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Abstract
Objective: Maternal thyroid autoimmunity and thyroid function in early pregnancy may impact fetal neurodevelopment.  
We aimed to investigate how thyroid autoimmunity and thyroid function in early pregnancy were associated with 
language acquisition in offspring at 12–36 months of age.

Methods: This study was embedded in the prospective Odense child cohort. Mother–child dyads were excluded in case 
of maternal intake of thyroid medication during pregnancy. The parents completed MacArthur–Bates Communicative 
Development Inventories (MB-CDI) every third month to assess their offspring’s productive vocabulary. All completed 
reports for each child were included in the analyses. Logistic growth curve models evaluated associations between 
MB-CDI scores and levels of maternal thyroid peroxidase antibodies (TPOAb), free thyroxine (FT4), and thyrotropin, 
respectively, measured in early pregnancy (median gestational week 12). All models were stratified by offspring sex 
and adjusted for maternal age, education, pre-pregnancy body mass index, parity, breastfeeding, and offspring age.

Results: The study included 735 mother–child dyads. Children born to mothers with TPOAb ≥11 kIU/L, opposed to 
TPOAb <11 kIU/L, had a lower probability of producing words at age 18–36 months for girls (OR = 0.78, P < 0.001) and 
33–36 months for boys (OR = 0.83, P < 0.001). The probability of producing words was higher in girls at 30–36 months 
of age with low-normal maternal FT4 vs high-normal FT4 (OR = 0.60, P < 0.001), and a similar trend was seen in boys. 
Results were ambiguous for thyrotropin.

Conclusion: In women without known thyroid disease, TPOAb positivity in early pregnancy was negatively associated 
with productive vocabulary acquisition in girls and boys. This association was not mediated by a decreased thyroid 
function, as low-normal maternal FT4, unexpectedly, indicated better vocabulary acquisition. Our results support that 
maternal thyroid autoimmunity per se may affect fetal neurodevelopment.
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Introduction

Fetal neurodevelopment is vulnerable to alterations 
in the prenatal environment, and various exposures 
may have lifelong consequences (1). Early language 
acquisition is an indicator of fetal neurodevelopment (2) 
and is of particular interest as it predicts later intelligence 
quotient (IQ) (3) and academic achievements (4, 5, 6). 
Healthy children speak their first words around 12 
months of age (7, 8). By the second year, the expressive 
vocabulary accelerates, averaging 258 words at 24 
months in Danish children (9). Significant individual 
differences exist in the timing and pace of early language 
acquisition, with faster vocabulary growth for females 
(7, 8, 10) and children of highly educated parents (7). 
Also, genetic (11), endocrine (1, 12), and environmental 
factors (13) are likely to be part of complex interactions 
affecting early language acquisition.

The prevalence of thyroid autoimmunity assessed 
by thyroid peroxidase antibodies (TPOAb) among 
pregnant women, with or without thyroid dysfunction, 
is estimated to be 5–14% (14). Whether maternal thyroid 
autoimmunity per se affects the fetus is much debated 
(15), and studies in this field are conflicting (16, 17, 18, 
19). Maternal TPOAb positivity in early pregnancy has 
been associated with poorer intelligence scores on the 
Bayley Scale of Infant Development in the offspring at 
25–30 months (16). In two mother–child cohorts from 
the Netherlands (Generation R) and the United Kingdom 
(ALSPAC), respectively, an association was found 
between maternal TPOAb positivity and lower non-
verbal IQ in children at age 5–8 years in the Generation 
R cohort (20) but not in the ALSPAC cohort (20). No 
association existed between maternal TPOAb positivity 
and language performance, measured with the Language 
Development Survey, in children at 30 months (18).

During normal pregnancy, the maternal thyroid gland 
increases its hormone production, as the fetus relies 
on maternal thyroid hormone supply in the first half 
of pregnancy (21). The high level of human chorionic 
gonadotropin (hCG) in early pregnancy stimulates the 
maternal thyroid due to its structural and functional 
similarities with thyrotropin (TSH) (21). As a result, 
maternal serum TSH decreases, and serum thyroxine 
increases during the first trimester (22). Current 
guidelines recommend TSH assessment to estimate 
maternal thyroid function during pregnancy (22), 
although free thyroxine (FT4) may be a more appropriate 
measure of the thyroid status in the first trimester due to 
the hCG-induced reduction in maternal TSH levels (23).

TPOAb positivity is a risk factor for developing maternal 
hypothyroidism during pregnancy, as the increased 

demands for thyroid hormones may not be met in case  
the reserve capacity of the thyroid function is 
compromised. A sufficient maternal thyroid hormone 
supply in early pregnancy is crucial for normal 
fetal neurodevelopment (23). Accordingly, maternal 
hypothyroidism has been associated with poorer 
language performance (24) and lower child IQ (25). 
Whereas overt hypothyroidism in pregnancy clearly 
has negative implications for both the pregnancy and 
the fetus, evidence is conflicting in the case of minor 
thyroid dysfunction (16, 26). Most observational studies 
have shown that mild maternal hypothyroidism has a  
negative impact on various aspects of fetal 
neurodevelopment, while the few randomized studies 
performed in this area had a neutral outcome (26, 
27). Studies investigating the association between 
maternal thyroid function within the normal range and  
language acquisition in the offspring are scarce.

In the present study, we add further knowledge to this 
area, focusing on language acquisition in children born 
to women without known thyroid disorders. Based on a 
large and well-characterized Danish cohort of pregnant 
women, we investigated whether coinciding maternal 
thyroid autoimmunity and subtle variations in thyroid 
function in early pregnancy are associated with the 
vocabulary development in the offspring up to the age 
of 36 months, and whether such an association differs 
between offspring sexes.

Methods

Population
This study was part of the Odense child cohort (OCC), 
a single-center prospective study of pregnant women 
and their offspring in Odense municipality, Denmark. 
The women were recruited consecutively in the period 
2010–2012 (28). Of 6707 eligible pregnant women, 4017 
were invited to the OCC, of whom 2874 were included. 
Comparisons between included pregnant women and 
non-participants are described elsewhere (28).

