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ABSTRACT
Background: Iodine is essential for synthesizing thyroid hormones, but other micronutrients are also required for

optimal thyroid function. However, there is a lack of data on combined micronutrient status in relation to thyroid hormones

in pregnancy.

Objectives: We aimed to assess the joint associations of iodine, selenium, and zinc status with plasma concentrations

of thyroid hormones and thyroid-stimulating hormone (TSH) in pregnancy.

Methods: We included 531 pregnant women (aged 22–40 y) participating in a Swedish birth cohort who provided blood

and spot urine samples in gestational weeks 27–33 (mean: 29). Associations of urinary iodine concentration (UIC), plasma

selenium concentration, and plasma zinc concentration (measured by inductively coupled plasma mass spectrometry)

with plasma hormone concentrations [total and free thyroxine (tT4, fT4), total and free triiodothyronine (tT3, fT3), and

TSH] were explored with Bayesian kernel machine regression (BKMR; n = 516; outliers excluded) and multivariable-

adjusted linear regression (n = 531; splined for nonlinear associations).

Results: Median (IQR) micronutrient concentrations were 112 μg/L (80–156 μg/L) for UIC, 67 μg/L (58–76 μg/L) for

plasma selenium, and 973 μg/L (842–1127 μg/L) for plasma zinc; the former 2 median values were below recommended

concentrations (150 μg/L and 70 μg/L, respectively). Mean ± SD TSH concentration was 1.7 ± 0.87 mIU/L, with 98%

< 4 mIU/L. BKMR showed a positive trend of joint micronutrient concentrations in relation to TSH. Plasma zinc was

most influential for all hormones but tT3, for which plasma selenium was most influential. In adjusted linear regression

models, zinc was positively associated with tT4, tT3, and TSH, and <1200 μg/L also with fT4 and fT3. Selenium was

inversely associated with fT3, and <85 μg/L with tT3.

Conclusions: Pregnant women’s plasma TSH concentrations in the early third trimester increased with increasing joint

status of iodine, selenium, and zinc. Zinc and selenium were more influential than iodine for the hormone concentrations.

Multiple micronutrients need consideration in future studies of thyroid hormone status. J Nutr 2022;152:1737–1746.
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Introduction
Adequate thyroid function is particularly important during
pregnancy, because thyroid hormones are required for fetal
development and both maternal and fetal metabolism (1).
The fetus is totally dependent on maternal thyroid hormone

production until the second trimester when fetal production
is initiated (2, 3). Several micronutrients act in concert for
optimal thyroid hormone production. Iodine is a constituent of
the thyroid hormones thyroxine (T4), with 4 iodine atoms per
hormone molecule, and triiodothyronine (T3), mainly formed
from T4 by the removal of 1 iodine atom (deiodination).
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Prolonged iodine deficiency induces autoregulatory changes
involving increased direct production of T3 in the thyroid at
the expense of T4 production and is consequently characterized
by reduced circulatory T4 and normal or even slightly
elevated circulatory T3, and normal TSH concentrations (4).
Importantly, the fetal brain derives a crucial part of its T3
by intracellular conversion of T4, and therefore maternal
iodine deficiency may still influence fetal development despite
maintained maternal thyroid function (4).

Selenium has several functions in thyroid hormone produc-
tion and maintenance, but it is less studied than iodine. It is
required for the selenoenzymes deiodinase types I, II, and III.
Deiodinase types I and II convert T4 into T3 in tissues (5–7).
Most of the circulating T3 is the product of deiodinase type I
activity (8). Deiodinase type III inactivates T4 and T3 and it is
highly expressed in the placenta where it regulates the transfer
of thyroid hormone to the fetus (9). Selenium is also required
for production of glutathione peroxidase, which protects the
thyroid gland from oxidative stress produced during hormone
synthesis (10, 11).

Zinc is an essential micronutrient involved in numerous
enzymes and processes in the body, including maintenance of
thyroid function, for example by regulating deiodinase activity
(12–15). Studies in male rats have indicated that zinc positively
influences circulating thyroid hormone concentrations (16,
17). However, observational studies in pregnant women are
sparse, despite the fact that pregnancy-related zinc deficiency
is common (18).

