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Abstract

Background: Severe maternal iodine deficiency can impact fetal brain development through
effects on maternal and/or fetal thyroid hormone availability. The effects of mild-to-moderate
iodine deficiency on thyroid function are less clear. The aim was to investigate the associa-
tion of maternal urinary iodine concentration corrected for creatinine (Ul/Creat) with thyroid
function and auto-antibodies in a mild-to-moderate iodine-deficient pregnant population.
Methods: This study was embedded within the Swedish Environmental Longitudinal, Mother
and child, Asthma and allergy (SELMA) study. Clinical reference ranges were determined by
the 2.5™ and 97.5™ population-based percentile cut-offs. The associations of Ul/Creat with
thyrotropin (TSH), free T4 (FT4), free triiodothyronine (FT3), total T4 (TT4), and total triio-
dothyronine (TT3) were studied using multivariable linear regression in thyroid peroxidase
antibody (TPOAD)-negative women. The association of Ul/Creat with TPOAb and thyro-
globulin antibody (TgAb) positivity was analyzed using multivariable logistic regression.
Results: Urinary iodine and thyroid function were measured at a median (95% range) ges-
tational age of 10 (6-14) weeks in 2009 women. The median (95% range) Ul/Creat was 85
ng/g (36-386) and the Ul/Creat was below 150 pg/g in 80.1% of women. Reference ranges
did not differ substantially by Ul/Creat. A lower Ul/Creat was associated with a lower TSH
(P=0.027), a higher TT4 (P=0.032), and with a corresponding trend towards slightly higher
FT4 (P=0.081), FT3 (P=0.079), and TT3 (P=0.10). Ul/Creat was not associated with the
FT4/FT3 (P=0.94) or TT4/TT3 ratios (P=0.63). Women with a Ul/Creat of 150-249 pg/g had
the lowest prevalence of TPOAD positivity (6.1%), while women with a Ul/Creat of <150
ng/g had a higher prevalence [11.0%, odds ratio (OR) confidence interval (95% CI) 1.84
(1.07-3.20), P=0.029]. Women with a UI/Creat >500 ng/g showed the highest prevalence and
a higher risk of TPOADb positivity, however, only a small proportion of women had such a UI/
Creat [12.5%, OR (95% CI) 2.36 (0.54-10.43), P=0.26].

Conclusions: We could not identify any meaningful differences in thyroid function reference
ranges. Lower iodine availability was associated with a slightly lower TSH and a higher TT4.
Women with adequate iodine intake had the lowest risk of TPOAD positivity.
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Maternal iodine status and thyroid function
Introduction

During pregnancy there is an increased demand for maternal thyroid hormone because of
the placental transport of thyroid hormone to the fetus, an increase in thyroxine-binding
globulin concentrations, and a higher degradation of thyroid hormone due to placental type
I1I iodothyronine deiodinase '. Iodine is an essential component of thyroid hormone and both
low and high iodine intakes may adversely affect thyroid function >. A considerable increase
in preconceptional or gestational daily iodine intake is required to meet the higher demand for
thyroid hormone, to compensate for greater iodine losses during pregnancy, and to transfer a
sufficient amount of iodine to the fetus *~. The current guidelines of the World Health Orga-
nization therefore recommend an iodine intake of 250 pug per day for pregnant and lactating
women as opposed to 150 pg per day in an adult non-pregnant state >. However, data on the
effects of iodine availability on maternal thyroid function during pregnancy are inconsistent.

Alarge Chinese study indicated that in pregnant women, the optimal urinary iodine concen-
tration (UIC) ranged from 150 to 250 pg/L °. Outside this range there was a higher prevalence
of women with thyroid autoimmunity and women with a UIC above this range had a higher
risk of subclinical hypothyroidism and isolated hypothyroxinemia °. A few studies show that
a lower UIC during pregnancy is associated with a higher free thyroxine (FT4) 7* and free
triiodothyronine (FT3) ", while a higher UIC has been associated with higher thyrotropin
(TSH) *'° and higher FT3 "'. On the contrary, other studies, of which several are small in size
(N<700) """, do not report any association of UIC with TSH or FT4 *"'"* and data on (F)T3
are often lacking. While it is recommended that pregnancy TSH and FT4 reference ranges
should be calculated in an iodine sufficient population *, there is insufficient evidence to
determine whether reference ranges are affected by iodine status.

Therefore, the aim of our study was to analyze the cross-sectional association of maternal
iodine status with maternal TSH, FT4, FT3, total T4 (TT4), total T3 (TT3), the FT4/FT3
and TT4/TT3 ratios, thyroid peroxidase antibodies (TPOAbs), and thyroglobulin antibodies
(TgAbs), and to determine variation in thyroid function reference ranges according to iodine
status.

Materials and Methods

Study population

This study was embedded in the Swedish Environmental Longitudinal, Mother and child,
Asthma and allergy (SELMA) study, which is a population-based prospective birth cohort
study originating in the county of Virmland, Sweden '°. Sweden is a country with a voluntary
fortification program and iodized salt since 1936 '’. Pregnant women who visited an antenatal

care center for the first time around week 10, but before week 22 of pregnancy, between
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September 2007 and March 2010 were invited to participate in the SELMA study. Pregnant
women provided written informed consent, and the SELMA study is approved by the regional
ethical committee, Uppsala, Sweden (2007-05-02, Dnr: 2007/062). For the current study,
women were included if a measure of urinary iodine and creatinine concentration, and thyroid
function during pregnancy were available. Exclusion criteria were twin pregnancy, thyroid

interfering medication usage, and pre-existing thyroid disease.