Maternal thyroid autoantibodies and  
hormones
The mothers had a fasting blood sample drawn at median 
gestational week 12 (range: 8–20 weeks). Blood samples, 
stored at Odense Patient data Explorative Network 
(OPEN) at −80°C, were analyzed for TPOAb (ACN code: 
10066), FT4 (ACN code: 10160), and TSH (ACN code: 
10172) using electrochemiluminescence immunoassay 
on the E801 module at the Roche Cobas 8000 platform 
(Roche Diagnostics GmbH). The intra-assay coefficients 
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of variation for TPOAb were 15.0% and 12.5% at 
concentrations of 17.5 and 24.0 kIU/L, respectively; for 
FT4, coefficients of variation were 3.6% and 3.8% at 
concentrations of 16.2 and 35.1 pmol/L, respectively; 
for TSH, coefficients of variation were 7.2% and 4.6% at 
concentrations of 0.08 and 11.0 mIU/L, respectively (29).

Child productive vocabulary
We used the validated Danish adaptation (8) of the 
MacArthur–Bates Communicative Development 
Inventories (MB-CDIs) to assess early language 
development (30). The MB-CDI consists of checklists 
assessing the parents’ self-reported knowledge of 
their children's language skills, with specific questions 
about receptive and productive vocabulary, gestures, 
and grammar. In this study, we only included data on 
productive vocabulary, as this has proven more reliable 
than receptive vocabulary (31). The MB-CDI consists of 
two instruments: (1) the MB-CDI: Words and Gestures 
(MB-CDI: WG), which is normed for toddlers and 
includes 410 commonly used words from 20 semantic 
categories; and (2) the MB-CDI: Words and Sentences 
(MB-CDI: WS), which is normed for older children up 
to 3 years of age and consists of 725 words from 22 
semantic categories. Electronic versions of these two  
instruments were sent out to the parents every third 
month when the offspring was 12–18 months (MB-CDI: 
WG) and 21−36 months (MB-CDI: WS) for a maximum of 
nine possible measurements per child.

Covariates
Possible covariates of the effect of maternal thyroid 
autoantibodies and thyroid hormones on language 
acquisition were detected through previous literature. 
Offspring vocabulary size is positively associated with 
increasing offspring age (32) and maternal education 
level (33) but negatively associated with multiparity 
(34). Previous studies have shown positive associations 
between breastfeeding and cognition (35). Breastfeeding 
might be influenced by maternal age, smoking, BMI, 
and education level (36). Further, thyroid hormone 
levels (37) and education (38) are associated with BMI. 
Thyroid hormone levels are also associated with age 
(22) and smoking (39). Thus, several possible covariates 
were included in this study (Supplementary Figure 1, see 
section on supplementary materials given at the end of 
this article).

Maternal age, pre-pregnancy BMI (<18.5; 18.5–25; >25), 
parity (nulliparous, primiparous, or multiparous), 
highest achieved education (low, intermediate, or high), 
breastfeeding (weeks of exclusive breastfeeding) (40), 
and smoking status during pregnancy (yes or no) were 
obtained from questionnaires collected during pregnancy 
and post partum or from hospital records using social 
security numbers. Education was categorized as low 
(‘high school or less’), intermediate (‘high school + 1–4 

years’), and high (‘high school + more than four years’). 
Offspring sex and birth characteristics were derived 
from obstetric/pediatric hospital records. Information 
about the mother’s country of birth was retrieved from 
a register in Odense Municipality. Presence of thyroid 
disease was determined through a questionnaire 
distributed during gestational week 28, asking about the 
use of over-the-counter and prescription medication, 
including the name of the drug, duration, dosage, and 
use in gestational week 4–9, 10–14, 15–19, 20–24, and 
25–29 (41). Mothers were excluded if they received 
thyroid medication at any time during pregnancy.

Statistical analysis
Baseline characteristics are reported as mean ± standard 
deviation (s.d.), median (25th; 75th percentile), or 
numbers (percentage). Data normality was inspected  
via histograms and quantile-quantile (QQ) plots. 
Maternal and offspring characteristics were compared 
between subgroups using the Wilcoxon rank sum  
test for non-normally distributed continuous data, 
independent t-test for normally distributed continuous 
data, and χ2-test for categorical data.

Data from all completed MB-CDI reports for each child 
was included in the analyses. Productive vocabulary 
scores were operationalized as binary values for each 
word in the MB-CDI (1 = produced; 0 = not produced) to 
account for by-item variance. The optimal functional 
form of the compiled trajectories was identified by 
logistic mixed-effects unconditional means models (i.e. 
intercept-only models including all relevant covariates) 
at step 1, followed by unconditional growth models (i.e. 
by including offspring age as a predictor) at step 2. The 
effect of maternal thyroid autoimmunity (TPOAb) and 
thyroid function (FT4 and TSH) on MB-CDI scores were 
then evaluated at step 3 in separate conditional growth 
models, with each variable added as a predictor (Model 
1-6). Model 1 was divided according to TPOAb <11.0 
kIU/L vs ≥11.0 kIU/L, based on the validated cut-off level 
for TPOAb positivity at Odense University Hospital (42). 
Model 2 used TPOAb as a continuous variable. Model 
3 arbitrarily divided FT4 in <20th percentile vs >80th 
percentile. Model 4 used FT4 as a continuous variable. 
Model 5 arbitrarily divided TSH in ≤2.5 mIU/L vs >2.5 
mIU/L. A similar analysis was conducted using 3.5 
mIU/L as the threshold (Supplementary Figure 2 and 
Supplementary Table 1); however, the statistical power 
was limited due to few cases with TSH >3.5 mIU/L. Model 
6 used TSH as a continuous variable.

