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Abstract
Objective: The present study aimed to evaluate the effect of mandatory iodine
fortification of bread on the iodine status of South Australian populations using
newborn thyroid-stimulating hormone (TSH) concentration as a marker.
Design: The study used an interrupted time-series design.
Setting: TSH data collected between 2005 and 2016 (n 211 033) were extracted
from the routine newborn screening programme in South Australia for analysis.
Iodine deficiency is indicated when more than 3 % of newborns have
TSH > 5 mIU/l.
Participants: Newborns were classified into three groups: the pre-fortification
group (those born before October 2009); the transition group (born between
October 2009 and June 2010); and the post-fortification group (born after June
2010).
Results: The percentage of newborns with TSH> 5 mIU/l was 5·1, 6·2 and 4·6 % in
the pre-fortification, transition and post-fortification groups, respectively. Based on
a segmented regression model, newborns in the post-fortification period had a
10 % lower risk of having TSH> 5 mIU/l than newborns in the pre-fortification
group (incidence rate ratio (IRR) = 0·90; 95 % CI 0·87, 0·94), while newborns in
the transitional period had a 22 % higher risk of having TSH> 5 mIU/l compared
with newborns in the pre-fortification period (IRR = 1·22; 95 % CI 1·13, 1·31).
Conclusions: Using TSH as a marker, South Australia would be classified as mild
iodine deficiency post-fortification in contrast to iodine sufficiency using median
urinary iodine concentration as a population marker. Re-evaluation of the current
TSH criteria to define iodine status in populations is warranted in this context.
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Iodine is an essentialmicronutrient required for the synthesis
of thyroid hormones(1), which are important for optimal
growth and brain development(2,3). Iodine deficiency can
affect thyroid hormone production, as indicated by altered
levels of thyroxine, triiodothyronine and thyroid-stimulating
hormone (TSH)(1). Newborn TSH concentration is an indica-
tor of fetal iodine nutrition prior to birth as iodine deficiency

during fetal life can lead to an increase in TSH concentration
in the newborn(4,5).

Methods of monitoring iodine status of populations
include measuring TSH concentration in newborns, median
urinary iodine concentration (UIC) in school-aged children
and prevalence of goitre in school-aged children(6).
According to the joint criteria of the WHO, UNICEF and
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the International Council for Control of Iodine Deficiency
Disorders, populations are classified as iodine deficient if
more than 3 % of newborns have TSH> 5 mIU/l in whole
blood, or median UIC< 100 μg/l, or goitre prevalence is
>5 % in school-aged children(6). When TSH is used to clas-
sify population iodine status, the recentWHO recommenda-
tion(7) specified to use neonatal blood samples taken
48–96 h after birth because newborn TSH concentrations
in the first 24–48 h are higher due to the neonatal TSH
surge(8) and are not recommended to be used to classify
population iodine status.

In Australia, newborn TSH concentration is routinely
assessed in whole-blood spot samples taken by heel-prick
as part of the Newborn Screening Test(9). The test aims to
detect disorders such as congenital hypothyroidism and
newborn errors of metabolism. Iodine deficiency re-
emerged in Australia(10–13) and, as a result, mandatory
iodine fortification of bread was introduced in October
2009(14). Pregnant and lactating women in Australia are also
recommended to take an iodine supplement of 150 μg/d
since January 2010(15). Following iodine fortification, the
2011–2012 National Health Survey and other surveys
showed Australians are iodine sufficient as assessed by
median UIC(16–18). Data on iodine status of the population
in Australia using newborn TSH as a marker are scarce.
A recent study conducted in the Western Australia showed
mild iodine deficiency using this marker(19) but the popu-
lation was iodine sufficient based on UIC(16). There is a lack
of national data assessing population iodine status using
newborn TSH as a marker in the post-fortification period,
including in South Australia.

Monitoring the iodine status of the population post-
fortification using multiple markers is important to evaluate
the efficacy and safety of the iodine fortification programme,
as disagreements between the TSHmarker v. median UIC or
goitre prevalence in classifying the iodine status of popula-
tions have been reported(8,20). In the present study we used
an interrupted time-series design to investigate newborn
TSH levels before, during and after implementation of the
mandatory iodine fortification programme(21). We also
explored the impact of the intervention on the iodine status
of the population using different TSH cut-offs to classify
iodine status. Based on available evidence, we hypothesised
that there will be a reduction in the proportion of newborns
with TSH> 5 mIU/l following the fortification programme.