Severe gestational deficiency in both iodine and selenium
combined has been associated with impaired mental and
physical development (19), yet little is known concerning the
combined impact of mild-to-moderate deficiencies on maternal
thyroid hormones (6, 10). Most nutrition-related studies of
thyroid function have focused on iodine alone, including 2
recent studies from Sweden (20, 21). In addition, we have
recently reported that both iodine and selenium intakes in
Swedish pregnant women are low (22). Therefore, we here
aimed at elucidating the joint impact of iodine, selenium, and
zinc status on thyroid hormone and TSH concentrations in
pregnant women in northern Sweden.

Methods
Study population

This study included pregnant women from the birth cohort
NICE (Nutritional impact on the Immunological maturation during
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Research Council Formas grants 2018-02275 (to MK) and 2019-01007 (to MV),
Swedish Research Council Forte grant 2018-00485 (to AEW), and Karolinska
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collection, analysis, and interpretation of data; or in writing the manuscript.
Author disclosures: the authors report no conflicts of interest.
Supplemental Figures 1–3 and Supplemental Tables 1–3 are available from the
“Supplementary data” link in the online posting of the article and from the same
link in the online table of contents at https://academic.oup.com/jn/.
Address correspondence to MK (e-mail: maria.kippler@ki.se).
Abbreviations used: AIC, Akaike information criterion; BKMR, Bayesian kernel
machine regression; DAG, directed acyclic graph; ECLIA, electrochemilu-
minescence immunoassay; fT3, free triiodothyronine; fT4, free thyroxine;
GAM, generalized additive model; ICP-MS, inductively coupled plasma mass
spectrometry; NICE, Nutritional impact on the Immunological maturation during
Childhood in relation to the Environment; PIP, posterior inclusion probability;
TRH, thyrotropin-releasing hormone; TSH, thyroid-stimulating hormone; tT3,
total triiodothyronine; tT4, total thyroxine; T3, triiodothyronine; T4, thyroxine;
UIC, urinary iodine concentration.

Childhood in relation to the Environment), established between 2015
and 2018 in the catchment area of Sunderby Hospital in northern
Sweden (23). The women were recruited around gestational week 18
(n = 655). For the present study we excluded twin pregnancies and
second pregnancies of already-participating women, as well as 1 mother
that withdrew from the study (Supplemental Figure 1). Of the 633
identified women, we in addition excluded those 1) with any form
of thyroid dysfunction and/or who were prescribed thyroid-interfering
drugs according to their pregnancy-related hospital records (n = 47), 2)
who lacked a plasma sample (n = 37), or 3) who had extreme hormone
concentrations (TSH > 20 mIU/L; n = 1). In total, we identified 531
women that had complete data on micronutrients, hormones, and
covariates (Supplemental Figure 1).

The study was approved by the Regional Ethical Review Board,
Umeå, Sweden. Women gave written consent after being informed of all
study details and that participation was voluntary with the possibility
to refrain at any time point.

Sample collection
Venous blood and spot urine samples were collected in gestational week
29 (range: 24–36 weeks of gestation) at local maternity health clinics
(23, 24). Women were asked to fast for 8 h before the visit. As previously
described in detail (23), blood samples were collected in EDTA-
coated tubes (Becton Dickinson) and spot urine samples (midstream)
were collected and transferred to polyethylene vials. Samples were
transported cold to the hospital laboratory, where blood samples were
centrifuged at 4◦C and 2400 rpm (Hettich Rotina 420, Hettich Lab
Technology, Tuttlingen, Germany) for 5 minutes and plasma divided
into aliquots. Samples were stored at −80◦C awaiting analysis.

Hormone analyses
Hormones were measured at the accredited laboratory at the Depart-
ment of Clinical Chemistry, University Hospital of Malmö, Sweden,
as previously described (25). Free and total T4 and T3 (fT4, tT4,
fT3, and tT3, respectively) were all measured using an automated
electrochemiluminescence immunoassay (ECLIA) on the Roche Cobas
(Roche Diagnostics), consisting of a 2-step immunometric-competitive
technique followed by chemiluminescent emission measurement.
Plasma concentrations of TSH were measured using a 1-step sandwich
method with ECLIA on the Roche Cobas (Roche Diagnostics).