Random intercepts by participants were added to 
all models to account for repeated measures. Model 
comparison by means of (Bayesian) Akaike Information 
Criterion and log-likelihood tests was then used to 
compare the added fit value at step 3 compared to steps 
1 and 2. Estimates from conditional growth models are 
reported as standard odds ratios (ORs) with standard 
error (SE) and 95% confidence intervals (CIs). Significant 
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effects were interpreted by calculating average predicted 
probabilities for each conditional growth model, using 
representative values for the continuous predictors and 
average values for categorical predictors. The predicted 
probabilities were then plotted with 95% CI for each 
model. The average predicted probabilities with SE 
and 95% CI are also compiled in tables. As TSH was not 
normally distributed, a logarithmic transformation was 
applied before inclusion in the models. Analyses were 
run separately for girls and boys since previous studies 
have shown a gender difference in early productive 
vocabulary scores on the MB-CDI (8, 10). All regression 
models were performed as complete case analyses, 
assuming missingness at random and with acceptable 
power even after missing case deletion. To evaluate this 
approach, all models were repeated with imputation.

In sensitivity analyses, all models were adjusted for 
maternal ethnicity, smoking, and diabetes mellitus 
(including gestational diabetes mellitus), as these factors 
may interfere with the association between maternal 
thyroid function and offspring language acquisition 
(29). In an additional sensitivity analysis, TPOAb-
positive women (i.e. TPOAb ≥11.0 kIU/L) were excluded 
to determine whether the results were significantly 
different in offspring from TPOAb-negative mothers. 
Lastly, a sensitivity analysis was done including 
mothers with missing information on the use of thyroid 
medication during pregnancy.

All analyses were run in R version 4.3.0 (43) using the 
lme4 package version 1.1-33 (44) for model fitting and 
the sjPlot package version 2.8.14 (45) for estimating 
predicted probabilities. Model convergence was aided by 
means of Newton–Levenberg–Marquardt optimization. 
Statistical tests were two-sided, and the level of  
statistical significance was P < 0.05.

Results

Characteristics of participants
A flowchart of included participants is shown in  
Fig. 1. We excluded women with stillbirth (n = 10), 
miscarriage (n = 103), pregnancy with multiples (n = 56), 
women taking prescribed thyroid medication (n = 42), 
and women with missing information about thyroid 
medication (n = 503). Of the remaining women, 56 
were pregnant more than once during the inclusion  
period, and only the first pregnancy was included.  
Of the eligible mother–child dyads, 735 (352 girls and 
383 boys) were included in the analysis, all having a 
maternal first-trimester thyroid status and at least one 
MB-CDI report (Fig. 1).

Table 1 shows the baseline characteristics of the 
included mother–child dyads. Mothers carrying girls 
were comparable to those carrying boys in age, parity, 
smoking, education level, ethnicity, and first-trimester 
TPOAb and TSH levels. Mothers carrying girls had 

significantly lower pre-pregnancy BMI and higher FT4 
than mothers carrying boys. Boys had significantly 
higher body weight and length at birth than girls, while 
gestational age at delivery was similar for both sexes. The 
period of exclusive breastfeeding was similar between 
girls and boys.

Included mother–child dyads did not differ significantly 
from the non-included dyads according to maternal 
age, pre-pregnancy BMI, education, thyroid function 
tests, and offspring sex (Supplementary Table 2). 
There were significantly more mothers of European 
origin, non-smokers, and nulliparous in the included 
group compared to the non-included group. Included 
offspring had significantly higher body weight, 
length, and gestational age at birth than non-included  
offspring. Included offspring were also breastfed  
longer than those excluded.

Productive vocabulary scores
The median age of the offspring at the first completed 
MB-CDI: WG report was 12 months (range: 12–18, 
interquartile range; IQR = 0) for both girls and boys. 
The median age of the offspring at the first completed 
MB-CDI: WS report was 21 months for both girls (range: 
21–36, IQR = 3) and boys (range: 21–33, IQR = 3). The 
median number of completed MB-CDI reports was five 
(total range: 1–9, IQR = 4) for both girls and boys. Thirty-
seven girls and 48 boys had only one completed MB-CDI 
report.

Girls produced significantly more words at 12–33 
months than boys. The mean number of produced 
words equalized between sexes at 36 months because 
of the ceiling effects (Supplementary Table 3); however, 
the numbers of completed MB-CDI reports at 36 months 
were only 51 for girls and 41 for boys.

Maternal TPOAb and productive vocabulary
In model 1 (TPOAb <11 vs ≥11 kIU/L), the OR of the 
interaction effect of TPOAb ≥11 kIU/L and offspring age 

Included in the OCC:
n = 2,874

n = 2,817

Children with language data:
n = 1,485

Mother-child dyads with both maternal 
thyroid status and language data: 

n = 735

No language data:
n = 264

No language data:
n = 618

Mothers without thyroid status:
n = 1,104

Mothers without thyroid status:
n = 750

n = 2,704

Stillbirth n = 10
Miscarriage: n = 103

Eligible for inclusion
n = 2,103

Prescribed thyroid medication: n = 42
Missing data on thyroid medication: n = 503
Second child included in the OCC: n = 56

Mothers with thyroid status:
n = 999

Pregnancy with multiples: n = 56
Withdrawal of written consent: n = 1 

Figure 1

Flowchart of participants. OCC, Odense Child Cohort.
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on productive vocabulary was 0.78 (P < 0.001) for girls 
and 0.83 (P < 0.001) for boys (Table 2). In model 2 (TPOAb 
as a continuous variable), the OR of the interaction effect 
of TPOAb and offspring age on productive vocabulary 
was 1.02 (P = 0.38) for girls and 0.84 (P  < 0.001) for boys 
(Table 2).