Methods

Design, setting and participants
The present interrupted time-series study used population-
level data collected across the entire state of South Australia
from 2005 to 2016 (n 254 156). The TSH concentration of
all neonates who underwent newborn screening, a routine
test in South Australia with a screening rate of 98 %(22),
was extracted from the newborn screening database in

de-identified format. As part of the newborn screening
process, newborn whole-blood samples were taken
from neonates by heel-prick. Newborn TSH concentration
was determined using dissociation-enhanced fluoroimmu-
noassay (DELFIA). The same method was used for the
assessment of TSH over the entire study period.
Newborns with congenital hypothyroidism, defined as
newborn TSH ≥ 13 mIU/l, were excluded from the
study (n 388).

Outcome
The primary outcome of the present study was iodine status
of the population as defined by the percentage of
newborns with TSH> 5 mIU/l based on the WHO
criteria(6). These criteria classify a population as iodine suffi-
cient if the percentage of newborns with TSH> 5 mIU/l is
<3 %, and as mildly, moderately and severely iodine defi-
cient if the percentage of newborns with TSH> 5 mIU/l is
3–19·9, 20–39·9 and >40%, respectively(6). Newborn TSH
concentration declines over the first few days after birth(23,24)

and newborns sampled between48 and 72 h after birth had a
higher median TSH concentration than those sampled
72–96 h after birth(19).We considered the percentage of new-
borns with TSH> 6 mIU/l as a secondary outcome(25), since
the majority of the samples were collected early at 48–72 h
after birth when TSH concentrations are higher.

Exposure
Newborns were classified into three groups based on their
exposure to the mandatory iodine fortification during their
fetal growth period assuming a full-term pregnancy of
9 months. Since the fortification programme was imple-
mented in October 2009, newborns born before October
2009 formed the pre-fortification group. Newborns born
between October 2009 and June 2010 formed the transitional
group, as the fetal growth of these children occurred crossing
both the pre- and post-fortification periods. Newborns born
after June 2010 formed the post-fortification group, as these
children would have been conceived after the fortification
programme was mandated.

Time-varying confounders
In the present study, time-varying confounders are popula-
tion characteristics that change over time. The timing of
blood sample collection, birth weight and season at birth
were adjusted in the analysis as potential time-varying con-
founders. The timing of blood sample collection for TSH
assessment has been shown to affect the newborn TSH con-
centration(19,26,27), with early blood samples collected in the
first 24 h of birth having higher TSH concentration due to the
surge in neonatal TSH(8). Low-birth-weight infants have
been shown to have higher TSH concentration(19,28) and
infants born in the spring and winter seasons had a higher
TSH concentration due to cold atmospheric temperature(29).
The percentage of low-birth-weight infants may vary across
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time(30). Use of iodine-containing antiseptics during
delivery(8), gestational age at birth(31), sex of the new-
born(19,31), organochlorinepesticides exposure in the perina-
tal period(32) and mode of delivery(8,33) have been shown to
affect TSH concentration, but there was little change in these
factors over the study period in South Australia(34).

Statistical analysis
The data were analysed using the statistical software
package Stata version 14. Median and interquartile range
of TSH concentration and the percentage of newborns with
TSH > 5 mIU/l were calculated for the overall sample as
well as separately by fortification group, newborn
characteristics and year of sampling. Descriptive analyses
were repeated for the percentage of newborns with
TSH > 6 mlU/l. The χ2 test was used to compare newborn
characteristics (for categorical variables) and the percent-
age of newborns with TSH> 5 mIU/l between fortification
groups. The Kruskal–Wallis test was used to compare
the median TSH concentration between sub-populations
defined by newborn characteristics.

A segmented regression analysis(35) was employed to
assess the effect ofmandatory iodine fortification on the per-
centage of newborns with TSH> 5 mIU/l. Newborns with
heel-prick blood sampled outside the WHO recommenda-
tion of 3 to 4 d (48–96 h) after birth were excluded from
the segmented regression analysis. Newborns with missing
information on time of blood sampling, or birth weight, or
improbable values for birth weight (defined as <300 g or
>10 kg), were also excluded from the segmented regression
analysis. Sex and gestational agewere not included in the seg-
mented regression analysis because data on sex were incom-
plete for post-fortification groups, while data on gestational
age were incomplete for pre-fortification groups.