Laboratory measurements

Early morning void urine samples were collected at the day for enrollment and stored at
-20°C. Urinary iodine was measured by the Sandell-Kolthoff method. Iodine calibration was
performed using certified reference materials (CRM), Seronorm urine Levels one and two
(Nycomed, Norway), and four EQUIP samples certified for UIC (Centers for Disease Control
and Prevention, USA). At a level of 1.7 pumol/l iodine the within-assay coefficients of varia-
tion (CV) was 5.1% and the between-assay CV was 14.3% (N=30). The urinary creatinine
concentration was determined by the Jaffe rate method. The UIC corrected for creatinine (Ul/
Creat) was used as a marker of iodine status.

Non-fasting blood samples were collected at enrollment and were stored frozen at -80°C
in a bio-bank at the Central Hospital in Karlstad, Sweden. Serum TSH, FT4, FT3, TT4, TT3,
TPOAbs, and TgAbs were measured using electrochemoluminescence assay (Cobas e601
platform; Roche Diagnostics, Mannheim, Germany) at the Department of Clinical Chemistry,
Maxima Medical Center in Veldhoven, the Netherlands. Human chorionic gonadotropin
(hCG) was determined in lithium-heparin plasma using electrochemoluminescence assays
(Cobas® e601; Roche Diagnostics, Mannheim, Germany). Within-laboratory CVs were
2.1%, 3.5%, 3.8%, 3.8%, and 7.7% for TSH, FT4, FT3, TT4, and TT3, respectively. For hCG,
the CV was 2.5% at 4.3 U/L and 2.1% at 171 U/L. The manufacturer’s cut-offs for TPOAb
and TgAb positivity were at the concentrations of >34 IU/mL or >115 IU/mL, respectively.

Serum cotinine was used as a marker for smoking. Briefly, aliquots of 100 pL serum were
added with labelled internal standard and proteins were precipitated by acetonitrile and
analyzed using liquid chromatography-tandem mass spectrometry (LC-MS/MS). Participants
were categorized as non-smokers if their cotinine concentrations were <0.2 ng/mL and as
active smokers if their cotinine concentrations were >15 ng/mL. If their concentrations were
in between, participants were considered to be passive smokers.

Covariates

Information on gestational age at blood and urine sampling, maternal age at enrollment,
maternal ethnicity (Western, non-Western), and maternal educational level (low = none or
primary education; medium = secondary education; high = higher education) was collected
through questionnaires. The Swedish National Birth Register was used to collect data on a

diagnosis of thyroid disease, parity, and child sex. Information on pregnancy weight and
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height, which was used to calculate body mass index (BMI), was collected either through a

prenatal questionnaire or the Swedish National Birth Register.

Statistical analyses

Reference ranges were defined based on the 2.5th and 97.5th percentiles after exclusion of
TPOAD-positive women. To check whether reference ranges differed according to iodine
status, we defined reference ranges in women subdivided by quartiles of Ul/Creat — to have
equal numbers of women per category — and by alternative categorization, which broadly
relates to cut-off values based on the epidemiological criteria for assessing iodine nutrition
in pregnant women (UI/Creat <50, 50-99, 100-149, 150-249, 250-499, and >500 pg/g) >. As
a sensitivity analysis, we also defined the reference ranges in women using the alternative
categorization based on the UIC.

We studied the association of Ul/Creat across the full range with TSH, FT4, FT3, TT4,
TT3, and the FT4/FT3 and TT4/TT3 ratios using multivariable linear regression analyses in
TPOAb-negative women. Non-linearity was tested using restricted cubic splines with three
knots and we evaluated normality of residuals using histograms. We studied the associa-
tion of Ul/Creat across the full range with TPOAb and TgAb positivity using multivariable
logistic regression. Similar models were used for exploring the association of a Ul/Creat
of <150 (<50, 50-99, 100-149), 250-499, and >500 pg/g with thyroid antibody positivity
compared with the reference group of women with a UI/Creat of 150-249 pg/g. This analysis
was repeated using the same categorization based on the UIC. Ul/Creat, TSH, and TPOAb
concentrations were log-transformed. Back-transformed values are shown in plots for better
interpretation. Values in the lowest and highest centile of Ul/Creat and thyroid function tests
were considered as outliers and excluded from the regression analyses when analyzed across
the full range.

All analyses were adjusted for hCG, gestational age at blood and urine sampling, ma-
ternal age, maternal ethnicity, maternal educational level, parity, maternal BMI, smoking
status based on the serum cotinine concentration, and child sex. We additionally adjusted
for TPOADbs in the analysis of the association between Ul/Creat and thyroid function tests.
With ANOVA, we tested the null hypothesis that the thyroid hormone concentrations were
similar across the full range of the natural logarithm of Ul/Creat. Missing data of covariates
were imputed using multiple imputation by chained equations, generating 25 datasets. The
statistical analyses were performed using R statistical software version 3.4.3 (R Core team,
Vienna, Austria; packages mice and rms).
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Results

The final study population comprised 2009 pregnant women, in whom data on both Ul/Creat
and thyroid function was collected at a median (95% range) gestational age of 10 (6-14)
weeks (Fig. 1). The median Ul/Creat (95% range) was 85 (36-386) ng/g and the Ul/Creat
was below 150 pg/g in 80.1% of women. The majority of women were of Western descent
(97.3%), non-smokers (84.9%), and had a secondary (“middle”) or higher (“high”) educa-
tional level (33.6% and 54.4%, respectively). Further study population characteristics are

shown in Table 1.

2373 pregnant women were enrolled
in the SELMA study

313 exclusions:
301 no measures of urinary iodine and
> creatinine
12 no measure of thyroid function
(inadequate serum sample)

A4

2060 women with urinary iodine and
creatinine and thyroid function tests

51 exclusions:
16 twin pregnancies
32 using thyroid interfering medication
3 with pre-existing thyroid disease

A4

2009 women in the final study
population

Fig. 1 Flowchart of the selection of the study population.