Comparing TPOAb-positive vs TPOAb-negative mothers, 
plotted predicted probabilities by offspring age (Fig. 
2A and B) show that the productive vocabulary was 
lower with maternal TPOAb ≥11 kIU/L in girls at age 
12–36 months and in boys at 15–36 months. Group-by-
group contrasts (Supplementary Table 4) show that the 
effect was significant for girls in the age range of 18–36 
months, while for boys only at 33–36 months. Comparing  
TPOAb-negative vs TPOAb-positive mothers, girls 
produced a mean of 498 vs 417 words at 30 months, 
respectively, while the corresponding figures for boys 
were 423 vs 409, respectively (Supplementary Table 5).

Using TPOAb as a continuous variable (model 2), the 
plotted predicted probabilities (Fig. 2C) show a lower 
productive vocabulary with higher TPOAb levels in  
girls in the entire age range, although the effect of TPOAb 
did not reach statistical significance (P = 0.38). In boys, 
the productive vocabulary scores were almost equal 
across TPOAb levels at 12–21 months (Supplementary 
Table 6). The predicted probability of producing words 
was lower with higher TPOAb levels from 24 months to 
36 months, although the difference was only significant 
at age 36 months when comparing the 5th (girls: 10.6 
kIU/L, boys: 10.6 kIU/L) and 99th(girls: 242 kIU/L, boys: 
241 kIU/L) percentile (Fig. 2B, Supplementary Table 6).

Maternal FT4 and productive vocabulary
In model 3 (FT4 <20% vs >80% percentile), the OR of 
the interaction effect of FT4 >80% and offspring age on 

Table 1 Baseline characteristics of mother–child dyads. Data are presented as mean ± s.d. or median (25th; 75th percentile) for 
continuous variables or as n (%) for categorical variables. Values in bold indicate statistical significance.

All (n = 735) Girls (n = 352) Boys (n = 383) P*

Maternal characteristics
 Maternal age (years) 30.3 ± 4.5 30.2 ± 4.3 30.4 ± 4.7 0.57
 Pre-pregnancy BMI (kg/m2) 23.4 (21.3;26.6) 22.8 (21.1;26.0) 23.8 (21.5;27.1) 0.003
 Parity 0.31
  Nulliparous 436 (59.3) 202 (57.4) 234 (61.1)
  Primi- and multi-parous 299 (40.7) 150 (42.6) 149 (38.9)
 Smoking 0.69
  Yes 25 (3.4) 11 (3.1) 14 (3.7)
  No 710 (96.6) 341 (96.9) 369 (96.3)
 Education 0.29
  Low 207 (28.2) 91 (25.8) 116 (30.3)
  Intermediate 373 (50.8) 179 (50.9) 194 (50.6)
  High 147 (20.0) 77 (21.9) 70 (18.3)
  Missing 8 (1.0) 5 (1.4) 3 (0.8)
 Ethnicity 0.93
  European 708 (96.3) 341 (96.9) 367 (95.8)
  Non-European 17 (2.3) 8 (2.3) 9 (2.4)
  Missing information 10 (1.4) 3 (0.8) 7 (1.8)
 Thyroid status
  TPOAb ≥11.0 (kIU/L) 52.6 (24.0;149.5) 42.6 (23.1;137.0) 83.5 (24.8;159.0) 0.18
   n (%) 88 (12.0) 46 (13.1) 42 (11.0)
  TPOAb <11.0 (kIU/L) 647 (88.0) 306 (47.3) 341 (52.7) 1.00
  FT4 (pmol/L) 14.12 ± 1.91 14.27 ± 2.02 13.99 ± 1.79 0.03
  TSH (mIU/L) 1.43 (0.92;2.06) 1.41 (0.88;1.92) 1.46 (0.93;2.16) 0.29
Offspring characteristics
 Gestational age (days) 282 (276;288) 282 (275;287) 281 (274;287) 0.51
 Birth weight (g) 3567 ± 473 3501 ± 457 3628 ± 481 <0.001
  Missing birth weight, n (%) 1 (0.14) 0 (0) 1 (0.26)
 Birth length (cm) 52.1 ± 2.1 51.7 ± 2.0 52.4 ± 2.0 <0.001
  Missing birth length, n (%) 7 (0.95) 3 (0.85) 4 (1.04)
 Exclusive breastfeeding (weeks) 33 (16;48) 33 (17;50) 34 (15;46) 0.30
  Missing data on breastfeeding, n (%) 152 (20.7) 70 (19.9) 82 (20.4)

*Difference between sexes, tested with independent t-test or Wilcoxon rank sum test for continuous variables and χ2 tests for categorical variables. FT4, 
free thyroxine; BMI, body mass index; TPOAb, antibodies against thyroid peroxidase; TSH, thyrotropin.
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productive vocabulary was 0.77 (P < 0.001) for girls and 
0.90 (P < 0.001) for boys (Table 3). In model 4 (FT4 as a 
continuous variable), the OR of the interaction effect of 
FT4 with offspring age on productive vocabulary was 
0.60 (P < 0.001) for girls and 1.13 (P = 0.002) for boys 
(Table 3).

Plotted predicted probabilities (Fig. 3A) show that the 
MB-CDI scores tended to be larger for the 80th percentile 
of FT4 compared to the 20th percentile in girls at age 
12–18 months, while the opposite association applied 
at age 21–36 months; however, these effects were not 
statistically significant (Fig. 3A, Supplementary Table 7). 
For boys, the productive vocabulary tended to be larger 
for the 20th percentile of FT4 compared to the 80th 
percentile in all age groups, but the effect was, as in girls, 
insignificant (Fig. 3B, Supplementary Table 7). When 

comparing mothers with FT4 levels <20% vs >80%, the 
girls produced a mean of 486 vs 471 words at 30 months, 
respectively, while the corresponding figures for boys 
were 428 vs 393, respectively (Supplementary Table 5).

Using FT4 as a continuous variable, plotted predicted 
probabilities show that the productive vocabulary at 
18–36 months increased in both girls and boys with 
lower FT4 levels (Fig. 3C and D). At age 12–15 months, 
the probability of producing words was independent of 
the maternal FT4 level. For girls at age 30–36 months, 
the predicted probabilities of MB-CDI scores were 
significantly lower with maternal FT4 at the 95th 
percentile (girls: 17.6 pmol/L, boys: 17.7 pmol/L) compared 
to those with maternal FT4 at the 5th percentile (girls: 
11.5 pmol/L, boys: 11.6 pmol/L). A similar effect was not 
observed for boys (Supplementary Table 8).