The primary analysis was an unadjusted analysis per-
formed using a Poisson regression model with the number
of newbornswith TSH> 5 mIU/l permonth as the outcome,
the fortification groups as the primary predictor variable and
the natural logarithm of the total number of newborns per
month as an offset. Overdispersion was handled by estimat-
ing the scale parameter by Pearson’s χ2 statistic divided bydf.
Several exploratory adjusted analyses were also performed.
First, birth weight and infants’ age at sampling were adjusted
in the model to control for possible time-varying con-
founding. To allow for changes over time in birth weight,
we used the mean or median birth weight or the percentage
of infants with low birth weight per month. Both linear and
quadratic effects were considered. To examine potential
changes over time in the infants’ age at sampling, we tested
the median age at sampling or the percentage of infants
sampled in each 6 h period after birth for each month.
The Akaike information criterion was used to choose the
best way to model the effects of birth weight and time of
sampling in these exploratory analyses, and the lowest value
was taken for a better model fit. Second, season of birth was

included to model any seasonal trends in the data. Finally,
time in months was included as a predictor to allow for a
linear trend over time and an interaction between time
in months and fortification group was included to test for
possible slope changes between fortification periods.

Global tests were performed to assess whether there
was any evidence of a jump in the percentage of newborns
with TSH> 5 mIU/l (fortification group effect) or, in
exploratory analyses, a slope change (time in months by
fortification group interaction effect) between the fortifica-
tion periods. The effect of fortification group on the per-
centage of newborns with TSH> 5 mIU/l was reported
as the incidence rate ratio (IRR) with a 95 % CI. A P value
less than 0·05 was considered statistically significant.

Results

Characteristics of the study population
Of the 254 156 newborns for whom TSH data were avail-
able, 388 were diagnosed with congenital hypothyroidism
(15 per 10 000 births) and were excluded from the analysis.
A heel-prick blood sample was collected between 48 and
96 h after birth from 213 642 (84·0 % ) newborns. Of these,
211 033 (98·8 % ) had data on birth weight and were
included in the segmented regression analysis (Fig. 1).

Table 1 shows the characteristics of the study population.
The majority (91 % ) of newborns were sampled
48–72 h after birth, both in the pre- and post-fortification
periods. The percentage of newborns with TSH> 5 mIU/l
was higher in males than females, higher in lower-
birth-weight than normal-birth-weight infants, higher in
preterm than term infants, and higher in winter and spring
than summer and autumn (Table 2). The percentage of
newborns with TSH> 5 mIU/l and median TSH concentra-
tion were highest in newborns blood sampled at 2 d of age
and declined afterwards (Fig. 2).

Iodine status in the pre-fortification, transition
and post-fortification periods
The median (interquartile range) TSH concentration was
2·0 (1·3–2·9) mIU/l in the post-fortification period, 2·0
(1·2–3·1) mIU/l in the transitional period and 1·7 (1·0–
2·7) mIU/l in pre-fortification period. Figure 3 presents
the percentage of newborns with TSH concentration
>5 and >6 mIU/l. The percentage of newborns with
TSH > 5 mIU/l was lower in the post-fortification
(4·6 % ) period than the pre-fortification (5·1 % ) and
transition (6·2 % ) periods (P < 0·01; Fig. 3). Using samples
collected at 72–96 h after birth only, the percentage of
TSH > 5 mIU/l was 2·9 % (Table 2).

Effect of mandatory iodine fortification of bread
on iodine status of the population
In the primary unadjusted segmented regression analysis,
newborns in the post-fortification period had a 10 % lower
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risk of having TSH> 5 mIU/l than newborns in the pre-
fortification group (IRR= 0·90; 95 % CI 0·87, 0·94).
Newborns in the transitional period had a 22 % higher risk
of having TSH> 5 mIU/l compared with newborns in the
pre-fortification period (IRR= 1·22; 95 % CI 1·13, 1·31;
Table 3).

Effect estimates (IRR) were similar in the adjusted
exploratory models (models 1–4) except for model 5 when
time in months was included in the adjustment, which
changed the direction of the effect in the post-fortification
period and substantially increased the CI (Table 3). There
was no evidence of an interaction between the fortification
periods and time in months (Pinteraction= 0·35) and hence

the interaction term (fortification groups and time) was
not included in the final adjusted models.

