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Abstract

Purpose The Swiss voluntary salt iodisation programme has successfully prevented iodine deficiency for 100 years, but
dietary habits are changing and today only one-third of processed foods contain iodised salt. We aimed to monitor the cur-
rent iodine status in children and pregnant women.

Methods We conducted a nationwide cross-sectional study in children (6—12 years) and pregnant women and measured the
urinary iodine concentration (UIC) in spot urine samples. We estimated the iodine intake using UIC and urinary creatinine
concentration (UCC) and determined the prevalence of intakes below the average requirement (AR) using the SPADE method.
We measured dried blood spot (DBS) thyroglobulin (Tg), TSH and total T4 in pregnant women.

Results The median UIC was 127 pg/L (bootstrapped 95% CI 119, 140, n=362) in children and 97 pg/L (bootstrapped
95% C1 90, 106, n=473) in pregnant women. The estimated prevalence of inadequate iodine intake (< 65 pg/day) was 5.4%
(bootstrapped 95% CI 0.0, 14.6) in children. Half (47%) of the women consumed iodine-containing multivitamin and mineral
supplements (> 150 pg/day). Compared to non-users, users had higher median UIC (129 vs. 81 pg/L, P<0.001), lower preva-
lence of inadequacy (< 160 pg/day; 0.2 vs. 31%) and lower DBS-Tg (23 vs. 29 pg/L, P <0.001). All women were euthyroid.
Conclusions The Swiss diet and current salt fortification provides adequate iodine intake in children, but not in all pregnant
women. lodine supplements cover the dietary gap in pregnancy but are not universally consumed. Therefore, improved use
of iodised salt in processed foods is desired to ensure adequate iodine intake in all population groups.

This trial was registered at clinicaltrials.gov as NCT(04524013.
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households (> 80%) [3], but a recent market survey shows that
only one-third of processed foods (with salt) are produced
using iodised salt [4]. The low coverage of iodised salt in
industrially produced food products may negatively influence
the iodine intake [3].

The iodine status in the Swiss population has been moni-
tored in nationally representative studies every 5 years since
1998-1999 [3, 5-7]. Over the past decade, the iodine intake
was adequate and stable in 6-12-year-old children [3, 5-7],
although at the lower end of the adequate range [8]. However,
studies in adults conducted in 2010-2012 and 2009-2013
reported borderline inadequate iodine intake, particularly in
women [9, 10]. Low intake has also been observed in preg-
nant women [3], lactating women [5] and infants [5, 11]. The
situation is similar to several other European countries with
voluntary salt iodisation [2, 12].

To improve the overall iodine intake in the Swiss popula-
tion, the iodine content in salt was increased from 20 to 25 mg/
kg in January 2014 (permitted range 2040 mg/kg [13]). This
modestly increased UIC in children but had no effect on the
iodine intake in pregnant women [3], possibly due to partial
use of iodised salt in processsed foods. Further, studies in
Swiss adults suggest that iodised salt contributes only half
(54%) of the total iodine intake [14] and that the remaining
iodine intake comes from other dietary sources, mainly milk
and dairy products [15]. However, dietary habits are changing,
and cow’s milk consumption is decreasing [16—18]. A growing
proportion of the population is following a vegetarian or vegan
diet [19-22] and previous studies suggest that individuals fol-
lowing a vegan diet may be at risk for iodine deficiency [23].
Plant-based milk alternatives are low in iodine unless they
are fortified [24] and only 8% of vegan processed foods are
produced with iodised salt [4].

We conducted a cross-sectional national study in Switzer-
land from September 2020 to July 2022 with the objective
to assess the present iodine status in school-age children and
pregnant women and monitor the current effectiveness of the
Swiss salt iodisation programme. We compared the current
median urinary iodine concentration (UIC) with national data
from 1999, 2004, 2009 and 2015 and evaluated longitudinal
trends. We also assessed the impact of dietary iodine supple-
ments on the iodine intake and thyroid function in pregnant
women.

Methods
Study design
We conducted a cross-sectional study from September

2020 to July 2022 and aimed to obtain a representative
national sample of primary school children (6—12 years)
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and pregnant women (18-44 years) in Switzerland. The
study design was consistent with previous national iodine
status studies [3, 5-7].

Following the WHO recommendations for iodine sur-
veys [8], we used a two-stage probability proportionate-
to-size cluster sampling based on current census data
from the Swiss Federal Statistical Office [25]. In this
census data, Switzerland is divided into five geographi-
cal regions and each of the regions is further subdivided
into three strata listing communities with different pop-
ulation sizes (< 10,000, 10,000-99,999 and > 99,999
inhabitants). The number of clusters within each region
and stratum was calculated proportional to the population
size. Children were initially recruited through schools,
but the response rate was low, partly due to restrictions
during the COVID19 pandemic. The sampling was there-
fore extended to also involve paediatric practices. Paedia-
tricians were selected based on the same proportionate-
to-size criteria as for the schools. Women were recruited
through gynaecologists and obstetric clinics. We aimed
for 20 clusters including 35 children per cluster and 20
clusters each including 25 pregnant women. Smaller
villages were underrepresented due to the absence of a
paediatric or gynaecological practice on the countryside.

Subjects

We contacted 414 randomly selected primary schools by
email. Out of the 183 schools that replied, 7 agreed and
6 schools finally participated. In each school, 2-3 classes
were randomly selected, and all children in these classes
were invited to participate. Children consenting were
enrolled in this study. We enrolled 10-20 children in 4
schools and < 10 children in 2 schools.

We reached paediatricians through posters in the news-
letter of the Swiss Paediatric Association (“Pidiatrie
Schweiz”) (n=6), through cantonal paediatric associa-
tions (n=7) and by active communication with randomly
selected paediatricians in clusters with lower participation
rate (n=2). Of the 15 paediatricians, 6 enrolled 29-35
children and 9 included < 20 children.

We contacted 214 obstetric/prenatal care clinics/hos-
pitals throughout Switzerland and 22 clinics/hospitals
agreed to participate. Of the 22 gynaecologists, 17 enrolled
between 20 and 26 pregnant women and 4 agreed to enrol
an additional 15 pregnant women, while 5 included <20
pregnant women.