Table 2 Association between maternal TPOAb at gestational week median 12 (range: 8–20 weeks) and productive vocabulary 
from the MacArthur–Bates Communicative Development Inventories (MB-CDI) reports in the offspring aged 12–36 months 
(models 1 and 2). The association between maternal TPOAb and the probability of producing words from the MB-CDI are 
estimated by conditional growth models, including effects of time (offspring age) and main effects of covariates. The outputs of 
the conditional growth models are reported as odds ratios (OR), standard error (SE), and 95% CI. Numbers represent complete 
cases included in the analyses. P-values <0.05 are significant and marked in bold.

Girls (n = 277) Boys (n = 298)

OR SE 95% CI P OR SE 95% CI P

TPOAb (<11.0 vs ≥11.0 kIU/L)
 Intercept 1.00 0.00 1.00; 1.00 <0.001 1.00 0.00 1.00; 1.00 <0.001
 Offspring age 10.27 6.41×10-3 10.41; 10.40 <0.001 9.79 6.16 × 10−3 9.68; 9.91 <0.001
 TPOAb (≥11.0) 0.99 0.09 0.83; 1.18 0.92 1.06 0.09 0.89; 1.27 0.49
 Maternal age 0.89 0.10 0.73; 1.07 0.22 0.76 0.10 0.63; 0.92 0.005
 Breastfeeding 1.19 0.08 1.02; 1.39 0.03 1.24 0.08 1.05; 1.46 0.01
 Maternal education
  Linear 1.21 0.09 1.01; 1.44 0.03 1.01 0.09 0.84; 1.21 0.92
  Quadratic 1.11 0.09 0.94; 1.31 0.23 0.87 0.09 0.73; 1.02 0.09
 Primi- and multi-parous 0.78 0.10 0.64; 0.94 0.009 0.96 0.09 0.80; 1.16 0.68
 Pre-pregnancy BMI
  <18.5 0.88 0.10 0.72; 1.08 0.22 1.10 0.09 0.92; 1.31 0.29
  >25.0 1.04 0.08 0.88; 1.23 0.62 0.96 0.09 0.81; 1.14 0.67
 Offspring age × TPOAb (≥11.0) 0.78 0.02 0.75; 0.81 <0.001 0.83 0.02 0.80; 0.86 <0.001
TPOAb (Linear)
 Intercept 1.00 0.00 1.00; 1.00 <0.001 1.00 0.00 1.00; 1.00 <0.001
 Offspring age 09.97 6.33×10-3 9.84; 10.09 <0.001 9.84 6.43 × 10−3 9.72; 9.96 <0.001
 TPOAb (linear) 0.81 0.10 0.67; 0.98 0.03 1.12 0.07 0.97; 1.29 0.61
 Maternal age 0.88 0.10 0.73; 1.07 0.21 0.77 0.10 0.64; 0.93 0.005
 Breastfeeding 1.19 0.08 1.01; 1.39 0.033 1.23 0.08 1.04; 1.44 0.010
 Maternal education
  Linear 1.19 0.09 1.00; 1.42 0.05 1.02 0.09 0.85; 1.22 0.97
  Quadratic 1.11 0.09 0.93; 1.31 0.24 0.87 0.09 0.73; 1.03 0.09
 Primi- and multi-parous 0.78 0.10 0.64; 0.94 0.011 0.95 0.09 0.79; 1.14 0.67
 Pre-pregnancy BMI 0.88 0.10 0.72; 1.07 0.19 1.11 0.09 0.93; 1.32 0.30
  <18.5
  >25.0 1.04 0.09 0.88; 1.23 0.66 0.96 0.09 0.81; 1.14 0.67
  Offspring age × TPOAb 1.02 0.02 0.98; 1.06 0.38 0.84 0.02 0.81; 0.87 <0.001

BMI, body mass index; TPOAb, thyroid peroxidase antibodies.
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Maternal TSH and productive vocabulary
In model 5, the OR of the interaction effect of TSH >2.5 
mIU/L (vs TSH ≤2.5 mIU/L) with increasing offspring age 
on productive vocabulary was 1.06 (P < 0.001) for girls 
and 1.29 (P < 0.001) for boys (Table 4). In model 6 (TSH 
as a continuous variable), the OR of the interaction effect 
of TSH with offspring age on productive vocabulary was 
1.20 (P < 0.001) for girls and 1.39 (P < 0.001) for boys 
(Table 4).

Visual inspection of the plotted predicted probabilities 
shows an ambiguous influence of maternal TSH on 
productive vocabulary. A larger productive vocabulary 
was indicated for girls with maternal TSH >2.5 mIU/L 

than those with maternal TSH ≤2.5 mIU/L (Fig. 4A and 
B). For boys until the age of 27 months, the predicted 
probabilities suggest that the productive vocabulary was 
larger with maternal TSH ≤2.5 mIU/L. However, at 27–30 
months, the curvilinear line followed the same trend 
as for girls, showing better productive vocabulary with 
maternal TSH >2.5 mIU/L (Fig. 4A and B). Considering 
the individual age subgroups, the predicted probabilities 
did not depend on the TSH level to any major extent 
(Supplementary Table 9).

Using TSH as a continuous variable, plotted predicted 
probabilities showed almost identical productive 
vocabularies across the 5th, 50th, 95th, and 99th 
percentiles of maternal TSH in both girls and boys at all 
age subgroups (Fig. 4C and D, Supplementary Table 10).