Based on the predicted values of the exploratory
segmented regression including fortification group and time
in months in the model, there was a jump in the proportion
of TSH> 5 mIU/l at the commencement of the iodine
fortification, followed by a decreasing trend throughout
the post-fortification period which was similar to the trend
seen in the pre-fortification period (Fig. 4). Based on the
counterfactual model, the proportion of TSH> 5 mIU/l
would also decrease in the post-fortification period even if
the mandatory iodine fortification of bread was not intro-
duced in October 2009 (Fig. 4).

Newborns screened for congenital
hypothyroidism

n 254 156  

Newborns included in the
segmented regression analysis

n 211 033 

Newborns included in the
study

n 253 768 

Newborns excluded

Congenital hypothyroidism
(TSH ≥ 13 mlU/l), n 388 

Newborns excluded from the
segmented regression analysis,

n 42 735*  

Sampled before 48 h or
after 96 h from birth,
n 40 345   
No birth weight data,
n 3485
Extreme outliers for
birth weight (<300 g or
>10 kg), n 28

•

•

•

•

Fig. 1 (colour online) Flowchart of participants in the study. *Newborns could be excluded under multiple exclusion criteria (TSH,
thyroid-stimulating hormone)

Table 1 Characteristics of the study population, 2005–2016, South Australia (n 211 033)

Characteristic n

Pre-fortification
group Transition group

Post-fortification
group

P value*n % n % n %

Neonatal age at blood sampling: 48–72 h 190 997 75 850 90·7 12 200 89·3 10 2947 90·5 < 0·01
Sex†: male 30 171 19 432 50·9 3500 52·0 7239 51·8 < 0·01
Birth weight: <2500 g 14 720 5438 6·5 944 6·9 8318 7·3 < 0·01
Gestational age‡: <37 weeks 23 456 2383 15·3 2021 15·7 19 052 17·5 < 0·01
Season < 0·01
Summer 51 736 20 115 24·0 4457 32·6 27 164 23·9
Autumn 53 591 22 037 26·4 4686 34·3 26 868 23·6
Winter 53 166 22 377 26·8 1515 11·1 29 274 25·7
Spring 52 540 19 078 22·8 3007 22·1 30 455 26·8

n, number of samples.
*P values were from the χ2 test for all three groups.
†Sample size for sex: n 58 858.
‡Sample size for gestational age: n 136 958.
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Discussion

The present study assessed the effect of the mandatory
iodine fortification programme in the South Australian pop-
ulation. Using one of the recommended markers of popu-
lation iodine status, the percentage of newborns with TSH
concentration >5 mIU/l, South Australia would be classi-
fied as mild iodine deficiency post-fortification. Our finding

of mild iodine deficiency in South Australia using newborn
TSH as a marker is in contrast to iodine sufficiency defined
by median UIC among school-aged children(16), pregnant
women(17) and breast-milk iodine concentration(18) in
South Australia post-fortification. The majority of newborn
blood samples were collected between 48 and 72 h after
birth, and this may increase the percentage of newborns
with TSH> 5 mIU/l and contribute to the discrepancy in

Table 2 Comparison of the percentage of thyroid-stimulating hormone (TSH) concentration >5 mIU/l and median TSH
concentration of newborns by potential time-varying confounders, 2005–2016, South Australia (n 211 033)

Variable

% of TSH> 5 mIU/l*

P value†

TSH (mIU/l)

P value‡n % Median IQR

Neonatal age < 0·01 < 0·01
48–72 h 9799 5·1 1·9 1·2, 2·9
72–96 h 584 2·9 1·6 1·0, 2·4

Sex < 0·01 < 0·01
Male 1451§ 4·8 1·8 1·1, 2·7
Female 1065§ 3·7 1·6 1·0, 2·5

Birth weight < 0·01 < 0·01
>2500 g 9345 4·8 1·9 1·2, 2·8
≤2500 g 1308 7·0 2·0 1·3, 3·1