The inclusion criteria were as follows: (1) residence in
Switzerland for > 12 months; (2) general good health at
the time of enrolment. Additionally, school-age children
should be aged between 6 and < 13 years and pregnant
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women aged between 18 and 44 years with a healthy, sin-
gleton pregnancy. We excluded children and women who
self-reported exposure to X-ray/CT/MRI iodine-containing
contrast agent or use of iodine-containing medication within
the last 6 months.

The sample size of the study was determined to assess
the median UIC with 5% precision (95% CI) [26]. Previ-
ous studies in Swiss women suggest a sample size of 473
participants are needed to estimate median UIC with 5%
precision [27] and at least 400 women are needed to estimate
the prevalence of inadequate iodine intake [28]. We aimed
to enrol 700 school-age children and 500 pregnant women.

This study was approved by the Cantonal Ethical Com-
mittee of the Canton of Zurich, representing all Swiss Can-
tonal Committees (BASEC2020-00192). For each respective
participating school, additional approval was obtained from
the respective Cantonal Education and Health Department.
Written informed consent was obtained from the pregnant
women and from the parents of the school-age children. An
oral consent was also obtained from the children. All data
were collected coded and registered by subject number, loca-
tion, age and sex. This study was registered in the Swiss
National Clinical Trials Portal as well as at clinicaltrials.
gov (NCT04524013). The STROBE guidelines were used
for reporting of the study data [29].

Study procedures

The sample collection period was November 2020 to July
2022 for children and September 2020 to March 2022 for
pregnant women. Children were recruited with the help of
the school teachers and paediatricians, who were informed
about the study procedures and in turn instructed the partici-
pants. The teachers and paediatricians distributed a written
participant information sheet aimed to the parents explaining
the aims and procedure of the study, plus a shorter version
of the study information aimed for the children. Children
who returned a written informed consent form signed by
the parents and orally consented were eligible to participate
in this study.

Pregnant women were recruited by the supervising phy-
sician in the participating obstetric/prenatal care clinics.
Gynaecologists were informed in detail about the study
procedures. They distributed the written participant infor-
mation to eligible participants who were given sufficient
time to read and take a decision. Written informed consent
was obtained before sampling. Participants received no
compensation for their participation.

A questionnaire was given to all participants. It was
specifically adapted for each population group and was
used to assess the inclusion and exclusion criteria, the
use of iodised salt in the household, the consumption
of foods rich in native iodine and the consumption of

iodine-containing food supplements. Pregnant women
were further asked about education, cigarette smoking,
number of births, number of children living with the
women at home and pregnancy trimester.

Height and weight were measured in all participants
using standard anthropometric techniques [30]. For the
measurements, subjects took off their shoes, emptied their
pockets and wore light indoor clothing. Body height was
measured to the nearest 0.1 cm using a portable stadi-
ometer in the children visited in the schools and a wall-
mounted stadiometer for all participants at the practices/
clinics. Body weight was measured to the nearest 0.1 kg
using a digital scale.

A spot urine sample was obtained from all study par-
ticipants for measurement of UIC and urinary creatinine
concentration (UCC). In children, we also measured uri-
nary sodium concentration (UNaC). A repeat spot urine
sample was collected in a random subsample of 30% of the
subjects [28]. Participants were asked to collect a second
spot urine sample within a week of the first urine sam-
ple. Urine samples were collected at any time of the day,
except from the first morning void. The participants were
given a plastic cup and were asked to provide ~20 mL of
fresh midstream urine. All urine samples were aliquoted
(2.0 mL) on the day of sampling and stored at 4 °C in
the practices of paediatricians or gynaecologists or the
participants home for repeat spot urine samples and sent
weekly to the Laboratory of Human Nutrition at ETH
Zurich, Switzerland, where they were frozen at—20 °C
until analysis.

We collected a dried blood spot (DBS) sample in preg-
nant women for determination of thyroglobulin (Tg),
thyroid stimulating hormone (TSH) and total thyroxine
(TT4). Blood drops (50 pL) were collected by a finger
prick directly onto filter paper cards (IDBS-226, Perkin
Elmer, CT, USA). The DBS cards were dried at room tem-
perature, placed in sealed plastic bags and stored at 4 °C at
the gynaecologist practices and sent weekly to the Labo-
ratory of Human Nutrition at ETH Zurich, Switzerland,
where they were frozen at — 20 °C until analysis.

All children provided a household salt sample for measure-
ment of the salt iodine concentration. The subjects were asked to
bring a 60 g salt sample (three tablespoons) from their homes in
clean plastic bags supplied by the study team. The salt samples
were stored frozen at—20 °C until analysis.

Biochemical analysis
Urinary iodine concentration
We analysed UIC in duplicates using the Pino-modifi-

cation of the Sandell-Kolthoff method at ETH Ziirich,
Switzerland [31]. External quality control was ensured by

@ Springer



576

European Journal of Nutrition (2024) 63:573-587

measuring two in-house control urine samples that were
added to each analysed plate (Supplementary Table S1). We
assessed iodine deficiency and iodine excess by comparing
the obtained median UIC to thresholds recommended by
WHO (< 100 pg/L and > 300 pg/L for school-age children
and < 150 pg/L and > 500 pg/L for pregnant women [8]).

Urinary creatinine concentration

UCC was measured in duplicate using the modified Jaffé
method [32]. External quality control was ensured by meas-
uring two in-house control urine samples that were added to
each plate analysed (Supplementary Table S1).

Urinary sodium concentration

UNaC was determined in the spot urine samples using flame
atomic absorption spectrometry (AA240FS; Varian Inc.,
Techtron, Agilent Technologies USA). The results were veri-
fied by measuring certified reference material, i.e. Seronorm
Trace Elements Urine Levels (Sero, Norway) (Supplemen-
tary Table S1).

Salt iodine concentration

The iodine concentration in salt was analysed using the
Pino-modification of the Sandell-Kolthoff method [31].
Before the analysis, the salt samples were diluted in two
steps: 1) 5 g of salt was weighed and nanopure water added
up to a total weight of 50 g and the solution was heated for
40 min to dissolve the salt in water; 2) 4 g of the first solu-
tion was diluted with nanopure water up to a total weight of
50 g. The second dilution was used to perform the analysis.
Two in-house control urine samples were used as external
quality control (Supplementary Table S1). Salt iodine con-
centration was defined as “no iodine” at <5 mg per kg salt,
adequate at 15-40 mg/kg and high at>40 mg/kg [8].