Internal or transferable trimester-specific reference ranges for the
hormone concentrations were not available. However, for TSH an upper
reference limit of 4.0 mIU/L may be used as an indication of potential
hypothyroidism (26).

Micronutrient analyses
We assessed selenium and zinc status by concentrations in plasma.
Iodine status was evaluated by urinary iodine concentration (UIC;
main route of excretion), adjusted to the mean specific gravity
and measured with a refractometer (EUROMEX RD712 Clinical
Refractometer) to compensate for urine dilution (27). UIC varies
within and between days depending on intake (28) but is considered
a valid intake biomarker on a population level (29). Micronutrient
concentrations were measured at Karolinska Institutet using inductively
coupled plasma mass spectrometry (ICP-MS; Agilent 7700x, Agilent
Technologies). Urine was diluted 1:10 in 0.1% ammonium hydroxide
solution (30), whereas plasma was diluted 1:25 in alkali solution (31).
The limit of detection (3 times the SD of blank concentrations) was
1.9 μg/L, 0.36 μg/L, and 3.7 μg/L for iodine, selenium, and zinc,
respectively, and no concentration was below these limits. We included
2 commercial reference materials (serum or urine) in each run, and
the obtained concentrations were in good agreement with the reference
values (Supplemental Table 1).

Covariates
Hospital records were used to retrieve data on the women’s age (y), first-
trimester BMI (in kg/m2), parity (number of previous births), education
(elementary school, high school, or university), pre- and early-pregnancy
smoking (never, occasionally, or daily), and alcohol consumption (never,
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occasionally, or daily). Because thyroid hormones and TSH have been
reported to vary by season (32, 33), the date of blood collection
was categorized into 4 seasons: spring (March–May), summer (June–
August), fall (September–November), and winter (December–February).

Statistical analyses
Statistical analyses were performed using the software Stata/IC 15.0
(StataCorp) and R 4.0.4 (34). P values < 0.05 were considered
statistically significant, in combination with consistency and robustness
of the results.

Potential confounders were identified with a directed acyclic graph
(DAG) (Supplemental Figure 2). Covariates that were associated with
both the micronutrients and the hormones were included in the
DAG. Bivariate associations between micronutrients, hormones, and
covariates were explored with either the Spearman rank correlation
test, Mann–Whitney U test, or Kruskal–Wallis test. Gestational week
at sampling was weakly correlated with TSH (ρ: −0.09; P = 0.045)
but did not correlate with the thyroid hormones or micronutrients.
Maternal prepregnancy smoking was associated only with fT3 and
tT3, and alcohol intake was not associated with any of the hormones
or micronutrients. In the DAG, the following variables were identified
as potential confounders and therefore adjusted for in all the final
models: parity (categorized as 0 and >0), maternal education (lower
than university and university), and season at sampling (spring, summer,
fall, and winter), besides mutual adjustment between the micronutrients.

Associations of all micronutrients combined and potential interac-
tions between the micronutrients, in relation to the hormones, were
explored with Bayesian kernel machine regression (BKMR), using the
R package bkmr (35). BKMR can flexibly model the relations (linear or
nonlinear) of multiple variables against an outcome by regressing the
outcome on a flexible function of the exposure mixture components
(here micronutrients) that is specified using a kernel function (36).
We used centered and scaled micronutrient concentrations, applying
variable selection and 50,000 iterations by the Markov chain Monte
Carlo algorithm (which is used to fit the BKMR model). Because BKMR
is sensitive to outliers, we removed UIC > 382 μg/L (n = 10) and plasma
zinc > 1800 μg/L (n = 5), resulting in 516 included women. Applying
variable selection allowed for each of the individual micronutrients to
enter into the model so that the posterior inclusion probability (PIP) for
each micronutrient could be estimated in relation to each outcome (36).
The PIPs reflect the relative importance of the different micronutrients,
where the highest PIP indicates the most important micronutrient for
the given outcome. We used plots to assess the estimated association
of a single micronutrient with each hormone outcome, adjusted for the
other micronutrients as well as the selected covariates. The plots show
the shape and direction of the estimated associations with pointwise
95% credible intervals. Similarly, we assessed the joint micronutrient–
hormone associations in plots showing the estimated difference in the
outcome (with 95% credible intervals) when all 3 micronutrients were
held at different percentiles compared with when all 3 micronutrients
were held at the 50th percentile. Lastly, to explore potential interactions
between the 3 micronutrients in relation to the hormones, we plotted
the micronutrient–hormone associations for each micronutrient fixing
1 of the other 2 micronutrients at different percentiles (i.e., the 10th,
50th, and 90th percentiles) while the third micronutrient was held at the
50th percentile. If the shape or direction of any micronutrient–hormone
association were to differ between different concentrations of another
micronutrient, this would indicate a potential interaction between the
micronutrients in relation to the outcome.