Sensitivity analysis
By excluding 76 maternal smokers and 30 mothers with 
diabetes mellitus and/or gestational diabetes mellitus, 
respectively, the association between maternal FT4 levels 
and productive vocabulary (model 4) for boys became 
non-significant (P = 0.159 and P = 0.35, respectively; 
data not shown). All other patterns of significance 
did not change. By excluding 88 mother–child dyads 
with maternal TPOAb positivity (TPOAb ≥11 kIU/L), 
the association between TSH levels and productive 
vocabulary (model 5) for boys became non-significant 
(P = 0.439; data not shown), while all other results did 
not change significantly. In addition, the results were 
not affected significantly by excluding 73 mother–child 
dyads with non-European mothers. Lastly, we included 
mother–child dyads with missing information about 
thyroid medication during pregnancy. This yielded an 
additional eight mother–child dyads with both thyroid 
function measures and MB-CDI data. Including these 
individuals in the analyses, the results were unchanged 
for models 1–5, while in model 6, the association 
between TSH (continuous) and productive vocabulary 
became non-significant for boys (P = 0.472; data not 
shown). Imputation analyses confirmed the significant 
and independent influence of maternal TPOAb  
positivity on productive language acquisition (data not 
shown).

Covariates and offspring productive  
vocabulary
All conditional growth models showed a strong positive 
association between productive vocabulary scores and 
offspring age (P < 0.001 for all models). Tables 2, 3, and 4 
show coefficient estimates of other covariates included 
in the six models. These estimates reflect the influence 
of each covariate on the mean productive vocabulary 
probability scores across all offspring ages when the 
other covariates are kept constant. Breastfeeding and 
maternal education influenced productive vocabulary 
positively, while maternal age, pre-pregnancy BMI <18.5, 
and parity had a negative influence (Tables 2, 3, and 4).

Figure 2

Graphs A and B illustrate the average predicted probability of productive 
vocabulary score according to maternal thyroid peroxidase antibody 
(TPOAb) status plotted by offspring age for girls and boys, respectively 
(model 1). Graphs C and D illustrate the predicted probabilities of 
productive vocabulary at the 5th, 50th, 95th, and 99th percentile of 
TPOAb by offspring age for girls and boys, respectively (model 2). The 
lines represent the predicted mean trajectories with corresponding 95% 
confidence intervals. The dotted lines show at which age groups the 
effect was significant. Numbers in A and B represent complete cases 
included in the analyses according to maternal TPOAb level.
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Discussion

In the present study, we demonstrated significantly 
lower productive vocabulary scores in girls at age 
18–36 months and boys at age 33–36 months when the 
mothers were TPOAb-positive compared to those of 
TPOAb-negative mothers in early pregnancy. Likewise, 
vocabulary scores were lower in boys at 36 months of 
age when maternal TPOAb was at the 99th percentile 
compared to the 5th percentile during early pregnancy. 
Importantly, the effect of TPOAb was not mediated by 
coexisting maternal thyroid dysfunction. In fact, the 
probability of producing words over time was greater 

with low-normal maternal FT4, although this effect was 
only statistically significant for girls at 30–36 months 
in one of the models. As for maternal TSH, a tendency 
was found between higher levels and higher vocabulary 
scores in the children; however, the results regarding 
the influence of TSH were generally more ambiguous, 
possibly due to the fact that plasma TSH shows large 
fluctuations in the first trimester and large variations 
among individuals. Taken together, our results suggest 
that maternal thyroid autoimmunity per se might have a 
negative impact on early language acquisition.

In a previous study by Pop et al. (46), 5-year-old children 
of TPOAb-positive mothers had lower verbal scores on 

Table 3 Association between maternal FT4 (gestational week median 12, range: 8–20 weeks) and productive vocabulary from 
the MacArthur–Bates Communicative Development Inventories (MB-CDI) in the offspring aged 12–36 months (models  3 and 4). 
The association between FT4 and the probability of producing words from the MB-CDI are estimated by conditional growth 
models, including effects of time (offspring age) and main effects of covariates. The outputs of the conditional growth models 
are reported as odds ratios (OR), standard error (SE), and 95% CI. Numbers represent complete cases included in the analyses. 
P-values <0.05 are significant and marked in bold.

Girls Boys

OR SE 95% CI P OR SE 95% CI P

FT4 (<20% vs >80% percentile)
 Girls, n = 97
 Boys, n =111
 Intercept 1.00 0.00 1.00; 1.00 <0.001 1.00 0.00 1.00; 1.00 <0.001
 Offspring age 10.88 0.02 10.56; 11.21 <0.001 10.69 0.01 10.44; 10.96 <0.001
 FT4 (>80%) 1.26 0.15 0.95; 1.69 0.11 0.97 0.14 0.74; 1.28 0.83
 Maternal age 0.88 0.17 0.64; 1.22 0.46 0.88 0.15 0.65; 1.19 0.40
 Breastfeeding 1.14 0.13 0.88; 1.47 0.33 1.24 1.14 0.95; 1.62 0.12
 Maternal education
  Linear 1.37 0.15 1.02; 1.84 0.04 0.93 0.16 0.68; 1.26 0.63
  Quadratic 1.18 0.14 0.89; 1.55 0.25 0.81 0.14 0.61; 1.07 0.14
 Primi- and multi-parous 0.92 0.17 0.66; 1.28 0.61 0.85 0.16 0.62; 1.17 0.32
 Pre-pregnancy BMI
  <18.5 0.75 0.14 0.57; 0.99 0.045 1.08 0.15 0.80; 1.45 0.62
  >25 1.16 0.14 0.88; 1.52 0.29 0.97 0.14 0.73; 1.27 0.80
 Offspring age × FT4 (>80%) 0.77 0.03 0.72; 0.82 <0.001 0.90 0.03 0.84; 0.95 <0.001
FT4 (linear)
 Girls, n = 277
 Boys, n = 298
 Intercept 1.00 0.00 1.00; 1.00 <0.001 1.00 0.00 1.00; 1.00 <0.001
 Offspring age 15.90 0.04 14.65; 17.26 <0.001 8.59 0.04 7.99; 9.24 <0.001
 FT4 (linear) 1.13 0.09 0.95; 1.34 0.18 0.89 0.09 0.74; 1.07 0.21
 Maternal age 0.89 0.10 0.73; 1.08 0.22 0.77 0.10 0.64; 0.93 0.01
 Breastfeeding 1.19 0.08 1.02; 1.40 0.03 1.22 0.08 1.04; 1.44 0.02
 Maternal education ()
  Linear 1.17 0.09 0.98; 1.40 0.08 1.02 0.09 0.85; 1.22 0.87
  Quadratic 1.12 0.09 0.95; 1.33 0.19 0.86 0.09 0.73; 1.02 0.09
 Primi- and multi-parous 0.77 0.10 0.63; 0.93 0.01 0.95 0.09 0.79; 1.14 0.58
 Pre-pregnancy BMI 0.86 0.10 0.70; 1.05 0.14 1.10 0.09 0.92; 1.31 0.30
  <18.5
  >25 1.03 0.09 0.87; 1.21 0.77 0.96 0.09 0.81; 1.14 0.63
 Offspring age × FT4 (linear) 0.60 0.05 0.55; 0.65 <0.001 1.13 0.04 1.05; 1.23 0.002