Thyroid function parameters

Tg was measured on DBS with a DBS-Tg enzyme-linked
immunosorbent assay (ELISA) [33]. Serum control samples
(Liquichek Tumor Marker Control; Bio-Rad, Hercules, CA,
USA) were used as standards for the DBS-Tg assays. We
used two in-house DBS samples for quality control (Supple-
mentary Table S1). Assay-specific reference ranges for DBS-
Tg were used for pregnant women (0.3—43.5 pg/L [34]).
We analysed DBS-TSH and DBS-TT4 in the Swiss New-
born Screening Laboratory at University Children's Hospital
Zurich. TSH and TT4 were measured with the use of an auto-
mated time-resolved fluoroimmunoassay method (NS2400;
Labsystems Diagnostics Oy, Vantaa, Finland) and related
Neonatal TSH/T4 kit (Labsystems Diagnostics Oy, Vantaa,

@ Springer

Finland). Kit- and lab-specific DBS controls were used for
the analysis. To calculate the prevalence of thyroid dysfunc-
tion, we used kit-specific reference ranges. For pregnant
women in the second and third trimesters, we used the nor-
mal reference values defined for DBS-TSH in non-pregnant
adults (0.1-3.7 mIU/L). In the first trimester, we lowered the
upper limit of the DBS-TSH reference range by 18% to 3.0
mlU/L, as recommended by the American Thyroid Asso-
ciation [35]. For DBS-TT4, we applied the assay-specific
reference range for non-pregnant adults (20-130 nmol/L)
to women in pregnancy weeks 1-6. We then increased the
upper reference limit by 5% per week, starting at week 7
(week 7, 20-136.5 nmol/L; week 8, 20—-143 nmol/L; week
9, 20-149.5 nmol/L; week 10, 20-156 nmol/L; week 11,
20-162.5 nmol/L; week 12, 20-169 nmol/L; week 13,
20-175.5 nmol/L; week 14, 20-182 nmol/L; week 15,
20-188.5 nmol/L) [35]. From week 16 until birth, we mul-
tiplied the non-pregnant adult reference range by 1.5 and
used the resulting range of 30-195 nmol/L [35].

Statistical analysis

We used Excel 2022 version 16.66.1 (Microsoft, Redmond,
WA, USA), SPSS version 28.0.1.1 (IBM, Armonk, NY,
USA) and R version R 4.2.1 [36] for data processing and
analysis. The primary outcome of this study was spot UIC
in children and pregnant women. Secondary outcomes were
spot UCC and UNaC in school-age children and thyroid
function parameters (DBS-Tg, DBS-TSH and DBS-TT4) in
pregnant women.

For pregnant women we excluded UIC data from three
clinics (n=55) due to suspected iodine contamination from
urine glucose test strips [37]. The median UIC for each of
the three clinics was significantly higher than the overall
median UIC (P <0.001). Out of all spot urines in pregnant
women (sample 1), 5% (n=25) of the UIC values devi-
ated >3 SD from the overall median UIC (sample 1): 60%
of the samples (n=15) were collected in the three clinics.
For subjects who collected a second urine sample at home,
we replaced the excluded first urine sample with the second
sample (n=15) and effectively 40 women were excluded
from the data analysis. As previously described [5, 37], UIC
data from pregnant women obtained in 2004 may also have
been exposed to contamination and we excluded data from
this year for the UIC trend analysis.

For each subject, we estimated the daily urinary
iodine excretion (UIE) by calculating the UIC:UCC ratio
and multiplying the ratio by population-specific refer-
ence ranges for daily urinary creatinine excretion (UCE)
(Eq. 1a) [38]. For children, we used sex- and body height-
specific UCE reference values derived in German children
[39]. For pregnant women, we used age- and sex-specific
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creatinine values based on non-pregnant Swiss women
(9.821 mmol/24 h=1.11 g/24 h) [40]. The daily iodine
intake was estimated using Eq. (1b) (assuming 92% of con-
sumed iodine is excreted in the urine [41, 42]). Estimated
daily sodium excretion was calculated in the same way as
for iodine (Eq. 1a).

Estimated UIE (pg/day) = UIC (pg/L) / UCC (g/L)

X UCE reference values (pg/day), (1a)

Iodine intake (pg/day) = Estimated UIE (pg/day) /0.92.
(1b)

Iodine intakes > 4000 pg/day (n=15) were excluded
from the analysis for pregnant women and sodium excre-
tions > 15,000 mg/day (n=7) were excluded from the analy-
sis for children.

We ran descriptive statistical analysis for all variables.
Normality was assessed by visual inspection of histograms
and QQ-plots and by testing the distributions of continu-
ous variables against a normal distribution using the Kol-
mogorov-Smirnov test. Normally distributed continuous
data are presented as mean+SD (95% CI). Nonparametric
data are presented as median (IQR) and the 95% CI around
the median was obtained using the bootstrap technique
(n=1000). Skewed data were transformed [log (x)] for data
analysis. No outliers were removed from the descriptive
data.

Differences were assessed using Wilcoxson signed rank
test for paired data (e.g. between the first and second urine
samples) and using the Mann-Whitney U test for two catego-
ries. Group differences for more than two categories were
tested using the Kruskal-Wallis ANOVA test followed by
Mann-Whitney post hoc tests and Bonferroni correction of
the significance level (e.g. longitudinal comparison of UIC
in school-age children and pregnant women).

Associations between two nonparametric variables were
assessed using the Spearman Rho (r,) correlation. To assess
determinants of UIC, UCC and Tg, we performed multiple
linear regression using log data. We included determinants
that were significantly associated with UIC, UCC and Tg in
Spearman correlation analysis or group testing. Chi-square
tests were used to evaluate differences for categorical data.
Statistical significance was set at P <0.05.

We estimated the adjusted UIC, UCC, UNaC, the habitual
daily iodine intake and urinary sodium excretion as well as
the prevalence of inadequate iodine intake using the SPADE
method and the package “SPADE-RIVM” (version 4.1.17)
[43]. SPADE consists of several steps to obtain the habitual
distribution from repeated short-term measurements: (1)
observed data are transformed through Box-Cox transfor-
mation to an approximately normal distribution; (2) within-
person variability is removed, resulting in a shrunken distri-
bution at the transformed scale, and (3) data are transformed

back to the original scale using a complex back-transforma-
tion [43]. The estimated adjusted UIC, UCC, UNaC, habit-
ual iodine intake and habitual urinary sodium concentrations
are presented as the 50th percentile (bootstrapped 95% CI,
n=1750).

