement of full-term
infants. There is limited information regarding changes in
BMIC across lactation and further research investigating
whether iodine supplementation is needed throughout
lactation to maintain BMIC at or above 100 μg/l is required.
Currently there are no data on the relationship between
BMIC and growth and development of breast-fed infants.
Further research to determine the BMIC that is associated
with optimal growth and development of infants is
warranted.

Our finding that BMIC was lower in smokers than in
non-smokers across the whole population is consistent
with previous studies. For example, Laurberg and
colleagues found that smoking, as reflected by nicotine
level measured at birth, was associated with an approxi-
mately 50% reduction in BMIC(14). The reduction in
BMIC in smokers is thought to be related to the thiocya-
nate in cigarettes which acts to inhibit iodine uptake
from the maternal circulation into breast milk(14–16).
Although unexpected, the positive association between
BMIC and reported alcohol consumption at study entry is
consistent with the results of a national survey of pregnant
women in Belgium, which reported that women who were
consuming alcohol in the first trimester of pregnancy had a
lower risk of iodine deficiency in the first and third
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Table 1 Demographic characteristics at enrolment (≤20 weeks’ gestation) of South Australian women participating in two separate
pregnancy nutrition studies, before (2006–2007) and after (2012–2013) the mandatory iodine fortification of bread in Australia in 2009

Pre-fortification (n 291) Post-fortification (n 653)

Median or n IQR or % Median or n IQR or % P value

Age (years), median and IQR 30 26–34 33 30–36 <0·01
Gestational age (weeks), median and IQR 19 19–20 16 15–18 <0·01
Caucasian ethnicity, n and % 273 94 550 84 <0·01
Completed secondary school, n and % 196 67 555 83 <0·01
BMI (kg/m2), median and IQR 26 23–30 25 23–28 <0·01
Currently in paid employment, n and % 223 77 593 76 0·76
Parity= 0, n and % 114 39 352 54 <0·01
Current alcohol consumption, n and % 36 12 40 5 <0·01
Currently smoke, n and % 34 12 25 6 <0·01

IQR, interquartile range.

Table 2 Breast-milk iodine concentration (µg/l) of South Australian women participating in two separate pregnancy nutrition studies, before
(2006–2007) and after (2012–2013) the mandatory iodine fortification of bread in Australia in 2009

Pre-fortification Post-fortification

n Median IQR n Median IQR P value*

Non-iodine supplement group 155 105† 72–155 65 137‡ 84–190 <0·001
Iodine supplement group 136 100† 73–154 588 195‡ 137–282 0·03

IQR, interquartile range.
*Adjusted for cohort (the effects of pre and post fortification), iodine supplement use, maternal BMI, smoking, alcohol consumption, parity, ethnicity and
secondary education.
†There was no difference between the non-iodine supplement and the iodine supplement group in the pre-fortification cohort, P= 0·93.
‡There was a significant difference between the non-iodine supplement and the iodine supplement group in the post-fortification cohort, P< 0·001.

Table 3 Predictors of breast-milk iodine concentration* of South
Australian women

Adjusted
estimated
ratio† 95% CI

Adjusted
P value

Smoking 0·5 0·4, 0·6 <0·01
5-unit increase in BMI 1·0 1·0, 1·1 0·50
Alcohol consumption 1·2 1·0, 1·4 0·03
Non-Caucasian
ethnicity

1·4 1·3, 1·6 <0·01

Parity ≥1 1·1 1·0, 1·2 0·05
Completed
secondary
education

1·1 1·0, 1·2 0·12

*Breast-milk iodine concentration as a continuous variable.
†Adjusted for cohort (the effects of pre and post fortification), iodine
supplement use, maternal BMI, smoking, alcohol consumption, parity,
ethnicity and secondary education.
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trimesters of pregnancy than women who did not drink(17).
Knudsen and colleagues suggested that this may be related
to the inhibiting effect of alcohol on thyroid hormone
metabolism, which reduces the iodine requirements for
thyroid hormone synthesis and increases the iodine
available for transfer into breast milk(18). It is also important
to note that both the effect of alcohol consumption on
BMIC in our study and the number of women who reported
drinking alcohol were small. Therefore, these results need to
be interpreted with caution and further studies are required
to confirm this finding.