Thyroid function reference ranges

Thyroid function reference ranges did not differ substantially according to UI/Creat when
analyzed per quartile (Table 2). The relative largest difference in cut-offs for thyroid function
reference ranges was for the upper limit of TSH. However, these differences were small in
absolute values and there was no clear trend across iodine status. In the lowest quartile of
Ul/Creat, the upper limit for TSH was 3.24, which is 0.16 mU/L (4.7%) lower than that in
the total population. In the highest quartile, the upper limit was 3.26, which was 0.14 mU/L
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(4.1%) lower than that calculated in the total population. For other cut-offs of Ul/Creat or
UIC, the number of women with more-than-adequate and excessive values was too small for

reliable calculations (Supplementary Table 1 and 2).

Table 1 Characteristics of the study population (N=2009).

Characteristic Values
UIC, median (95% range), ug/L 90 (38-439)
UI/Creat, median (95% range), pg/g 85 (36-386)
UIC <150 pg/L, % 78.6
Ul/Creat < 150 ng/g, % 80.1

TSH, median (95% range), mU/L
FT4, median (95% range), pmol/L
FT3, median (95% range), pmol/L
TT4, median (95% range), nmol/L
TT3, median (95% range), nmol/L
hCG, median (95% range), U/L
TPOAD positivity, %
TgAb positivity, %
Gestational age at sampling, median (95% range), weeks
Maternal age, mean (SD), years
Maternal ethnicity, %

Western

Non-Western
Maternal educational level, %

Low

Middle

High
Parity, %

0

1

>2
Maternal BMI, median (95% range), kg/m’
Cotinine, ng/mL, %

<0.2: non-smoker

0.2-15: passive smoker

>15: active smoker

Female sex, %

1.31 (0.13-4.13)
15.0 (11.4-19.4)

4.67 (3.72-5.94)
118.0 (81.1-165.5)
1.93 (1.27-2.89)
69937.0 (9973.2-167580.0)
10.2
79
10 (4-16)

30(5.2)

97.3
2.7

12.0
33.6
54.4

443
36.5
19.2

23.6 (18.6-35.9)

84.9
6.2
9.0

47.7

TPOAD positivity and TgAD positivity were defined as > 34 IU/ml and >115 IU/ml, respectively. Numbers of
covariates are based on imputed data. BMI, body mass index; FT3, free triiodothyronine; FT4, free thyroxine;
hCG: human chorionic gonadotropin; T3, triiodothyronine; T4, thyroxine; TT3, total triiodothyronine; TT4,
total thyroxine; TgAb, thyroglobulin antibody; TPOADb, thyroid peroxidase antibody; TSH, thyrotropin; UIC,
urinary iodine concentration; UI/Creat, UIC corrected for creatinine.
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Table 2 reference ranges (2.5" and 97.5" percentile values) of thyroid function tests in TPOAb negative wom-
en, stratified by quartiles of Ul/Creat.

Range of difference
compared to total group

N=1802  N=443 N=446  N=449 N=464 lower limit  upper limit
UL/Creat in pg/g 86 (20-1368) 50 (20-61) 72 (61-85) 103 (86-132) 191 (133-1368) NA NA
TSH in mU/L 0.11-3.40 0.11-324 0.15-339 0.17-3.77  0.07-326  -0.04 t0 +0.06 -0.16 to +0.37
FT4inpmol/L  11.6-19.3 12.0-19.8 11.5-18.8 11.5-18.8 11.7-19.6  -0.1to+0.4 -0.5to +0.5
FT3inpmol/L  3.73-5.89 3.71-5.83 3.85-5.88 3.73-592  3.69-6.00  -0.04 to +0.12 -0.06 to +0.17
TT4innmol/L  82.4-165.6 85.4-170.1 81.3-163.8 80.9-163.7  82.4-161.1  -1.5t0+3.0 -4.6t0+4.5
TT3innmol/L  1.29-2.88 135-2.84 1.29-2.88 128292  127-2.88  -0.02to+0.06 -0.04 to +0.04

Total Quartile 1 Quartile 2 Quartile 3 Quartile 4

TPOAD positivity defined as >34 [U/mL. The range of difference of the lower limit is calculated by compar-
ing the 2.5th percentile value of each thyroid function test in the whole study population (“Total”) to the most
deviating 2.5th percentile value calculated in women subdivided into the four quartiles of Ul/Creat. The range
of difference of the upper limit is calculated by comparing the 97.5th percentile value of each thyroid function
test in the whole study population (“Total”) to the most deviating 97.5th percentile value calculated in women
subdivided into the four quartiles of UI/Creat. NA, not applicable.

Iodine status and thyroid function

A lower Ul/Creat was associated with a lower TSH and a higher TT4 (Fig. 2; Supplementary
Table 3). There was a trend towards an association of a lower Ul/Creat with a higher FT4
(P=0.081), FT3 (P=0.079), and TT3 (P=0.10). There was no association of UI/Creat with the
TT4/TT3 and FT4/FT3 ratios (Fig. 2; Supplementary Table 3).