We calculated the prevalence of inadequate and exces-
sive iodine intake using the estimated average requirement
(AR)/upper tolerable intake level (UL) cut-point method
from the SPADE method [43]. The prevalence was deter-
mined on the original scale and the 95% ClIs were obtained
using the bootstrap technique (n=750). We used the AR
from the US National Academy of Medicine (NAM) and
the UL from the European Food Safety Authority (EFSA),
as previously proposed [44]. NAM provides ARs for chil-
dren in two age groups, i.e. for 4-8-year-old (65 pg/day) and
9-13-year-old (73 pg/day) [42]. For consistency, we used
the AR of 4-8-year-old children (65 pg/day) for all chil-
dren. The overall interpretation of the results did not change
compared to when age-specific AR values were used (data
not shown). We applied the UL from EFSA of 11-14-year-
old children (450 pg/day) for all children [45]. The EFSA
UL for 7-10-year-old children (300 pg/day) is inconsistent
with the WHO median UIC threshold indicating excess
iodine intake in children (median UIC > 300 pg/L) [8]. For
pregnant women we applied the AR by NAM (160 pg/day)
[42] and the UL recommended by EFSA (600 pg/day) [45].
Iodine deficiency and excess may be considered a relevant
public health concern if the prevalence of iodine intakes
below the AR or above the UL exceeds 10% in the study
population [8, 46, 47].

Results
School-age children

We enrolled 391 children from 6 schools and 15 paediatri-
cians and examined their eligibility. We excluded 29 subjects
as they did not fulfil the inclusion criteria (n=14) or pro-
vided no first urine sample (n=15). In total, 362 school-age
children were included in the data analysis. Subject char-
acteristics of the children are shown in Table 1. In all clus-
ters, the study sample represents half of the intended sample
size, except for the Northwest and Midland region where we
enrolled 12% of the intended number of participants. For
communities with a population < 10,000 inhabitants only 1/3
of the intended number of subjects were obtained.

The age of the participating children ranged from 6
to 12 years and the median age was 9 years (IQR 7-10)
(Table 1). Eighty-seven per cent of the school-age children
reported using iodised salt in their homes. A total of 16%
(n=>50) reported taking a daily dose of dietary vitamin or
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Table 1 Subject characteristics of school-age children (n=362) and pregnant women (n=>513) in the 2020-2022 Swiss national study

School-age children

Pregnant women

Value n Value n
Male/female (%) 49/51 166/172 - 513
Age (years)* 9 (7-10) 361 32 (29-34) 502
Height (cm) 136 (128-145) 356 166 (163-170) 487
Weight (kg) 31 (25-39) 356 63 (57-71)° 488
BMI (kg/m?) - - 22.8 (20.8-25.8)* 479
Pregnancy week - - 26 (19-32) 489
Trimester 1/2/3/NA (%) - 11/48/36/5 59/246/184/24
Presence of thyroid disorders (%)° 0.3 1 7 35
Hypothyroidism 0.3 1 5 28
Hyperthyroidism 0 0 1 4
Other/NA 0 0 1 3
Current thyroxine treatment (%)
Yes/no/NA 0.3/0/0 1/0/0 5/1/1 27/4/4
Current dietary supplement consumption (%)° 16 50 96 471
Containing iodine (%)% 0 0 47 221
Current use of iodised salt in household (%)° 87 266 86 361
Nutrition pattern (%) 307 439
Omnivorous 99 303 97 424
Vegetarian 1 4 3 15
Vegan 0 0 0 0
Daily consumption (%)° 297 343
Bread 66 195 54 184
Dairy products 65 194 67 231
Milk 53 157 56 189
Yoghurt 20 59 24 83
Cheese 16 47 21 70
Abstaining from eating certain foods (%)° 16 50 24 101
Meat 2 7 6 27
Fish 5 14 11 46
Eggs 2 7 2 7
Dairy products 4 15 3 15
Bread 0 1 1 3
Other® 5 14 6 27

NA not available

#Values are median (interquartile range), all such values

bBefore pregnancy, kg
Self-reported
dContaining 150220 pg iodine/day

Including gluten, lactose, sugar, raw meat, pig meat, poultry, sea food, crustaceans, nuts, diverse vegetables

mineral supplements, but none took iodine-containing die-

tary supplements.

Urinary concentrations of iodine, sodium and creatinine

Median UIC in children obtained from the first spot urine
sample was 127 pg/L (bootstrapped 95% CI 119, 140,
n=362) and did not differ compared to the last national
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study in 2015 (137 pg/L, bootstrapped 95% CI 131, 143,
n=729; P=0.682; Fig. 1A and Supplementary Table S2).
The median UIC was > 100 pg/L in all five of the geographic
regions of Switzerland (Supplementary Table S3). When
using the second urine sample to adjust for intra-individual
variability, the median UIC increased to 143 pg/L (boot-
strapped 95% CI 133, 153) (Table 2).
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Table 2 Iodine, sodium and thyroid parameters of school-age children (n=362) and pregnant women (n=513) in the 2020-2022 Swiss national

study
School-age children Pregnant women
Value* n Value n

UIC (ug/L)®
Sample 1 127 (119, 140) [IQR 87-194]* 362 97 (90, 106) [IQR 45-187]* 473
Sample 2 131 (118, 146) [IQR 86-172]° 96 107 (89, 125) [IQR 57-183]* 139
Adjusted UICP 143 (133, 153) 338 123 (100, 145) 460

UCC (g/L)®
Sample 1 0.87 (0.80, 0.94) [IQR 0.6-1.2]* 360 0.55 (0.48, 0.63) [IQR 0.3-1.0]* 472
Sample 2 0.93 (0.87, 1.08) [IQR 0.7-1.3]° 89 0.60 (0.51, 0.71) [IQR 0.4-1.0]* 138
Adjusted UCCP 0.95 (0.9, 1.0) 335 0.63 (0.5, 0.7) 460

UIC/UCC ratio (pg/g)®
Sample 1 150 (144, 162) [IQR 106-217]* 360 166 (155, 183) [IQR 115-330]* 472
Sample 2 142 (122, 164) [IQR 102-195]° 85 161 (147, 185) [IQR 116-275]* 133