Gestational age 0·01 0·73
≥37 weeks 5704║ 5·0 2·0 1·3, 2·9

<37 weeks 1282║ 5·5 2·0 1·3, 2·9
Season < 0·01 < 0·01
Summer 2475 4·8 1·9 1·2, 2·8
Autumn 2512 4·7 1·8 1·2, 2·8
Winter 2741 5·2 1·9 1·2, 2·9
Spring 2655 5·0 2·0 1·3, 2·9

n, number of samples; IQR, interquartile range.
*Denominator was n 211 033 unless otherwise specified.
†P values were from the χ2 test.
‡P values were from the Kruskal–Wallis test.
§Denominator was n 58 858.
║Denominator was n 136 958.
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Fig. 2 (colour online) Median thyroid-stimulating hormone (TSH) concentration and the percentage of newborn TSH concentration
>5 mIU/l by neonatal age at blood sampling and fortification period ( , median, pre-fortification period; , median, transition
period; , median, post-fortification period; , percentage, pre-fortification period; , percentage, transition period; ,
percentage, post-fortification period), 2005–2016, South Australia (n 239 182)
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the classification of iodine status between the twomarkers of
population iodine status of UIC and newborn TSH. The
WHO criteria specify using newborn TSH assessed between
48 and 96 h after birth to classify iodine status of popula-
tions. Our data showed that TSH concentrations in samples
collected 48–72 h after birth were higher than in samples
collected 72–96 h after birth. The population became iodine
sufficient if samples collected between 72 and 96 h after
birth were used. A similar finding has also been reported
in Western Australia, where the population was iodine suf-
ficient based on the median UIC(16) but mildly iodine defi-
cient using TSH as a marker in the post-fortification
period(19). In the Western Australian study, the percentage
of newborns with TSH> 5 mIU/l was higher in samples
collected 48–72 h after birth(19) similar to our study.
Discrepancies in classifying population iodine status using
newborn TSH concentration v. median UIC have also been
reported elsewhere(20,25,26). Evans et al.(25) and Vandevijvere
et al.(20) reported iodine deficiency by median UIC(20,26)

although a population study using newborn TSH showed
iodine sufficiency. However, TSHwasmeasured fromblood
sampled between 72 and 120 h of age, outside the WHO
recommendation, which may partly explain the difference.
Furthermore, the acute perinatal stress during the early neo-
natal period may increase the TSH concentration in healthy
newbornswith a blood sample takenprior to 72 h compared
with newborns sampled after 72 h of birth(24,28).

Many countries have shifted to earlier blood sampling
for neonatal screening due to earlier discharge from hospi-
tals. This change in practice may affect the newborn TSH
values and the percentage with TSH> 5 mIU/l at a popu-
lation level even though blood samples are collectedwithin
the WHO’s recommended time frame of 48–96 h. In coun-
tries with earlier discharge, applying the 3 % TSH cut-off
suggested for samples collected 48–96 h after birth may
not be appropriate since early samples have a higher
TSH concentration and this may lead to incorrect classifica-
tion of iodine status. When a higher cut-off of 6 mIU/l for
TSH was used, we found that South Australia was iodine
sufficient post-fortification, consistent with the finding from
the 2011–2012 National Health Survey which indicated
iodine sufficiency in South Australia(16). In contrast, Evans
et al.(25) called for WHO to modify its criteria and showed
that using cut-offs of 2 and 3 mIU/l for samples collected
from 72 h after birth was consistent with UIC. Together,
these data suggest that in countries with earlier blood sam-
pling for newborn TSH, increasing either the cut-off TSH
value of 5 mIU/l, or the percentage of newborns with
TSH > 5 mIU/l used to define iodine deficiency, or apply-
ing specific cut-offs for TSH depending on when the new-
born blood is sampled, may improve the consistency
between TSH andmedian UIC in the classification of iodine
status. In such countries like Australia, the newborn TSH
concentration >5 mIU/l at its current cut-off of >3 %
may not be an appropriate marker for classifying the
iodine status of the population.

Table 3 The effect of fortification on the proportion of newborns with thyroid-stimulating hormone (TSH) concentration > 5 mIU/l using
segmented regression analysis, 2005–2016, South Australia (n 211 033)

Pre-fortification

Transition Post-fortification

IRR 95%CI P value IRR 95%CI P value

Unadjusted model Reference 1·22 1·13, 1·31 < 0·01 0·90 0·87, 0·94 < 0·01
Adjusted model 1 Reference 1·17 0·96, 1·43 0·12 0·88 0·78, 0·99 0·04
Adjusted model 2 Reference 1·13 0·92, 1·37 0·24 0·93 0·81, 1·07 0·30
Adjusted model 3 Reference 1·24 1·01, 1·52 0·04 0·90 0·81, 1·01 0·07
Adjusted model 4 Reference 1·07 0·88, 1·30 0·49 0·88 0·77, 1·01 0·06
Adjusted model 5 Reference 1·45 1·15, 1·84 < 0·01 1·43 1·10, 1·85 0·01