Significant associations between urinary iodine con-
centration and sociodemographic factors including
ethnicity and education level have been reported in
several previous studies in adult populations(19,20). Our
study is the first to report that non-Caucasian mothers had
significantly higher BMIC compared with Caucasian
mothers. This finding is in line with the results of a study
conducted in Melbourne (Australia) which reported that
urinary iodine concentration of Caucasian pregnant
women was significantly lower than that of non-Caucasian
pregnant women(21). These differences may be due to
differences in dietary behaviours between these groups.

Few studies have investigated the association between
parity and BMIC, and the results have been inconsistent.
A previous study in Portugal reported that BMIC at 3 d
and 3 months postpartum were not different between
nulliparous and multiparous women(22), which is in
contrast to our finding of higher BMIC at 3 months
postpartum in multiparous women. It should be noted,
however, that the previous study included a smaller
sample size (n 165) compared with our study (n 944).
Furthermore, the iodine status of Portuguese lactating
women was deficient while the population of lactating
women in the current study was largely iodine sufficient.
Therefore, further studies are required to evaluate the
relationship between parity and BMIC.

One of the limitations of our study is that the sample
storage conditions and duration were different between the
pre- and post-fortification samples. However, a pilot study
indicated that there were no differences in BMIC when the
same sample was stored under two different conditions
(at −20°C or −80°C) over a period of up to 18 months
(D Huynh, B Muhlhausler, SJ Zhou et al., unpublished
results), although we cannot exclude the possibility of
differences in BMIC between the two storage conditions
beyond 18 months’ storage. However, our finding of a
borderline sufficient iodine status in BMIC pre-fortification
is consistent with the finding of borderline sufficient iodine
status in a survey of schoolchildren in South Australia
conducted in the same period(6). Furthermore, we did not
provide specific instructions to women regarding the
collection of fore or hind milk. While no studies to date
have compared BMIC in fore and hind milk, the
concentrations of a number of other micronutrients are
known to differ between these fractions.

Another limitation is that we did not assess dietary
intake of the women in the current study. It is possible that
dietary habits of lactating women may have changed
between the pre- and post-fortification periods which may
contribute to the higher BMIC in the post-fortification
cohort. However, data from the two latest National
Nutrition Surveys (conducted in 1995 and 2011) indicated
that in women of childbearing age, intake of the main
sources of dietary iodine in Australia including bread and
dairy products was lower in the period post-iodine
fortification compared with pre-fortification(23,24),
although the data might not be directly compatible. In
addition, it has been shown that there was no difference in
the percentage of pregnant and lactating women who
used iodised salt before and after the introduction of
iodine fortification(25). We also found no difference in
iodine status (indicated by urinary iodine concentration)
between pregnant women who used iodised salt and
those who used non-iodised salt in the post-fortification
cohort(26). Therefore, it appears unlikely that increased
intake of bread or dairy products or use of iodised
salt could account for the higher BMIC in the post-
fortification cohort.

Although the pre- and post-fortification cohorts were
both recruited from the same region of South Australia, the
shift in the demography of the pregnant population in
South Australia between these periods contributed to
differences that may have introduced bias. The differences
in the grouping of the participants into ‘iodine supple-
ment’ and ‘non-iodine supplement’ groups between the
two cohorts may also lead to other potential biases in
the comparison of BMIC.

Conclusion

The current study is the first to report BMIC in lactating
women in Australia after the implementation of mandatory
iodine fortification of bread and suggests that BMIC in
the majority of these women is adequate to meet the
iodine requirement of their breast-fed infants. However,
iodine supplementation may be required in some women
to achieve a BMIC that is considered adequate to meet
the iodine requirement of full-term infants. This compar-
ison of BMIC in the same region of Australia supports
the suggestion that the mandatory iodine fortification
programme has resulted in an increase in the iodine
content of breast milk in lactating women. Further
research evaluating the BMIC level associated with optimal
development in children is warranted.
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