In the whole study population, an increase of one unit in the natural logarithm of Ul/
Creat was associated with a 27% lower risk of TPOADb positivity [odds ratio (OR) 0.73,
95% confidence interval (CI) 0.56-0.98, P=0.034)], but not with TgAb positivity (OR 0.83,
95% CI 0.61-1.14, P=0.25, analyses per quartile in Supplementary Table 4). While TPOAb
positivity was present in 6.1% of women with a Ul/Creat of 150-249 pg/g, this was 11.0 %
in women with a Ul/Creat of <150 pg/g (OR 1.84, 95% CI 1.07-3.20, P=0.029,Table 3).
Women with a UI/Creat of >500 pg/g had a higher risk of TPOAD positivity with 12.5% being
TPOAD positive. However, only a small proportion of women entered in this category (N=24;
OR 2.36, 95% CI 0.54-10.43, P=0.26). Analyses based on the UIC showed similar results
(Supplementary Table 5). For TgAb positivity, there was a similar pattern as for TPOAb
positivity but with considerably smaller percentage differences (Table 3).
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Fig. 2 Association between the natural log of Ul/Creat
and thyroid function tests in TPOAb-negative women.
Analyses were performed by multivariable linear re-
gression analyses, adjusted for TPOAb, hCG, gesta-
tional age, maternal age, maternal ethnicity, maternal
education, parity, maternal BMI, smoking status based
on the serum cotinine concentration, and child sex. Ul/
Creat, TSH, TPOAb, and hCG were log transformed.
Back-transformed values are shown in plots for better
interpretation. BMI, body mass index; hCG, human
chorionic gonadotropin; TPOAb, thyroid peroxidase
antibody; TSH, thyrotropin; Ul/Creat, urinary iodine
concentration corrected for creatinine.
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Table 3 Association between Ul/Creat and thyroid auto-antibodies.

TPOAD positivity TgAb positivity
Ul/Creat, ng/g" positive/negative (%) OR (95% CI), P positive/negative (%) OR (95% CI), P
<150° 176/1430 (11.0) 1.84 (1.07-3.20), 0.029 134/1467 (8.4) 1.60 (0.88-2.88), 0.12
150-249 15/232 (6.1) 1.00 (ref) 13/233 (5.3) 1.00 (ref)
250-499 10/119 (7.8) 1.26 (0.52-3.09), 0.61 9/120 (7.0) 1.45 (0.53-3.93), 0.47
>500 3/21 (12.5) 2.36 (0.54-10.43), 0.26 2/22 (8.3) 1.61 (0.27-9.65), 0.60

Analyses were performed by multivariable logistic regression analyses, adjusted for hCG, gestational age,

maternal age, maternal ethnicity, maternal education, parity, maternal BMI, cotinine, and child sex. TPOAb

positivity and TgADb positivity were defined as

>34 IU/mL and >115 IU/mL, respectively.

* The total number (%) of women with a Ul/Creat <150, 150-249, 250-499, and > 500 pg/g in the total study
population is 1609 (80.1%), 247 (12.3%), 129 (6.4%), and 24 (1.2%), respectively.

® Stratified sub-analysis TPOAD positivity: UI/Creat <50 pg/g, OR 1.70 (95% CI 0.86-3.37), P=0.13; 50-99
ng/g, OR 1.92 (1.09-3.40), P=0.025; 100-149 ng/g, OR 1.74 (0.93-3.25), P=0.084. Stratified sub-analysis
TgAb positivity: UI/Creat <50 pg/g, OR 1.79 (95% CI 0.85-3.78), P=0.13; 50-99 ng/g, OR 1.62 (0.87-3.01),
P=0.13; 100-149 pg/g, OR 1.66 (0.84-3.26), P=0.14.

CI, confidence interval; OR, odds ratio.

Discussion

In this study of pregnant women from a mild-to-moderately iodine-deficient population, we
studied the association of iodine status with a detailed profile of thyroid function and auto-
antibodies. Gestational reference ranges for thyroid function tests did not differ substantially
by iodine status. We show that a lower Ul/Creat was associated with significantly lower TSH,
higher TT4, and a higher risk of TPOAb positivity. A lower Ul/Creat was also associated
with a higher FT4, FT3, and TT3, but these associations did not reach statistical significance
(P<0.10). The FT4/FT3 and TT4/TT3 ratios were stable across the full range of Ul/Creat.
Low iodine intakes may trigger mechanisms to counteract any potential thyroidal conse-
quences. These include an increase in the thyroidal uptake of iodine, mainly via stimulation
of the sodium-iodide symporter by increasing TSH concentrations '*. This typically occurs
from a daily iodine intake of <100 pg/day and results in a lower renal iodine clearance, thus
likely reflected by a lower Ul/Creat. In the current study, a higher Ul/Creat was associated
with a higher TSH. This finding has been reported in other pregnant populations as well **,
A possible explanation would be that a lower Ul/Creat also increases the risk of autonomous
thyroid hormone production by nodules/multinodular goiters, which is associated with a
lower TSH "*?°. Alternatively, a higher TSH at a higher range of Ul/Creat values may also
partially reflect the Wolff-Chaikoff effect caused by higher iodine intakes, especially when
this increase occurs rapidly '**'. In rats, a higher TSH was explained by reduced deiodinase
type II activity due to excessive iodine intakes ****. The TSH reference ranges in the total

population, however, did not deviate much from the reference ranges among groups of UI/
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Creat, ranging from iodine deficiency to iodine sufficiency, which is in line with a previous
study from Norway . While it is known that reference ranges differ between populations **,

25-2
527 there

and that those differences may be partially explained by differences in ethnicity
has been insufficient evidence that iodine status may also affect thyroid function within its
normal range. There is a concern that reference ranges may be affected when calculated in
populations with (mild-to-moderate) iodine deficiency. This concern could be ascribed to the
association with thyroid autoimmunity, as there may be a higher risk of TPOADb positivity
at lower iodine intakes. However, it has already been recommended that the calculation of
thyroid function reference ranges should be performed in TPOAb-negative pregnant popula-
tions *. This study therefore calls into question the relevance of the selection criterion of
iodine sufficiency for calculating thyroid reference ranges during pregnancy in addition to the
criterion of excluding TPOAb-positive women.