BMI, body mass index; FT4, free thyroxine.
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the McCarthy Scale compared to children of TPOAb-
negative mothers, all with normal thyroid function. 
Further, a study by Li et al. (16) found lower intelligence 
scores, including evaluation of language, in children at 
25–30 months if the mothers had TPOAb levels >50 IU/mL, 
compared to TPOAb-negative mothers. Yet other studies 
were unable to demonstrate any association between 
maternal thyroid autoimmunity and offspring language 
skills (17, 18, 19, 47). The conflicting results may rely on 
differences in the methods used, offspring age, and the 
timing of maternal thyroid function assessment.

In our study, we used a standardized and norm- 
referenced tool for measuring early language 

acquisition, i.e. the MB-CDI parent reports. Only one 
study, by Henrichs et al. (48), has previously employed 
this instrument for investigating the association 
between thyroid function in euthyroid treatment-
naive women and productive language in children. 
The authors found an association between maternal 
FT4 below the 5th percentile (i.e. <10.96 pmol/L) and a 
delay in expressive language (vocabulary scores <15th 
percentile) (48). However, unlike the present study,  
the study by Henrichs et al. did not include any  
measures of thyroid autoimmunity, and it only included 
one MB-CDI report at 18 months, which was based  
on the short form comprising 112 out of the original  
600 words (48).

The possible impact of maternal thyroid autoimmunity 
on fetal neurodevelopment has important implications, 
yet some issues remain unanswered. In current 
guidelines (22), the focus is to disclose thyroid 
dysfunction in pregnancy by screening, followed by 
adequate treatment. Based on the current and previous 
studies (16, 46), it could be argued that screening of 
pregnant women should include measurement of 
TPOAb, disregarding the thyroid functional status. For 
such an approach to be justified, evidence must be 
provided that treatment of thyroid autoimmunity, if 
possible, is beneficial for the course of pregnancy and/
or the fetus. Indeed, in a randomized, placebo-controlled 
study, Negro et al. showed that TPOAb levels decreased 
significantly more in euthyroid TPOAb-positive  
pregnant women when supplemented with selenium 
200 µg/day, as compared to untreated women (49). 
Importantly, fewer women progressed to hypothyroidism 
in the selenium-supplemented group (49). However, 
no neurocognitive assessment of the offspring was 
done in that study, and no between-group differences 
were found regarding infant weight, length, cranial  
perimeter, or APGAR score, or in the risk of maternal 
hypertension, preeclampsia, placental abruption, 
or premature delivery (49). Whether selenium 
supplementation has any role in TPOAb-positive 
pregnant women is intriguing. The results by Negro 
et al. (49) need to be confirmed, including a thorough 
neurocognitive evaluation of the offspring.

It is well-known that TPOAb-positive euthyroid women 
carry a higher risk of both single and recurrent  
pregnancy loss (50). It has been suggested that this 
is caused by an underlying mild thyroid hormone 
deficiency. Although the context of our study was 
different, our results to some extent oppose such an 
assumption, as the effect of TPOAb was not mediated 
by a low FT4. The effect of LT4 treatment in TPOAb-
positive euthyroid women was investigated in the recent 
T4LIFE trial (51), in which 187 women with recurrent  
pregnancy loss were randomized to receive either 
LT4 or placebo prior to pregnancy. No difference was 
found between the two groups regarding live birth  
rate, pregnancy loss, and preterm birth (51). These results 
are in line with similar neutral outcomes in previous 

Figure 3

Graphs A and B illustrate the predicted probabilities of productive 
vocabulary according to maternal free thyroxine (FT4) levels in early 
pregnancy plotted by offspring age, of girls and boys, respectively 
(model 3). Graphs C and D illustrate the predicted probabilities of 
productive vocabulary at the 5th, 50th, and 95th percentile of maternal 
FT4 in early pregnancy plotted by offspring age, of girls and boys, 
respectively (model 4). The lines represent the predicted mean 
trajectories of girls and boys, respectively, with corresponding 95% CIs. 
Numbers in A and B represent complete cases included in the analyses 
of maternal FT4 <20th and >80th percentile.
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trials (52, 53). However, it remains to be elucidated 
whether such an approach in TPOAb-positive euthyroid 
women is beneficial for the neurocognitive development 
of the fetus.

It is unclear if thyroid autoimmunity per se affects 
pregnancy and the fetus. In euthyroid women (on LT4 
or treatment-naïve) with thyroid autoimmunity and 
recurrent miscarriages or unexplained infertility, 
increased levels of non-organ specific antibodies and 
immune components have been demonstrated (54). It 
is likely that thyroid autoimmunity merely reflects a  
more widespread immune dysregulation, including 
increased numbers of T cells and elevated levels 
of inflammatory cytokines. These immunological 
aberrations may directly or indirectly impact the 
placenta, the fetal–placental circulation, or the fetal 
development, as supported by a recent study (55).