Linear regression analyses of the mutually adjusted micronutrient–
hormone associations included all 531 women. Plasma selenium and
zinc were normally distributed, whereas urinary iodine was right-
skewed and therefore log2-transformed. Models were adjusted for
confounders defined in the DAG (Supplemental Figure 2). Linearity
was explored with generalized additive models (GAMs). Nonlinear
associations were suggested (p-gain < 0.05) for selenium with tT3
and for zinc with fT4 and fT3. The Akaike information criterion
(AIC) was therefore compared between 1) models including 1 spline
knot (assessing several positions) visually selected based on the GAM
plots (Supplemental Figure 3A–C), 2) models including a quadratic

TABLE 1 Background characteristics and concentrations of
hormones and micronutrients among the studied mothers of the
NICE (Nutritional impact on the Immunological maturation during
Childhood in relation to the Environment) birth cohort in northern
Sweden1

Maternal characteristics n

Median
(2.5th–97.5th percentile)

or %

Age, y 531 30 (22–40)
Early-pregnancy weight, kg 516 68 (52–108)
Height, cm 531 167 (155–179)
Early-pregnancy BMI, kg/m2 516 24 (19–38)
Parity, nulliparous 531 49
Education, university 531 70
Prepregnancy smoking, yes 529 6.6
Prepregnancy alcohol intake, yes 522 74
Gestational week at sample collection 492 29 (27–33)
Season at sampling, spring/summer/fall/winter 531 30/27/20/22
Plasma free T4, pmol/L 531 12 (9.0–15)
Plasma total T4, nmol/L 531 122 (88–167)
Plasma free T3, pmol/L 531 4.1 (3.2–4.9)
Plasma total T3, nmol/L 531 2.6 (1.8–3.5)
Plasma TSH, mIU/L 531 1.6 (0.45–3.9)
Urinary iodine,2 μg/L 531 112 (46–346)
Plasma selenium, μg/L 531 67 (42–99)
Plasma zinc, μg/L 531 973 (580–1606)

1TSH, thyroid-stimulating hormone; T3, triiodothyronine; T4, thyroxine.
2Concentrations adjusted to the mean specific gravity of 1.017.

micronutrient term, and 3) linear models. The spline models had the
lowest AIC and were therefore applied to the nonlinear associations,
with a spline knot at 85 μg/L for selenium and 1200 μg/L for zinc. The
remaining associations were explored linearly.

Results
Background characteristics

Table 1 shows the general characteristics of the mothers. Only
1.7% (n = 9) of the included women had TSH concentrations
>4.0 mIU/L, indicating that most women had normal thyroid
function (26). None of the hormones changed noticeably within
the gestational week range of sample collection. Both fT3 and
tT3 were slightly higher among prepregnancy smokers than
among never-smokers (mean: 4.3 compared with 4.0 pmol/L,
P < 0.001; and 2.9 compared with 2.6 nmol/L, P < 0.001,
respectively), and among women with an elementary or high
school degree than among those with a university degree (4.1
compared with 4.0 pmol/L, P = 0.02; and 2.7 compared with
2.5 nmol/L, P = 0.006, respectively).