Low iodine intake can cause a shift in thyroid hormone availability from T4 to the more
biologically active T3 via up-regulating peripheral type II deiodinase and by increasing the
thyroidal secretion of T3 ***. Given this knowledge, we hypothesized that a lower UI/Creat
would be associated with lower TT4 and FT4. In contrast, our analyses show that lower Ul/
Creat was associated with a higher TT4 and also a trend towards a higher FT4 with Ul/Creat
lower than roughly 100 pg/g. The results of other studies have also been contra-intuitive
with regards to the underlying physiology. Two of those, of which one was performed in
an iodine-replete population and the other in a mild-to-moderate iodine deficient popula-
tion, also found a negative association between Ul/Creat and FT4 ™. Others investigated the
potential effect of iodine supplementation on FT4 *°. One of these found that women who
started iodine supplementation between week 13 and 20 of gestation had lower FT4 than non-
users or women who started supplementation preconceptionally . Another study showed that
although the majority of women using iodine supplements had a FT4 within the normal range,
those who had received iodine supplements in early pregnancy exhibited a faster decline in
FT4 than those who had consumed iodized salt for at least two years before pregnancy .
This could indicate that a more acute increase in iodine intake during pregnancy, rather than
prolonged exposure to higher iodine availability, affects the association of Ul/Creat with
thyroid function, leading to a transient decrease in FT4, for example, via the Wolff-Chaikoff
effect *'. Future studies are needed to identify thresholds from which iodine supplementation
could affect thyroid function.

Based on the physiological adaptations in thyroid hormone physiology, we expected a priori
that a lower Ul/Creat would be associated with a higher FT3 and TT3, and possibly would
decrease the FT4/FT3 and TT4/TT3 ratios. Our study shows a trend toward an association of
Ul/Creat - lower than roughly 100 pg/g - with an increase in FT3, but this association did not
reach statistical significance. A similar, but statistically significant, association was identified
in a study including a population with a slightly lower median UIC than in our population (68
pg/L vs. 90 pg/L in SELMA) and with a larger proportion of women below the recommended
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cut-off for defining iodine deficiency during pregnancy, i.e., UIC<150 ng/L (86% vs. 78.5%
in SELMA) 7. Other studies show a weak but statistically significant negative correlation
between UIC and FT4 conducted in similarly iodine-insufficient area (median UIC 89 pg/L)
’ and a sufficient area (median UIC 328 pg/L) *, or oppositely, a positive correlation in a
population with a large proportion of women with excessive iodine intakes ''. However, in
our study, there was no association of Ul/Creat with the FT4/FT3 and TT4/TT3 ratios, which
could suggest that iodine availability was not low enough to evoke preferential production of
T3 in this population. Possibly in more chronic severe iodine-deficient populations, women
are at a higher risk of deplete intra-thyroidal iodine storage already at the beginning or during
the course of pregnancy, which may cause shifts in these ratios '.

Thyroid autoantibody positivity occurs in 2% to 17% of pregnant women *. TPOAb posi-
tivity is associated with a higher risk of miscarriage *', preterm birth *'*?, child behavioral
problems *, and lower child IQ **. In the current study, TPOADb positivity occurred more
often in women with low or high Ul/Creat. Interestingly, thyroid antibody concentrations
tend to decline after the first trimester due to immune tolerance, and this could potentially
affect the definition of TPOAD positivity **~*’. However, in our study, blood samples were
collected at a median gestational age of 10 weeks, before such a decrease in TPOAD titres
would likely occur. Women with a Ul/Creat of 150-249 pg/g had the lowest prevalence of
TPOAD positivity (6.1% vs. 11.0% and 12.5% in women with a Ul/Creat of <50 and > 500
ng/g, respectively). This finding is in line with a large study from an iodine-sufficient area
in China, showing similar differences in the prevalence of TPOAD positivity among different
UIC groups °. Also, a study from Norway showed a U-shaped association of iodine intake
measured by a food frequency questionnaire with TPOAD positivity in mild-to-moderately
iodine-deficient pregnant women . That association, however, did not reach statistical sig-
nificance and no association of urinary iodine with TPOAb positivity was identified ’. We
speculate that owing to the few women in each cohort with excessive iodine intakes, both
our study and the Norwegian study did not have sufficient statistical power to show that high
iodine intake is also associated with a higher risk of thyroid autoimmunity. Excessive iodine
intakes may cause a shift toward pro-inflammatory cells and a higher generation of radical
oxygen species due to increased iodination of thyroglobulin, activating pathways promoting
thyrocyte apoptosis and thyroiditis ***°.

We were able to study the association of iodine status with thyroid function using an ex-
tensive dataset with multiple thyroid function tests and thyroid auto-antibodies, and with a
large number of potential confounding variables. An important limitation for interpreting the
results of the current study is that early morning urine void samples tend to underestimate
daily iodine excretion *°. Furthermore, it is known that urinary iodine is highly variable from
day-to-day and therefore not a good indicator of individual iodine status *'*2. It is important to
note that the Ul/Creat is a valid measure of iodine status of a population with the same sex and

age , or large groups of individuals as those that were analyzed in the current study with a
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standardized sampling of morning void urine, because this reduces the consequences of mea-
surement error. Another limitation is that the use of a single void urine and blood sample to
measure iodine status and thyroid function, respectively, did not allow to study iodine status
trajectories during pregnancy and subsequent changes in thyroid function. There was also a
lack of data on iodine containing supplement use. It would have been relevant to investigate
whether the associations we observed in our study would differ based on supplement use and
timing of intake as this could subdivide more acute from chronic changes in iodine intake
7. There are currently no national recommendations in Sweden on iodine supplementation
during pregnancy and no data on the use of iodine containing supplements among pregnant
women *. However, a considerable percentage of pregnant women in Nordic countries, such
as Norway and Denmark, use iodine containing supplements, which possibly suggests that
the use of these supplements may also be substantial in Sweden "', Lastly, the cross-sectional
design of this study limits causal inference, and therefore, it is important to interpret these
results while taking into account data from interventional and experimental studies.