Adjusted estimated habitual iodine intake (ug/day)D 114 (102, 126) 330 269 (229, 307)E 457
No supplement users 114 (102, 126) 330 204 (178, 251) 232
Supplement users’ - 0 355 (316, 392) 195

Prevalence of inadequate iodine intake (%)8 5.4 (0.0, 14.6) 330 12.0 (3.2,24.7) 457
No supplement users 5.4 (0.0, 14.6) 330 31.0 (10.5,41.1) 232
Supplement users - 0 0.2 (0.0, 4.0) 198

Prevalence of excessive iodine intake (%)™ 0.0 (0.0, 0.2) 330 5.0(0.0,9.4) 457
No supplement users 0.0 (0.0, 0.2) 330 2.0 (0.0,4.5) 232
Supplement users - 0 3.4 (0.0, 10.7) 198

UNaC (mg/L)®
Sample 1 3235 (3026, 3477) [IQR 2243-4476]* 359 - -
Sample 2 3353 (2721, 3762) [IQR 2101-4411]* 96 - -
Adjusted UNaCP 3342 (3184, 3513) 335 - -

UNaC/UCC ratio (mg/g)®
Sample 1 4049 (3721, 4388) [IQR 2463-5693]- 347 - -
Sample 2 3288 (2930, 4104) [IQR 2026-5538]° 86 - -

Adjusted estimated habitual sodium excretion (mg/ 2350 (2205, 2506) 319 - -
day)?

Tg (ng/L) - - 26.0 (24.7,28.4) [IQR 17.5-37.2] 465
Prevalence of elevated Tg (%Y - - 17.0 79
TSH (mU/L) - - 1.8 (1.8, 1.9) [IQR 1.6-2.0] 383
TT4 (nmol/L) - - 71.5 (69.1, 72.6) [IQR 59.5-81.7] 383
Prevalence of thyroid dysfunction (% [n])% - - 0.2 [1]" 383

Sodium was measured in school-age children only and thyroid function parameters in pregnant women only

UIC spot urinary iodine concentration, UCC spot urinary creatinine concentration, UNaC spot urinary sodium concentration, Tg thyroglobulin,
TSH thyroid stimulating hormone, 774 total thyroxine

Avalues are median (bootstrapped 95% CI) [interquartile range], all such values

BWilcoxson signed-rank test was used to test differences between sample 1 and sample 2. Values with different superscript letters differed
(P <0.05)

€1 = 40 outliers removed due to contamination with iodine

D Adjusted distribution accounting for intra-individual variability using the SPADE method and the package “SPADE-RIVM” [43] in R [36]
En = 5 outliers removed (iodine intakes > 4000 pg/day)

FSupplement user defined as taking dietary supplements containing 150-220 pg iodine/day

SPercentage (bootstrapped 95% CI) of individuals with habitual intakes < AR of 65 pg/day for school-age children and 160 pg/day for pregnant
women [42]

Hpercentage of individuals with habitual intakes > UL of 450 pg/day for school-age children and 600 pg/day for pregnant women and from
ESFA [45]. Applying the UL of 1100 pg/day for pregnant women from NAM, the prevalence of excessive iodine intake was 0% in supplement
users and non-users, respectively [42]
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Table 2 (continued)

n = 7 outliers removed (sodium excretion > 15,000 mg/day)
IDefined as Tg > 43.5 pg/L [34]

KDefined as abnormal TSH and/or TT4 (including subclinical and overt hypothyroidism, subclinical and overt hyperthyroidism and isolated

hypothyroxinaemia)

LOne pregnant woman had subclinical hypothyroidism (defined as elevated TSH and normal TT4)

The median UCC was 0.86 g/L (bootstrapped 95%
CI 0.80, 0.94) (Table 2). UIC was positively correlated
with UCC (r,=0.498, P <0.001) and UNaC (r,=0.393,
P <0.001), but did not correlate with age (P=0.144).
UCC correlated with UNaC (r,=0.267, P <0.001) and age
(r,=0.187, P<0.001). UIC did not differ between girls and
boys (P=0.618), whereas UCC was higher in boys than in
girls (P=0.035). Median UIC did not differ depending on
whether iodised salt was used in the household (87%) or
not (13%) (P =0.325). There was no difference in median
UIC between children who abstained from eating certain
foods (meat, fish, egg, milk, bread) compared to children
who did not (P=0.193). However, children who reported
daily consumption of dairy products had significantly
higher median UIC than children who did not (136 pg/L vs.
111 pg/L; P=0.013). More specifically, in non-parametric
testing we found that daily milk consumption was associ-
ated with UIC (P=0.009), but daily yoghurt (P =0.544),
cheese (P =0.585) and bread (P =0.583) consumptions
were not.

Multiple linear regression analysis was performed to
determine the influence of log UCC, log UNaC, region
and daily milk consumption on log UIC. Log UIC was
predicted by log UCC (P <0.001), log UNaC (P <0.001),
region (P =0.002) and daily milk consumption (P <0.001)
(F(4,288)=38.560, P <0.001, R?= 0.349; Supplementary
Table S3). In multiple linear regression analysis including
age, sex and region as independent variables, log UCC was
influenced by age (P <0.001) and sex (P=0.010), but not
by region (P=0.151) (F(3,331)=8.733, P<0.001, R>=0
.073).

Estimated habitual iodine intake and sodium excretion

The median habitual iodine intake in children was esti-
mated at 114 pg/day (bootstrapped 95% CI 102, 126) by
accounting for urine volume using UCC and adjusting for
intra-individual variability using the second spot urine
sample. The estimated prevalence of inadequate iodine
intake (below the AR of 65 pg/day) was 5.4% (bootstrapped
95% CI 0.0, 14.6). None of the children (bootstrapped 95%
CI 0.0, 0.2) had excessive intakes exceeding the UL of
450 pg/day (Table 2).