Median (IQR) UIC was 112 μg/L (80–156 μg/L), which is
below the recommended range of 150–249 μg/L for population-
based median UIC in pregnancy (29). Median (IQR) plasma
selenium was 67 μg/L (58–76 μg/L), with 60% being <70 μg/L,
the lower limit for sufficient glutathione peroxidase activity (37,
38). Median (IQR) plasma zinc was 973 μg/L (842–1127 μg/L),
with only 1% (n = 6) being <500 μg/L, the proposed lower
limit of the late-pregnancy reference interval (18). Supplemental
Table 2 shows the correlations between the micronutrients (ρ:
0.04–0.30).

Iodine and selenium concentrations were slightly higher
among women with a university education (median: 116 μg/L
and 67 μg/L, respectively) than among women with an

Micronutrients and late-pregnancy thyroid hormones 1739
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elementary or high school education (median: 107 μg/L and
65 μg/L, respectively; P < 0.05). Zinc concentrations in spring
(median: 1018 μg/L) were significantly higher than in fall
(935 μg/L; P = 0.001), and nulliparous women had higher
plasma zinc (median: 1009 μg/L) than women with previous
deliveries (960 μg/L; P = 0.001). There were no significant
differences in micronutrient concentrations between the few
women with elevated TSH (>4.0 mIU/L) and those with lower
TSH.

BKMR

The PIPs, representing the relative importance of the micronutri-
ents for the outcomes, are presented in Supplemental Table 3 for
all BKMR models. Zinc showed the highest PIP for all hormones
except tT3, for which selenium showed the highest probability.
In the single micronutrient plots (adjusted for the other 2
micronutrients; Figure 1A–E), zinc was positively associated
with all hormones. The plots showed that the associations of
zinc with fT4, tT4, fT3, and TSH turned inverse above a certain
zinc concentration (∼1570 μg/L, corresponding to ∼2.5 in the
plots when centered and scaled), but the credible intervals were
wide at these zinc concentrations and therefore the directions
of the associations were uncertain. Selenium was inversely
associated with fT3 and tT3 (leveling off roughly around the
selenium concentration of 103 μg/L, corresponding to ∼2.5 in
the plot when centered and scaled).

There was a positive joint trend of the micronutrients in
relation to TSH, whereas no obvious trend was observed in
relation to the other thyroid hormones (Figure 2A–E). The
positive association between zinc and TSH was slightly more
pronounced at higher selenium concentrations. Otherwise, there
was no indication of micronutrient interactions (Figure 3A–E).

Linear regression analyses

In the regression models (Table 2), plasma selenium was
inversely associated with fT3 [−0.19 SD in fT3 per IQR increase
in selenium (18 μg/L)]. The association of selenium and tT3 was
nonlinear (Supplemental Figure 3C), with an inverse association
below the spline knot of 85 μg/L (−0.25 SD per 18-μg/L
increase in selenium). Plasma zinc was nonlinearly associated
with fT4 and fT3 (Supplemental Figure 3A, B), with positive
associations observed below the spline knot of 1200 μg/L with
both fT4 [0.24 SD per IQR increase in zinc (283 μg/L)] and fT3
(0.34 SD per 283-μg/L increase in zinc). Further, plasma zinc
was linearly and positively associated with tT4, tT3, and TSH
(0.14, 0.16, and 0.14 SD, respectively, per 283-μg/L increase in
zinc).

Discussion

To our knowledge, this is the first study evaluating the
joint association of iodine, selenium, and zinc concentrations
with thyroid hormones during pregnancy. Unexpectedly, zinc
was most influential for the plasma concentrations of fT4,
tT4, fT3, and TSH in the BKMR analyses, showing positive
associations with all of them. Selenium was the most important
micronutrient for tT3 (inverse association). Our findings
suggested that higher concentrations of all 3 micronutrients
increased maternal TSH.