To conclude, this study did not find any indication that differences in iodine status within
the population had a meaningful effect on the reference ranges of thyroid function tests. Fur-
thermore, we found that suboptimal gestational iodine status is associated with lower TSH,
and higher TT4, but we found no clear indication of preferential T3 production due to iodine
deficiency. Both low and high gestational iodine status may be associated with a higher risk
of TPOAD positivity.
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Supplemental material

Supplementary Table 1 Reference ranges (2.5th and 97.5th percentile values) of the various thyroid function
tests in TPOAb-negative women according to groups of UI/Creat (ng/g).

Ul/Creat (ng/g)
Total <50 50-99 100-149 150-249 250-499
N=1802 N=219(12.2%) N=859 (47.7%) N=352(19.5%) N=232(12.9%) N=119 (6.6%)
TSH, mU/L  0.11-3.40 0.15-3.08 0.10-3.47 0.17-3.40 0.09-2.92 0.04-3.71
FT4, pmol/L  11.6-19.3 11.9-19.3 11.7-19.1 11.4-18.7 11.9-19.8 12.2-18.4
FT3, pmol/L  3.73-5.89 3.65-5.77 3.79-5.89 3.67-5.86 3.70-5.94 3.74-5.83
TT4, nmol/L  82.4-165.6 87.2-169.8 83.3-167.1 79.7-156.9 85.5-156.4 77.4-160.5
TT3, nmol/L  1.29-2.88 1.39-2.87 1.29-2.88 1.27-2.89 1.31-2.78 1.26-2.90

The subgroup of women with UI/Creat > 500 pg/g (N=21, 1.2%) was too small for reliable calculations and
therefore omitted. FT3, free triiodothyronine; FT4, free thyroxine; TT3, total triiodothyronine; TT4, total thyroxine;
TSH, thyrotropin; Ul/Creat, urinary iodine concentration corrected for creatinine.

Supplementary Table 2 Reference ranges (2.5" and 97.5" percentile values) of the various thyroid function
tests in TPOAb-negative women according to groups of UIC (ug/L).

UIC (ng/L)
<50 50-99 100-149 150-249 250-499
N=176 (8.8%) N=965(48.0%) N=421(21.0%) N=264 (13.1%) N=128 (6.4%)
TSH, mU/L 0.11-3.06 0.12-3.36 0.16-3.49 0.16-3.67 0.05-3.49
FT4, pmol/L 11.7-20.4 11.5-19.2 11.6-18.9 12.0-19.3 12.0-20.0
FT3, pmol/L 3.87-6.21 3.75-5.87 3.70-5.80 3.69-5.98 3.89-6.03
TT4, nmol/L 87.8-166.7 82.5-164.3 85.0-164.7 79.0-158.5 81.0-174.3
TT3, nmol/L 1.35-2.87 1.29-2.81 1.28-2.93 1.27-2.96 1.30-2.86

The subgroup of women with UIC > 500 pg/L (N=38, 1.9%) was too small for reliable calculations and there-
fore omitted. UIC, urinary iodine concentration.

Supplementary Table 3 Association between the natural log of Ul/Creat and thyroid functions test in TPOAb-
negative women.

N p+SE P value
TSH 1747 0.065 +0.029 0.025
FT4 1739 -0.086 £ 0.073 0.24
FT3 1736 -0.033 £ 0.021 0.11
FT4/FT3 ratio 1738 -0.002 £ 0.016 0.91
TT4 1733 -1.713 £0.794 0.031
TT3 1730 -0.025+0.016 0.11
TT4/TT3 ratio 1733 -0.134 £ 0.370 0.72

Analyses were performed by multivariable linear regression analyses, adjusted for TPOAb, hCG, gestational
age, maternal age, maternal ethnicity, maternal education, parity, maternal BMI, smoking status based on the
serum cotinine concentration, and child sex. Ul/Creat, TSH, TPOAb were log transformed. BMI, body mass
index; hCG, human chorionic gonadotropin.
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Supplementary Table 4 Association between Ul/Creat and thyroid auto-antibodies according to quartiles of
Ul/Creat.

Ul/Creat, quartiles N mifi?lgel)}’lil(;;geat TPOA;I) g]z)s)itivity, TgAll)Vp((;j:;ivity,
quartile 1 503 50 (20-61) 58 (11.6) 46 (9.2)
quartile 2 502 72 (61-85) 55(11.0) 36(7.2)
quartile 3 501 103 (85-132) 52(10.4) 42 (8.4)
quartile 4 503 191 (132-1368) 39 (7.8) 34 (6.8)

TPOAD positivity and TgAb positivity were defined as > 34 [U/mL and >115 IU/mL, respectively.

Supplementary Table 5 Association between urinary iodine concentration and thyroid auto-antibodies

UIC, /L TPOAD positivity TgADb positivity
positive/negative (%) OR (95% CI), P positive/negative (%) OR (95% CI), P
<150° 172/1404 (10.9) 1.78 (1.06-3.00), 0.030 129/1442 (8.2) 1.22(0.72-2.04), 0.45
150-249 17/247 (6.4) 1.00 (ref) 18/245 (6.8) 1.00 (ref)
250-499 11/117 (8.6) 1.29 (0.55-3.02), 0.56 6/122 (4.7) 0.58 (0.22-1.56), 0.28
>500 4/34 (10.5) 2.20 (0.60-7.98), 0.23 5/33 (13.2) 2.27(0.72-7.12), 0.16

Analyses were performed by multivariable logistic regression analyses, adjusted for hCG, gestational age,
maternal age, maternal ethnicity, maternal education, parity, maternal BMI, smoking status based on the serum
cotinine concentration, and child sex. TPOAD positivity and TgAb positivity were defined as > 34 TU/mL and
>115 IU/mL, respectively.