IRR, incidence rate ratio.
Model 1: adjusted for only the linear and quadratic effects for the percentage of infants with low birth weight.
Model 2: adjusted for only the linear and quadratic effects for the percentage of infants’ blood sampled in each 6 h period from birth.
Model 3: adjusted for only season at birth.
Model 4: adjusted for season, linear and quadratic effects for the percentage of infants’ blood sampled in each 6 h period from birth and linear and quadratic effects for the
percentage of infants with low birth weight.
Model 5: adjusted model that includes time in months and also adjusted for season, linear and quadratic effects for the percentage of infants’ blood sampled in each 6 h period
from birth and linear and quadratic effects for the percentage of infants with low birth weight.
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Fig. 3 Percentage of newborns with thyroid-stimulating
hormone (TSH) concentration exceeding different cut-offs
( , TSH> 5 mIU/l; , TSH> 6 mIU/l) by fortification
period, 2005–2016, South Australia
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Different cut-offs have been applied to newborn TSH for
estimating population iodine status in the literature. Most
studies use the 5 mIU/l TSH cut-off(12,20,25) while others
use values rounded to one decimal place (5·0 mIU/l)(19,36).
The WHO recommends using TSH> 5 mIU/l(6,7), however
recent sensitive TSH assays make reporting of TSH levels
to one decimal place possible. It has been shown that using
TSH results rounded to the nearest whole number and
applying a 5 mIU/l cut-off decreased the percentage of new-
bornswith elevatedTSHconcentration comparedwithusing
TSH results rounded to one decimal place and applying a
5·0 mIU/l cut-off(19). This discrepancy is due to rounding
TSH results between 5·0 and 5·5 mIU/l to a whole number
(5 mIU/l) and applying a 5 mIU/l cut-off. As the recent TSH
assay methods are more sensitive and able to measure TSH
concentration to more than one decimal place(19,37), an
update to the TSH cut-off value with one decimal place is
suggested.

There have been debates over whether the current WHO
criterion of newborn TSH concentration >5 mIU/l above
3% is appropriate to define iodine deficiency(8,19,20,25,36).
Due to the discrepancy between TSH and UIC to classify
population iodine status, Burns et al.(36) and Vandevijvere
et al.(20) suggested to use the trend of percentage of
TSH> 5 mIU/l over time to see the change in the iodine sta-
tus of populations. Although trends are important to observe
changes in iodine status over time, a cut-off on the percent-
age of newborn TSH> 5 mIU/l is required to classify iodine
status in populations using this marker.

The post-fortification group had a 10% lower risk of
newborn TSH> 5 mIU/l comparedwith the pre-fortification
group. This indicates the success of both the mandatory
iodine fortification of bread and the recommendation for
routine iodine supplementation in pregnancy in Australia
to lower the risk of iodine deficiency. This finding is

consistent with studies in Ireland(36), Armenia(38) and
Switzerland(39) that showed a declining trend in the percent-
age of newborn TSH> 5 mlU/l after the introduction of
iodine fortification or salt iodisation. However, an explora-
tory analysis controlling for timing of blood sample collec-
tion, birth weight, season at birth and the underlying time
trend resulted in a reversing of the effect estimate and a loss
of precision. These seemingly contradictory results are due
in part to the underlying time trend, which suggests that the
percentage of newborns with TSH concentration >5 mlU/l
was decreasing over time even before fortificationwas intro-
duced.Although the actual percentage of TSHabove 5 mIU/l
in the post-fortification period is lower than in the pre-
fortification period, it is higher than the predicted percentage
when taking into consideration the decreasing time trend.
There is no clear explanation for the decreasing time trend
in the pre-fortification period. Increased awareness of the
re-emergence of iodine deficiency in Australia from the
2006 national iodine nutrition survey may have led to
increasing iodised salt use in place of non-iodised salt in
the population, which may partly explain the decreasing
time trend observed pre-fortification(40).