The women included in this study had no known thyroid-
related diagnosis and essentially all (98%) had TSH concentra-
tions <4.0 mIU/L, indicative of normal thyroid function (26).
They had generally low concentrations of iodine and selenium

(22), which is in line with studies of pregnant women in other
parts of Sweden (20, 39–41). On the other hand, only 1%
(n = 6) had plasma zinc concentrations <500 μg/L [proposed
lower limit of the late-pregnancy reference interval (18)]. Still,
plasma zinc was the micronutrient that was most influential
for the hormone concentrations, being positively associated
with T3, T4, as well as TSH. Thyroid hormone control
involves a fine-tuned feedback regulation, keeping circulating
T3 concentrations fairly constant (7). The fact that all hormones
increased with zinc may suggest that the increase in TSH was
not due to the feedback loop of low T4 or T3. TSH production
in the pituitary gland is driven by hypothalamic thyrotropin-
releasing hormone (TRH), for which zinc is essential (13).
Further, zinc is involved in the utilization of iodine in the
thyroid, which would increase T4 and T3 concentrations, as
well as in the transcription factors governing the synthesis
of thyroid hormones (12, 13). Zinc may also be involved in
regulation of type I and type II deiodinases (13), which increase
the conversion of T4 to T3, the active form of the hormone
in tissues. However, plasma zinc did not correlate with the
T3:T4 ratio (data not shown). Lastly, zinc has been implicated
in regulating binding of T3 to its nuclear receptor (13). There
are few previous studies on zinc status and thyroid function in
pregnancy. In a large (n = 2041) Dutch study (42), first-trimester
plasma zinc was positively associated with concurrent fT4, but
not with TSH, which, however, is suppressed in early pregnancy
(43). In experimental animal studies, zinc supplementation was
found to increase circulating thyroid hormone concentrations
(16), whereas zinc deficiency caused a decline in circulating
thyroid hormones (17), possibly due to reduced TRH (17), or
through direct effects on thyroid hormone synthesis (44).

We observed an inverse association of maternal plasma
selenium with fT3 and tT3, the active form of the thyroid
hormone. We observed no associations of selenium with T4,
suggesting that the associations with the T3 concentrations were
not related to the hormone production in the thyroid. They
might instead be related to a selenium-dependent increase in
type III deiodinase, which inactivates T3 (5). The expression
of this selenoenzyme is increased during pregnancy, particularly
in the placenta and fetal tissues (7). In support, pregnant
mice fed a moderately selenium-deficient diet showed increased
concentrations of T4 and T3, in combination with reduced
placental expression of both type II and type III deiodinases
(45). In the Dutch study aforementioned, maternal plasma
selenium (59–103 μg/L) late in the first trimester was positively
associated with TSH and inversely associated with fT4 (42),
whereas T3 was not measured.

It is well known that iodine deficiency adversely affects
maternal thyroid function and may lead to maternal hypothy-
roxinemia (3, 4, 26). We did not observe any significant
associations between UIC and the hormones. Nevertheless, the
tendency for a positive association with fT4 (P = 0.13) is in
line with the reduced circulatory T4, with normal T3 and TSH,
previously observed in individuals with iodine deficiency (4).
The wide CIs and credible intervals may be the result of UIC
being an uncertain marker of iodine status on an individual
level. Most of the absorbed iodine that is not taken up by the
thyroid gland is rapidly excreted in urine (28, 29), and most
likely the women’s iodine intake varied during the day, because
iodized table salt and supplements containing iodine were the
primary sources of iodine intake (22). Because the women
were asked to fast before urine collection, the measured UIC,
although likely rather stable, might in fact have underestimated
the amount of iodine available to the thyroid, which is largely
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FIGURE 1 Single micronutrient–hormone relations, with 95% credible intervals, of centered and scaled maternal concentrations of urinary
iodine (μg/L), plasma selenium (μg/L), and plasma zinc (μg/L) with maternal concentrations of fT4 (pmol/L) (A), tT4 (nmol/L) (B), fT3 (pmol/L)
(C), tT3 (nmol/L) (D), and TSH (mIU/L) (E) in pregnant women early in the third trimester participating in the NICE (Nutritional impact on the
Immunological maturation during Childhood in relation to the Environment) study (n = 516), estimated by Bayesian kernel machine regression.
The exposure–response relation for each micronutrient is controlled for the other 2 nutrients by fixing them at their median concentration. All
models (A–E) were also adjusted for parity (0 and >0), maternal education (lower than university and university), and season at sampling (spring,
summer, fall, and winter). fT3, free triiodothyronine; fT4, free thyroxine; TSH, thyroid-stimulating hormone; tT3, total triiodothyronine; tT4, total
thyroxine.

supplied by the peak plasma concentrations after a meal or
supplementation. Another reason for weak associations might
be that fT4 was measured by automated immunoassays, which
often results in lower hormone concentrations in the third

trimester (26). However, we did not observe any change in either
fT4 or tT4 across the gestational week range.