The median UNaC in children was 3235 mg/day (boot-
strapped 95% CI 3026, 3477), with no difference compared
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to 2015 (Table 2 and Supplementary Table S2). The esti-
mated median habitual sodium excretion was 2350 mg/day
(bootstrapped 95% CI 2205, 2506) (Table 2). UNaC cor-
related with UIC (r,=0.393, P <0.001), but the estimated
individual iodine intake was not significantly associated
with the estimated individual sodium excretion (P =0.116).

lodised salt

The salt iodine concentration was between 15 and 40 mg/kg
in 81% of the collected household salt samples (n=299).
No iodine (<5 mg/kg) was detected in 15% of the salt
samples, but none of the samples had iodine concentra-
tions above 40 mg/kg. The median iodine concentration
in iodised salt samples (> 5 mg/kg) was 25.3 mg/kg (boot-
strapped 95% CI 24.9, 25.6, n=242). We observed no dif-
ferences in the proportion of non-iodised salt samples or
salt iodine concentrations between the Swiss geographical
regions (P=0.253). The iodine concentration in salt sam-
ples was positively correlated with the estimated individual
iodine intake (ry=0.201, P <0.001).

Pregnant women

We enrolled 523 pregnant women from 22 obstetricians/
gynaecologists and assessed their eligibility. We excluded
10 subjects as they did not fulfil the inclusion criteria and
included 513 pregnant women in this study (Table 1). The
age of the included women ranged from 18 to 44 years.
The five Swiss regions were well represented, except for
the Western region, where only 20% of the intended num-
ber of women were recruited. The North-eastern region
was oversampled by 53% compared to the original proto-
col. Communities with a population < 10,000 inhabitants
were underrepresented (63% of the indented sample size).
A total of 76% of pregnant women (n=2352) had Swiss
nationality and 25% (n=112) were non-Swiss, reflecting
the demographic structure in Switzerland [48]. Eighty-six
per cent of the pregnant women reported using iodised
salt in their homes. Seven per cent of the pregnant women
reported thyroid disorders, of whom 5% suffered from
hypothyroidism, all of whom were treated with thyroxine at
the time of the study.
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Urinary concentrations of iodine and creatinine

Median UIC in pregnant women measured in the first spot
urine sample was 97 pg/L (bootstrapped 95% CI 90, 106,
n=473), 30% lower than the median of 140 pg/L (boot-
strapped 95% CI 124, 159, n=359) observed in 2015
(P=0.004; Supplementary Table S2). When using the sec-
ond urine sample to adjust for intra-individual variability,
the median UIC increased to 123 pg/L (bootstrapped 95% CI
100, 145) (Table 2), but remained below the WHO thresh-
old of 150 pg/L [8]. Over the years 1999 to 2020-2022,
the median UIC fluctuated (P <0.001) and declined steadily
since 2009 (P <0.001; post hoc analysis: Fig. 1B). When
using the second urine sample to adjust for intra-individual
variability, the median UIC increased to 123 pg/L (boot-
strapped 95% CI 100, 145) (Table 2), but remained below
the WHO threshold of 150 pg/L [8].

Almost half (47%) of the pregnant women consumed
iodine-containing prenatal multivitamin and mineral sup-
plements (containing 150-220 pg iodine/day) (Table 1), an
increase compared to 2015 (37%, P=0.039; Supplementary
Table S2). The median UIC was higher in pregnant women
consuming iodine-containing supplements compared to non-
users (129 pg/L vs. 81 pg/L, P<0.001; Fig. 2A and Sup-
plementary Table S4).

The overall median UCC was low at 0.55 g/L (boot-
strapped 95% CI 0.48, 0.63) (Table 2), suggesting a urine
volume of approximately 2 L estimated using a daily
UCE in Swiss non-pregnant women of 1.11 g/24 h [40].
UIC was positively correlated with UCC (r,=0.638,
P <0.001), but did not correlate with age (P=0.131) or
pre-pregnancy BMI (P =0.088). UCC correlated nega-
tively with age (ry=— 0.111, P=0.017) and positively
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Fig. 1 UIC in school-age children (A) and pregnant women (B) by
year. Data are presented as median with 95% bootstrapped CIs. The
shaded areas indicate adequate iodine nutrition according to WHO
median UIC thresholds [8]. Kruskal-Wallis ANOVA followed by
Mann-Whitney post hoc test with Bonferroni correction was used

with pre-pregnancy BMI (r,=0.122, P=0.010). We
observed no trimester differences in any of the urine
parameters (UIC, P=0.429; UCC, P =0.063; Supplemen-
tary Table S4). Median UIC differed depending on edu-
cational level: women with a university degree had lower
UIC (77 pg/L) compared to women who had completed an
apprenticeship (120 pg/L) (post hoc analysis, P =0.002).
Similarly, median UCC of pregnant women with a uni-
versity degree was lower (0.42 g/L), compared to women
who had completed compulsory education (0.90 g/L) or an
apprenticeship (0.65 g/L) (post hoc analysis, P=0.002).

Median UIC was lower in pregnant women with Swiss
nationality compared to those with a non-Swiss nationality
(94 vs. 129 pg/L, P=0.007) and the median UCC showed
the same pattern (0.49 vs. 0.75 g/L, P <0.001), suggesting
more diluted urine in pregnant women with Swiss nation-
ality. The median UIC and UCC in pregnant women dif-
fered between the regions of Switzerland (both P < 0.001;
Supplementary Table S4). We observed no difference in
the median UIC between women reporting consumption of
iodized salt or those who did not (P =0.054) or in women
reporting daily consumption or abstaining from eating any
of the iodine-containing food groups or not (fish: P=0.500
and P=0.641; bread: P=0.790 and P =0.957; dairy prod-
ucts: P=0.676 and P=0.752). Based on the Chi-square
test iodine-containing supplement use differs by region
(P<0.001) as well as clinic (P <0.001).

Multiple linear regression was performed to determine
the influence of log UCC, iodine-containing supplement
use, education, nationality and region on log UIC. Log
UIC was associated with log UCC (P <0.001), iodine-con-
taining supplement use (P <0.001) and region (P =0.003)
but not education (P =0.064) or nationality (P =0.230)

B
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P<0.001
= 200 2
= 62
g 140
S 150 325
5
3 o7
= 100
50 I
04 ;
1999 2004 2009 2015 2020-22
(n=511) (n=252)" (n=648} (n=359) (n=473)

to test differences in median UIC between years. P-values are indi-
cated for significant results only. 'Data excluded due to probable con-
tamination with iodine. n sample size of the study, UIC spot urinary
iodine concentration
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Fig.2 UIC (A) and Tg (B) of pregnant women with or without cur-
rent consumption of dietary supplements containing 150-220 pg
iodine/day. Data are presented as medians with 95% bootstrapped
CIs. The shaded area indicates adequate iodine nutrition according to

(F(5,400)=79.454, P<0.001, R?>=0.498; Supplementary
Table S4).