* The total number (%) of women with a UIC <150, 150-249, 250-499, and >500 pg/L in the total study
population is 1579 (78.6), 264 (13.1), 128 (6.4), and 38 (1.9%), respectively.

Stratified sub-analysis TPOAb positivity: UIC <50 pg/L, OR 1.20 (95% CI 0.56-2.58), P=0.64; 50-99 ug/L,
OR 2.0 (1.18-3.44), P=0.010; 100-149 pg/L, OR 1.55 (0.84-2.86), P=0.16. Stratified sub-analysis TgAb
positivity: UIC <50 pg/L, OR 1.37 (95% CI 0.67-2.80), P=0.38; 50-99 pg/L, OR 1.32 (0.77-2.24), P=0.31;
100-149 pg/L, OR 0.83 (0.44-1.58), P=0.58.

Erasmus University Rotterdam 20«/»9«.9



16 Erasmus Medical Center Rotterdam

References

18.
19.

Glinoer D. The regulation of thyroid function in pregnancy: pathways of endocrine adaptation from
physiology to pathology. Endocr Rev. 1997;18(3):404-433.

Zimmermann MB, Boelaert K. Iodine deficiency and thyroid disorders. Lancet Diabetes Endocrinol.
2015;3(4):286-295.

WHO Secretariat, Andersson M, de Benoist B, Delange F, Zupan J. Prevention and control of iodine
deficiency in pregnant and lactating women and in children less than 2-years-old: conclusions and
recommendations of the Technical Consultation. Public Health Nutr. 2007;10(12A):1606-1611.
Alexander EK, Pearce EN, Brent GA, et al. 2017 Guidelines of the American Thyroid Association for
the Diagnosis and Management of Thyroid Disease during Pregnancy and the Postpartum. Thyroid Off
J Am Thyroid Assoc. 2017;27(3):315-389.

Lazarus J, Brown RS, Daumerie C, Hubalewska-Dydejczyk A, Negro R, Vaidya B. 2014 European
thyroid association guidelines for the management of subclinical hypothyroidism in pregnancy and in
children. Eur Thyroid J. 2014;3(2):76-94.

Shi X, Han C, Li C, et al. Optimal and safe upper limits of iodine intake for early pregnancy in iodine-
sufficient regions: a cross-sectional study of 7190 pregnant women in China. J Clin Endocrinol Metab.
2015;100(4):1630-1638.

Abel MH, Korevaar T, Erlund I, et al. Iodine intake is associated with thyroid function in mild- to
moderately iodine deficient pregnant women. Thyroid. 2018;28(10):1359-1371.

Orito Y, Oku H, Kubota S, et al. Thyroid Function in Early Pregnancy in Japanese Healthy Women:
Relation to Urinary lodine Excretion, Emesis, and Fetal and Child Development. J Clin Endocrinol
Metab. 2009;94(5):1683-1688.

Aguayo A, Grau G, Vela A, et al. Urinary iodine and thyroid function in a population of healthy preg-
nant women in the North of Spain. J Trace Elem Med Biol. 2013;27(4):302-306.

Fuse Y, Ohashi T, Yamaguchi S, Yamaguchi M, Shishiba Y, Irie M. lodine Status of Pregnant and
Postpartum Japanese Women: Effect of Iodine Intake on Maternal and Neonatal Thyroid Function in
an lodine-Sufficient Area. J Clin Endocrinol Metab. 2011;96(12):3846-3854.

Sang Z, Wei W, Zhao N, et al. Thyroid dysfunction during late gestation is associated with excessive
iodine intake in pregnant women. J Clin Endocrinol Metab. 2012;97(8):E1363-1369.

Glinoer D, Nayer PD, Bourdoux P, et al. Regulation of Maternal Thyroid during Pregnancy. J Clin
Endocrinol Metab. 1990;71(2):276-287.

Blumenthal N, Byth K, Eastman CJ. Iodine Intake and Thyroid Function in Pregnant Women in a
Private Clinical Practice in Northwestern Sydney before Mandatory Fortification of Bread with Iodised
Salt. J Thyroid Res. 2012;2012:798963.

Brucker-Davis F, Ferrari P, Gal J, Berthier F, Fenichel P, Hieronimus S. Iodine Status Has No Impact
on Thyroid Function in Early Healthy Pregnancy. J Thyroid Res. 2012;2012:168764.

Rebagliato M, Murcia M, Espada M, et al. Iodine Intake and Maternal Thyroid Function During
Pregnancy. Epidemiology. 2010;21(1):62-69.

Bornehag C-G, Moniruzzaman S, Larsson M, et al. The SELMA Study: A Birth Cohort Study in Sweden
Following More Than 2000 Mother—Child Pairs. Paediatr Perinat Epidemiol. 2012;26(5):456-467.
Nystrom HF, Brantsater AL, Erlund 1, et al. Iodine status in the Nordic countries — past and present.
Food Nutr Res. 2016;60:31969.

Zimmermann MB. lodine deficiency. Endocr Rev. 2009;30(4):376-408.

Carlé A, Krejbjerg A, Laurberg P. Epidemiology of nodular goitre. Influence of iodine intake. Best
Pract Res Clin Endocrinol Metab. 2014;28(4):465-479.

Erasmus University Rotterdam Za‘{vu.g



20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

Maternal iodine status and thyroid function

Teng W, Shan Z, Teng X, et al. Effect of lodine Intake on Thyroid Diseases in China. N Engl J Med.
2006;354(26):2783-2793.