The main strength of this study is the assessment of
3 thyroid-associated micronutrients, measured using highly

Micronutrients and late-pregnancy thyroid hormones 1741
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FIGURE 2 Joint associations of urinary iodine (μg/L), plasma selenium (μg/L), and plasma zinc (μg/L) with fT4 (A), tT4 (B), fT3 (C), tT3 (D),
and TSH (E) in pregnant women early in the third trimester participating in the NICE (Nutritional impact on the Immunological maturation
during Childhood in relation to the Environment) study (n = 516), estimated by Bayesian kernel machine regression. The figures show the
estimated difference in the outcomes, with 95% credible intervals, when all 3 micronutrients are held at different percentiles compared with
when all 3 micronutrients are held at their median concentration (50th percentile). For all models (A–E), the maternal micronutrient concentrations
were centered and scaled, and all models were adjusted for parity (0 and >0), maternal education (lower than university and university), and
season at sampling (spring, summer, fall, and winter). fT3, free triiodothyronine; fT4, free thyroxine; TSH, thyroid-stimulating hormone; tT3, total
triiodothyronine; tT4, total thyroxine.
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FIGURE 3 Exposure–response function for centered and scaled concentrations of urinary iodine (μg/L), plasma selenium (μg/L), and plasma
zinc (μg/L) against maternal fT4 (A), tT4 (B), fT3 (C), tT3 (D), and TSH (E) in pregnant women early in the third trimester participating in the NICE
(Nutritional impact on the Immunological maturation during Childhood in relation to the Environment) study (n = 516), estimated by Bayesian
kernel machine regression. In each graph (A–E), the middle left panel shows the estimated micronutrient–hormone relation for urinary iodine
when plasma selenium is fixed at the 10th (red line), 50th (green line), and 90th (blue line) percentiles and plasma zinc is fixed at the 50th percentile.
The bottom left panel shows the relation for iodine when zinc is held at the 10th, 50th, and 90th percentiles and selenium is fixed at the 50th

percentile. The top middle panel shows the relation for selenium when iodine is fixed at the 10th, 50th, and 90th percentiles and zinc is fixed
at the 50th percentile. The bottom middle panel shows the relation for selenium when zinc is fixed at the 10th, 50th, and 90th percentiles and
iodine is held at the 50th percentile. The top right panel shows the relation for zinc when iodine is fixed at the 10th, 50th, and 90th percentiles
and selenium is held at the 50th percentile. The middle right panel shows the relation for zinc when selenium is fixed at the 10th, 50th, and 90th

percentiles and iodine is fixed at the 50th percentile. For all models (A–E) the maternal micronutrient concentrations were centered and scaled,
and all models were adjusted for parity (0 and >0), maternal education (lower than university and university), and season at sampling (spring,
summer, fall, and winter). fT3, free triiodothyronine; fT4, free thyroxine; TSH, thyroid-stimulating hormone; tT3, total triiodothyronine; tT4, total
thyroxine.
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TABLE 2 Multivariable-adjusted regression analyses of maternal UIC (μg/L; log2-transformed),
P-Se (μg/L; splined for nonlinear associations), and P-Zn (μg/L; splined for nonlinear associations)
with plasma hormone concentrations early in the third trimester1