A second multiple linear regression analysis was per-
formed to determine the influence of age, pre-pregnancy
BMI, education, nationality and region on log UCC. Log
UCC was predicted by pre-pregnancy BMI (P =0.019),
education (P =0.008) and nationality (P =0.003), but not
age (P=0.096) and region (P =0.296) (F(5,404)=6.659,
P <0.001, R>=0.076; Supplementary Table S4).

Estimated habitual iodine intake

The estimated overall median habitual iodine intake was
269 pg/day (bootstrapped 95% CI 229, 307), accounting for
urine volume using UCC and intra-individual variability
using the second spot urine sample. The estimated preva-
lence of inadequacy, i.e. the percentage of individuals with
usual intakes less than the AR of 160 pg/day, was 12.0%
(bootstrapped 95% CI 3.2, 24.7). The estimated habitual
iodine intake in pregnant women consuming iodine-contain-
ing dietary supplements was higher than that of non-users
(355 vs. 204 pg/day, P<0.001; Table 2). The prevalence
of inadequate iodine intake was 0.2% (bootstrapped 95%
CI 0.0, 4.0) in women consuming iodine-containing supple-
ments, compared to 31.0% (bootstrapped 95% CI 10.5, 41.1)
in non-users. The prevalence of excessive iodine intake, i.e.
percentages of individuals with usual intakes exceeding the
EFSA UL of 600 pg/day, was 3.4% (bootstrapped 95% CI
0.0, 10.7) in pregnant women consuming iodine-contain-
ing supplements, compared to 2.0% (bootstrapped 95% CI
0.0, 4.5) in non-users. However, when applying the UL of
1100 pg/day by the NAM, the prevalence of excessive iodine
intake was 0% in both groups.
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Thyroid function parameters

The median DBS-Tg concentration in pregnant women was
26.0 pg/L (bootstrapped 95% CI 24.7, 28.4) and increased
compared to 2015 (23.8 pg/L, bootstrapped 95% CI 22.1,
26.1, P=0.014). However, the prevalence of elevated DBS-
Tg (>43.5 pg/L) did not differ compared to 2015 (17% vs
13%, P=0.145). The median Tg concentration and the prev-
alence of elevated Tg were lower in women taking iodine-
containing supplements, compared to non-users (Fig. 2B and
Supplementary Table S4). We found an overall difference
in median DBS-Tg concentration between the regions of
Switzerland (P <0.001; Supplementary Table S4). Multi-
ple linear regression was performed to determine the overall
influence of age, iodine-containing supplement use, educa-
tion, nationality and region on log Tg (F(5,368)=4.975, P
<0.001, R>=0.063): age (P=0.018) and the consumption
of iodine-containing supplements (P < 0.001) predicted log
Tg, but education (P =0.226), nationality (P =0.883) and
region (P=0.102) did not.

The median DBS-TSH and DBS-TT4 concentrations rep-
resent an overall euthyroid population (Table 2). Only one
participant had subclinical hypothyroidism (0.2%), while
all other pregnant women had normal thyroid function. We
found no difference in median DBS-TSH and DBS-TT4
between women consuming iodine-containing supplements
and those who did not (TSH, P=0.060; TT4, P=0.065).
We observed no trimester differences in the median Tg
(P=0.897) and TSH (P=0.133), but as expected TT4 was
lower in the first trimester compared to the third (P=0.013).
We found no correlation between UIC and Tg, TSH or TT4
(P=0.117; P=0.146 and P=0.983, respectively).
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Discussion

This nationwide cross-sectional study confirms adequate
iodine intake in Swiss school-age children and suggests
that one-third of pregnant women do not get enough iodine
from the diet alone. However, approximately half of preg-
nant women in Switzerland consume an iodine-containing
dietary supplement every day and this helps to ensure iodine
adequacy.

In trend analysis, we show that the median UIC in chil-
dren remained relatively stable over the years 1999-2022,
although still at the lower end of the adequate range. A mod-
est improvement in median UIC was observed in 2015 after
increasing the salt iodine level from 20 to 25 mg/kg in 2014
[3]. This increase was maintained in the current study and
the proportion of children with inadequate habitual iodine
intake decreased from 10 to 5% (Supplementary Table S2).
At the same time, our data also suggest a decline in iodine
intake in pregnant women since 2015, indicated by lower
median UIC and higher median Tg, especially in women not
consuming iodine-containing supplements (Fig. 2).

The origin of iodine from different dietary sources can-
not directly be assessed in this study and the contribution of
salt to the total iodine intake can only be estimated. Studies
in other countries show that mandatory salt iodization at
25 mg/kg ensures adequate dietary iodine intake in all pop-
ulation groups, including pregnant women with increased
requirements [8, 49]. However, we found an elevated preva-
lence of low intakes in pregnant women suggesting that the
iodised salt coverage may be insufficient. We confirm that
the use of iodised salt by households remains high (> 85%),
but the coverage in processed foods is incomplete. A recent
market survey indicated that only one-third of processed
foods are produced using iodised salt: 47% of foods manu-
factured for the local market contain iodised salt, but only
9% of imported products [4]. We observed no difference
in the UNaC concentration in children compared to 2015
[3] (Supplementary Table S2), despite national and interna-
tional recommendations to reduce the salt intake [50, 51].
The estimated sodium excretion of 2.4 g/day (5.9 g salt/day)
is still well above the national [52] and international rec-
ommendations [53]. Our result agrees with a recent local
study in children [54] and nationally representative data in
adults [55]. UNaC predicted UIC in children in our study
population, although moderately. Salt sales data show that
60% of edible salt sold in Switzerland is iodised (Personal
communication, Swiss Saltworks 2021). Consequently,
children may consume approximately 90 ug iodine per day
from salt (5.9 g salt/day X 60% iodised X 25 mg/kg), making
salt the main dietary source of iodine, but it does not alone
meet the dietary requirements. As in many other European
countries [56], milk and dairy products are also important

dietary sources of iodine in the Swiss population [14, 57],
especially in children [58]. In our study, children who con-
sumed dairy products daily had higher UIC than those who
abstained. A high proportion (>50%) of the study popula-
tion also consumed bread on a daily basis and according to
a recent survey 86% of bakeries use iodised salt [59].