Wolff J, Chaikoff IL, Goldberg RC, Meier JR. The temporary nature of the inhibitory action of excess
iodide on organic iodine synthesis in the normal thyroid. Endocrinology. 1949;45(5):504-513.

Zhang X, Jiang Y, Han W, et al. Effect of Prolonged lodine Overdose on Type 2 lodothyronine Deiodin-
ase Ubiquitination-Related Enzymes in the Rat Pituitary. Biol Trace Elem Res. 2016;174(2):377-386.
Li N, Jiang Y, Shan Z, Teng W. Prolonged high iodine intake is associated with inhibition of type 2
deiodinase activity in pituitary and elevation of serum thyrotropin levels. BrJ Nutr. 2012;107(5):674-
682.

Medici M, Korevaar TIM, Visser WE, Visser TJ, Peeters RP. Thyroid Function in Pregnancy: What Is
Normal? Clin Chem. 2015;61(5):704-713.

La’ulu SL, Roberts WL. Ethnic differences in first-trimester thyroid reference intervals. Clin Chem.
2011;57(6):913-915.

La’ulu SL, Roberts WL. Second-trimester reference intervals for thyroid tests: the role of ethnicity.
Clin Chem. 2007;53(9):1658-1664.

Korevaar TIM, Medici M, de Rijke YB, et al. Ethnic differences in maternal thyroid parameters during
pregnancy: the Generation R study. J Clin Endocrinol Metab. 2013;98(9):3678-3686.

Abrams GM, Larsen PR. Triiodothyronine and thyroxine in the serum and thyroid glands of iodine-
deficient rats. J Clin Invest. 1973;52(10):2522-2531.

Obregon M-J, del Rey FE, de Escobar GM. The effects of iodine deficiency on thyroid hormone
deiodination. Thyroid. 2005;15(8):917-929.

Moleti M, Bella BD, Giorgianni G, et al. Maternal thyroid function in different conditions of iodine
nutrition in pregnant women exposed to mild-moderate iodine deficiency: an observational study. Clin
Endocrinol (Oxf). 2011;74(6):762-768.

Thangaratinam S, Tan A, Knox E, Kilby MD, Franklyn J, Coomarasamy A. Association between thyroid
autoantibodies and miscarriage and preterm birth: meta-analysis of evidence. BMJ. 2011;342:d2616.
He X, Wang P, Wang Z, He X, Xu D, Wang B. Thyroid antibodies and risk of preterm delivery: a
meta-analysis of prospective cohort studies. Eur J Endocrinol. 2012;167(4):455-464.

Ghassabian A, Bongers-Schokking JJ, de Rijke YB, et al. Maternal Thyroid Autoimmunity During
Pregnancy and the Risk of Attention Deficit/Hyperactivity Problems in Children: The Generation R
Study. Thyroid. 2012;22(2):178-186.

Derakhshan A, Korevaar TIM, Taylor PN, et al. The Association of Maternal Thyroid Autoimmunity
During Pregnancy With Child 1Q. J Clin Endocrinol Metab. 2018;103(10):3729-3736.

Glinoer D, Riahi M, Griin JP, Kinthaert J. Risk of subclinical hypothyroidism in pregnant women with
asymptomatic autoimmune thyroid disorders. J Clin Endocrinol Metab. 1994;79(1):197-204.

Negro R, Formoso G, Mangieri T, Pezzarossa A, Dazzi D, Hassan H. Levothyroxine treatment in
euthyroid pregnant women with autoimmune thyroid disease: effects on obstetrical complications. J
Clin Endocrinol Metab. 2006;91(7):2587-2591.

Kuijpens JL, Pop VIJ, Vader HL, Drexhage HA, Wiersinga WM. Prediction of post partum thyroid
dysfunction: can it be improved? Eur J Endocrinol. 1998;139(1):36-43.

Duntas LH. The catalytic role of iodine excess in loss of homeostasis in autoimmune thyroiditis: Curr
Opin Endocrinol Diabetes Obes. 2018;25(5):347-352.

Bliddal S, Nielsen CH, Feldt-Rasmussen U. Recent advances in understanding autoimmune thyroid
disease: the tallest tree in the forest of polyautoimmunity. F1000Research. 2017;6:1776.

Rasmussen LB, Ovesen L, Christiansen E. Day-to-day and within-day variation in urinary iodine
excretion. Eur J Clin Nutr. 1999;53(5):401-407.

Erasmus University Rotterdam 20«/»9«.9

17



18 Erasmus Medical Center Rotterdam

41.

42.

43.

44,

Andersen S, Karmisholt J, Pedersen KM, Laurberg P. Reliability of studies of iodine intake and recom-
mendations for number of samples in groups and in individuals. Br J Nutr. 2008;99(4):813-818.
Konig F, Andersson M, Hotz K, Aeberli I, Zimmermann MB. Ten repeat collections for urinary iodine
from spot samples or 24-hour samples are needed to reliably estimate individual iodine status in
women. J Nutr. 2011;141(11):2049-2054.

Knudsen N, Christiansen E, Brandt-Christensen M, Nygaard B, Perrild H. Age- and sex-adjusted
iodine/creatinine ratio. A new standard in epidemiological surveys? Evaluation of three different
estimates of iodine excretion based on casual urine samples and comparison to 24 h values. Eur J Clin
Nutr. 2000;54(4):361-363.

Granfors M, Andersson M, Stinca S, et al. lodine deficiency in a study population of pregnant women
in Sweden. Acta Obstet Gynecol Scand. 2015;94(11):1168-1174.

Erasmus University Rotterdam Za‘/vu.g