Surprisingly, the percentage of TSH> 5 mIU/l and the
median TSH concentration increased during the transi-
tional period despite that TSH was measured using the
same method over the entire study period. Our finding
of a transient increase in TSH concentration in the transi-
tional period could be explained by the acute Wolf
Chaikoff effect(41), which refers to a transient inhibition
of thyroid function when iodine-deficient populations
exposed to a sudden increase in iodine intake, like in
Australia from a combination of iodine supplementation
in pregnancy and mandatory iodine fortification of bread
during the transition period. A recent study reported that
the mean iodine intake of pregnant women in South
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Australia who took iodine supplements at the recom-
mended dose of 150 μg/d or above was 377 μg/d, which
was well above the Recommended Dietary Intake for
iodine in pregnancy(17). In addition, based on the median
UIC, 20 % of Australian children aged 2–3 years(42) and
24 % of South Australian infants aged 3 months(43) had
iodine intake above the upper level of safe intake in the
post-fortification period. A national bread consumption
survey(42) conducted in 2010 also indicated that iodine con-
tent varied in the transitional period, with some as high
as 270 μg/100 g bread in contrast to the target level of
46 μg/100 g bread(14). Implementation of both the manda-
tory iodine fortification of bread inOctober 2009(44) followed
by the recommendation for routine iodine supplementation
in pregnancy in January 2010(15) in Australia may have
resulted in a transient inhibitory effect on thyroid function
due to a sudden increase in iodine intake in pregnant
women. The fetal thyroid system is more susceptible to both
inadequate and excess iodine. Elevated newborn TSH con-
centration above 17 mIU/l was reported in an iodine-
deficient population exposed to increased intake above
requirements, suggesting a transient inhibitory effect on
the synthesis of thyroid hormones(45). A transient inhibitory
effect from a sudden increase in iodine intake during the
implementationof the fortification and supplementationpro-
grammes may contribute to a sharp increase in the percent-
age of TSH above 5 mIU/l in the transitional period(41). In the
post-fortification period, the population (including women
of childbearing age) became iodine sufficient(16,17). The same
level of iodine intake in the post-fortification period is
unlikely to cause the acute Wolf Chaikoff effect as women
entering pregnancy were no longer iodine deficient.

Our study reported seasonal variation in the percentage
of newborns with TSH concentration>5 mIU/l in the study
period and this was slightly higher in winter and spring
compared with summer and autumn. A similar seasonal
pattern was observed in Belgium(29). Seasonality in TSH
concentration may due to variation in dietary iodine intake
(mainly fish and iodine-fortified foods)(29) but there are no
data on the seasonality of bread consumption in Australia.
Cold weather conditions can increase thyroid hormone
secretion and this may contribute to the higher TSH con-
centrations observed in winter and spring(46,47).

The current study has a number of limitations. First,
iodine supplementation for pregnant women was recom-
mended by National Health and Medical Research
Council in January 2010, shortly after the implantation of
the fortification programme. Therefore, it was not possible
to examine the effect of the fortification separately from the
supplementation programme. Second, gestational age was
not controlled in the final model due to incomplete infor-
mation but we controlled for birth weight as a proxy, which
is highly correlated with gestational age(30). Third, we did
not adjust for the caesarean section rate because these data
were not collected in the neonatal screening programme.
However, the caesarean section rate was steady over the

study period and is unlikely to affect the percentage of
TSH> 5 mIU/l over the study period(34). Fourth, due to a
move towards earlier discharge of mothers and newborns
from hospital, a majority of newborns were sampled at
48 to 72 h after birth for newborn screening. As a result, there
is a difference in themean timing of blood sampling between
the three fortification periods which may increase the
percentage of newborns with TSH> 5 mIU/l in the post-
fortification period. Althoughwe attempted to control for this
variation in the timing of blood sample collection in the
analysis by considering the percentage of infants sampled
in each 6 h period after birth, there may be a residual effect.

Conclusions

Using newborn TSH as a marker, South Australia would be
classified as mild iodine deficiency post-fortification in con-
trast to iodine sufficiency based on themedianUIC, themost
widely used population marker of iodine status. Our study
together with the literature suggests that newborn TSH con-
centration >5 mIU/l at its current cut-off of >3%may not
be a reliable marker for defining the iodine status of popu-
lations. There has been a change in clinical practice world-
wide towards early discharge from hospital and newborn
bloods are collected early for the newborn screening.
Re-evaluation of the currentWHOcriteria onTSHas amarker
of population iodine status is warranted in this context.
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