Motivating the food industry to use iodised salt in
selected food products that are frequently consumed may be
the most effective way to increase iodine intake. Information
campaigns targeted to food producers and the general public
may also be useful. The level of iodine fortification could be
further increased, but must likely be higher than the previous
increase of 5 mg/kg to be efficacious [3].

Our results show that iodine supplementation during
pregnancy improves the iodine intake. Iodine supplemen-
tation is not explicitly recommended in Switzerland, but
women taking a prenatal multivitamin and mineral sup-
plement on a regular basis (96%, Table 1) are advised to
choose a product that contains iodine [60]. The consump-
tion of iodine-containing supplements during pregnancy
increased from 15% in 2009 to 41% in 2015 [3] and to 47%
in 2020-2022. Iodine (> 150 pg) is included in 61% of the
prenatal supplements available on the Swiss market [61],
but the prenatal product most frequently (38%) prescribed
to women in our study did not contain iodine. Physicians
and pharmacists providing supplement products need to be
aware about the variability in iodine content of available
supplements [61]. The clinical benefits of iodine supple-
mentation in pregnant women with mild iodine deficiency
remain uncertain [62, 63]. In our study, all women were
euthyroid and the thyroid function was unaffected also in
women not taking supplements. Further, supplementation
with multivitamin and mineral products is generally started
at the end of the first trimester and may miss the critical
period of rapid thyroid and brain development that occurs
during early pregnancy [3]. Thus, optimisation of iodine
intake should start before pregnancy, such that intrathyroidal
iodine stores are optimised before conception [64]. Our data
show that the risk of iodine excess from iodine supplements
is low. The prevalence of excessive iodine intake was 3% in
supplement users when applying the UL by ESFA (> 600 pg/
day [45]). High iodine intakes are generally well tolerated in
healthy individuals [65] and the prevalence reduced to 0%
when applying the UL of NAM (1100 pg/day [42]).

Our study also exemplifies a few limitations in the way
iodine adequacy is currently defined. The WHO UIC cut-
offs are based on the association between the estimated
daily iodine excretion and the risk of goitre in the popula-
tion [8]. Epidemiological studies suggest that an average
daily iodine excretion lower than 100 pg increases the goitre
prevalence among children and adults [66—-68]. However,
the WHO guidelines converted the iodine excretion into a
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corresponding urine concentration, using a given urine vol-
ume [8]. In children, a daily excretion of 100 pg/day equals
to a UIC of 100 pg/L if the 24 h urine volume is equivalent
to 1 L [8]. However, if the urine volume is lower than 1
L, as suggested in our study (UCE reference of 0.57 g/day
[39]/UCC of 0.95 g/L=0.6 L) and other studies [69], the
WHO median UIC threshold (< 100 pg/L) may mask iodine
inadequacy. During pregnancy, the daily dietary iodine
requirement is 250 pg/day [70] and the WHO median UIC
cut-off for adequacy (> 150 ug/L) assumes a urine volume
of 1.5 L [8]. We estimated a 30% larger urine volume in
pregnant women (UCE reference of 1.11 g/day [40]/UCC of
0.55 g/L=2L), in agreement with earlier studies collecting
24 h urine in Swiss adults [9, 14, 28]. In women consuming
a dietary iodine supplement almost all women had adequate
iodine intake even if the median UIC was below 150 ug/L
(Fig. 2A; Table 2), suggesting that this WHO median UIC
cut-off may overestimate iodine deficiency in populations
with high urine volume.

Our study evaluated several possibilities to improve the
interpretation of population iodine status in UIC studies.
First, we collected a repeat spot urine sample and adjusted
the UIC concentration for intra-individual variability [10,
27]. The high variability in the iodine intake is well recog-
nised [10, 27]. Due to the skewness in the data, the adjusted
median UIC increased compared to the crude median UIC
and likely provided a more reliable estimate of the habitual
UIC. In our study setting, a repeat urine sample was easily
obtained by asking the participants to send the second urine
sample to the laboratory by mail. Second, we calculated the
individual iodine intake from UIC by accounting for the
urine dilution using the UCC measured in spot urine (Eq. 1a,
1b), assuming a constant urinary creatinine excretion over
24 h [38]. In pregnant women, UCE reference values are
lacking and the use of age- and sex-specific creatinine val-
ues based on non-pregnant Swiss women [40] is possibly
a limitation as the UCE may be altered in pregnancy [71].
UCC improves the interpretation of the iodine intake com-
pared to UIC alone, as discussed above. Third, we estimated
the habitual iodine intake distribution using the repeat urine
sample and applied the AR cut-point method to estimate
the prevalence of iodine inadequacy [10, 46]. We found that
approximately 12% of all pregnant women had intakes below
the requirements even if the overall median habitual iodine
intake appeared adequate, and this prevalence agrees well
with previous studies in Swiss adults [9, 14, 28]. The addi-
tional information of the prevalence of inadequate iodine
intake identified disparities in the habitual iodine intakes and
is more informative than the median UIC alone.

We recognise the poor response rate of schools and
obstetric clinics in our study and acknowledge that a cluster-
based study design as recommended by WHO [8] is becom-
ing more and more difficult to implement, particularly in
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schools. We obtained a demographically balanced sample of
pregnant women and a nationwide sample of children, but
cannot confirm that they are truly nationally representative.
We also recognise that the small sample size in children
may impact on the precision and present the bootstrapped
95% CI around the median for all parameters to indicate the
uncertainty. Despite strict sample collection instructions, we
found unexplained high UIC in urine samples collected in
pregnant women from three clinics. This finding suggested
potential iodine contamination from glucose test strips and
we removed the data from the analysis. We cannot exclude
iodine contamination in a few individual samples from other
clinics. Potential sporadic iodine contamination affects the
median UIC minimally but may shift the adjusted UIC and
intake distributions towards higher intakes.

To conclude, we show that the iodine intake in Switzer-
land is sufficient in children. However, the intake distribu-
tion is marginally low in pregnant women, particularly in
those not consuming iodine supplements. Although the
household coverage of iodized salt remains high, improved
use in processed foods would be desired to prevent iodine
inadequacy in all population groups and avoid exposure to
iodine deficiency in early pregnancy.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00394-023-03287-6.
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