Adjusted regression models

Plasma hormones n B 95% CI P

fT4, pmol/L
UIC, μg/L (log2) 531 0.14 (−0.041, 0.33) 0.13
P-Se, μg/L 531 − 0.004 (−0.014, 0.006) 0.46
P-Zn < 1200 μg/L 434 0.0013 (0.0005, 0.0022) 0.003
P-Zn > 1200 μg/L 97 − 0.0009 (−0.002, 0.0003) 0.15

tT4, nmol/L
UIC, μg/L (log2) 531 1.3 (−1.0, 3.5) 0.28
P-Se, μg/L 531 0.063 (−0.057, 0.18) 0.30
P-Zn, μg/L 531 0.010 (0.003, 0.016) 0.005

fT3, pmol/L
UIC, μg/L (log2) 531 − 0.020 (−0.070, 0.031) 0.45
P-Se, μg/L 531 − 0.005 (−0.007, −0.002) 0.001
P-Zn < 1200 μg/L 434 0.001 (0.0003, 0.001) <0.001
P-Zn > 1200 μg/L 97 − 0.0001 (−0.0004, 0.0002) 0.65

tT3, nmol/L
UIC, μg/L (log2) 531 − 0.011 (−0.062, 0.039) 0.66
P-Se < 85 μg/L 465 − 0.006 (−0.009, −0.003) 0.001
P-Se > 85 μg/L 66 0.009 (−0.0001, 0.017) 0.052
P-Zn, μg/L 531 0.0003 (0.0001, 0.0004) 0.001

TSH, mIU/L
UIC, μg/L (log2) 531 − 0.021 (−0.12, 0.081) 0.68
P-Se, μg/L 531 0.004 (−0.002, 0.009) 0.17
P-Zn, μg/L 531 0.0004 (0.0001, 0.0007) 0.006

1All models included mutual adjustment between the micronutrients and additional adjustment for parity (0 and >0), maternal
education (lower than university and university), and season of sampling (spring, summer, fall, and winter). fT3, free
triiodothyronine; fT4, free thyroxine; P-Se, plasma selenium; P-Zn, plasma zinc; TSH, thyroid-stimulating hormone; tT3, total
triiodothyronine; tT4, total thyroxine; UIC, urinary iodine concentration.

sensitive ICP-MS methods, and their associations with several
thyroid-related hormones. A limitation of the study is that only
∼10% of all women delivering at Sunderby Hospital during
the entire recruitment period (>6000) participated in the study
(46). However, although self-selection bias has been shown for
some lifestyle factors in the NICE cohort, this has not skewed
pregnancy outcomes, or influenced the impact of certain well-
known lifestyle parameters on pregnancy outcomes (46). Fur-
ther, the UIC and plasma selenium concentrations were similar
to those previously reported for pregnant women in southern
and central Sweden (20, 39–41). Thus, we believe that the results
are representative of the pregnant women in the population.
Notably, we measured maternal hormone concentrations early
in the third trimester, when fetal production of thyroid hormone
has been initiated and the maternal thyroid function may have
less influence on fetal development than in early pregnancy.
However, the drastic changes in TSH and T4 in early pregnancy
may obscure potential associations with nutritional factors.
Another limitation is that hemodilution during pregnancy may
lead to lower concentrations of micronutrients being measured
in blood from pregnant women (47). It is therefore possible
that the selenium status was slightly underestimated in the
present study. For plasma zinc, however, we compared the
present concentrations to a proposed reference limit specific
for pregnant women in the third trimester, based on data from
the NHANES in the United States (18). Another limitation
is that we did not obtain any measurements of autoimmune
thyroid disease, such as thyroid peroxidase or thyroglobulin
antibody tests, and therefore we could not establish reliable
normal reference ranges for the thyroid hormones among

the present women. Also, underlying autoimmunity may
influence the impact of the micronutrients on thyroid hormone
production. However, women with any notation in their
pregnancy-related hospital records regarding thyroid disease,
including autoimmune disease, were excluded from the present
analyses. Further, we did not measure any marker of iron
status, e.g., serum ferritin, which may also influence thyroid
function (12, 48), although iron status often changes in the
third trimester. Lastly, this cross-sectional observational study
does not demonstrate causality, and we cannot exclude the
possibility that residual or unmeasured confounding influenced
our findings.

In conclusion, the present findings support that other
micronutrients besides iodine influence thyroid function in
pregnancy. Particularly, zinc was positively associated with TSH
and the thyroid hormones, whereas selenium was inversely
associated with T3. In addition, there was a positive trend
between joint micronutrient status and TSH concentrations.
Further studies on potential consequences of joint micronu-
trient concentrations for both maternal and child health are
warranted.
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