Our study has several strengths. We investigated a cohort 
of mother–child dyads with repeated measurements 
over time and extensive information about maternal  
and offspring characteristics. We used the standardized 
and norm-referenced MB-CDI parent report for 
measuring early language development at several time 
points up to the age of 36 months. The high number of 
MB-CDIs per child provided a solid estimation of the 
inter- and intraindividual variability and patterns of 
change over time.

Some limitations exist. First, due to the increased 
thyroxine-binding globulin level and decreased albumin 
level in pregnancy, the reliability of the solid-phase 
extraction LC-MS method is higher for measuring FT4 
than the electrochemiluminescence immunoassay as 
used in our study (22). Liquid chromatography-tandem 
mass spectrometry is not commonly assessable and 

Table 4 Association between early pregnancy maternal thyrotropin (TSH) and productive vocabulary in the offspring aged 
12–36 months (models 5 and 6). The association between maternal TSH and the productive vocabulary is estimated by 
conditional growth models, including effects of time (offspring age) and main effects of covariates. The outputs of the 
conditional growth models are reported as odds ratios (OR), standard error (SE), and 95% confidence intervals (95% CI). Numbers 
represent complete cases included in the analyses. P-values <0.05 are significant and marked in bold.

Girls (n = 277) Boys (n = 298)

OR SE 95% CI P OR SE 95% CI P

TSH (≤2.5 vs >2.5 mIU/L)
 Intercept 1.00 0.00 1.00; 1.00 <0.001 1.00 0.00 1.00; 1.00 <0.001
 Offspring age 9.93 6.26 × 10−3 9.80; 10.05 <0.001 9.35 6.13 × 10−3 9.24; 9.46 <0.001
 TSH (>2.5 mIU/L) 1.00 0.08 0.85; 1.17 0.97 0.74 0.09 0.62; 0.88 <0.001
 Maternal age 0.89 0.10 0.73; 1.08 0.22 0.77 0.10 0.64; 0.93 0.006
 Breastfeeding 1.19 0.08 1.02; 1.40 0.03 1.20 0.08 1.02; 1.42 0.026
 Maternal education
  Linear 1.18 0.09 0.99; 1.41 0.06 1.02 0.09 0.85; 1.22 0.86
  Quadratic 1.11 0.09 0.94; 1.32 0.22 0.87 0.09 0.73; 1.03 0.10
 Primi- and multi-parous 0.77 0.10 0.64; 0.93 0.008 0.94 0.09 0.78; 1.13 0.53
 Pre-pregnancy BMI
  <18.5 0.87 0.10 0.71; 1.06 0.17 1.10 0.09 0.92; 1.31 0.32
  >25 1.03 0.09 0.87; 1.22 0.70 0.96 0.09 0.81; 1.14 0.64
 Offspring age × TSH (>2.5 mIU/L) 1.06 0.02 1.03; 1.10 <0.001 1.29 0.02 1.24; 1.34 <0.001
TSH (linear)
 Intercept 1.00 0.00 1.00; 1.00 <0.001 1.00 0.00 1.00; 1.00 <0.001
 Offspring age 9.31 0.00 9.13; 9.50 <0.001 8.49 0.00 8.33; 8.65 <0.001
 TSH (linear) 0.87 0.08 0.74; 1.03 0.102 0.65 0.09 0.54; 0.78 <0.001
 Maternal age 0.88 0.10 0.73; 1.07 0.207 0.76 0.10 0.63; 0.92 0.005
 Breastfeeding 1.19 0.08 1.01; 1.40 0.036 1.20 0.08 1.02; 1.41 0.029
 Maternal education
  Linear 1.18 0.09 0.99; 1.41 0.067 1.02 0.09 0.85; 1.23 0.825
  Quadratic 1.11 0.09 0.94; 1.32 0.220 0.86 0.09 0.73; 1.02 0.090
 Primi- and multi-parous 0.77 0.10 0.64; 0.94 0.009 0.93 0.10 0.77; 1.12 0.442
 Pre-pregnancy BMI
  <18.5 0.87 0.10 0.71; 1.06 0.164 1.09 0.09 0.91; 1.31 0.328
  >25 1.03 0.09 0.87; 1.22 0.726 0.96 0.09 0.81; 1.14 0.617
 Offspring age × TSH 1.20 0.02 1.15; 1.25 <0.001 1.39 0.02 1.33; 1.45 <0.001

BMI, body mass index; TSH, thyrotropin. 
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is much more expensive and is therefore rarely used 
(22). Second, blood sampling of the mothers took place 
from 8th to 20th gestational week. Ideally, this was done 
in all participants before the 14th week, as fetal brain 
development relies on the maternal thyroid function 
only until this point (56). However, it is likely that the 
time of blood sampling is much less critical in relation 
to maternal autoimmunity. Third, even though we 
included several covariates, some residual confounding 
could persist, including the influence of maternal IQ, 
parental comorbidities, and/or parental speech-hearing 
deficiency. Fourth, information regarding thyroid 
medication, education, breastfeeding, smoking habits, 
and pre-pregnancy BMI was collected through self-
reported questionnaires, which may have introduced 

response bias. Fifth, selection bias cannot be ruled 
out since not all invited mothers accepted inclusion 
in our study (28). Finally, we do not have information 
on whether the MB-CDI reports were filled in by the  
mothers or the fathers, which theoretically may have 
introduced recall bias in case some TPOAb-positive 
mothers suffered from cognitive deficits (i.e. ‘brain  
fog’) (57).

In conclusion, our study finds a lower probability of 
producing words in both girls and boys of TPOAb-
positive mothers (TPOAb ≥11.0 kIU/L) compared to 
TPOAb-negative mothers (<11.0 kIU/L). Importantly, this 
was unrelated to coexisting thyroid dysfunction in terms 
of low-normal levels of FT4. Our study supports that 
maternal thyroid autoimmunity has a negative influence 
on early fetal neurodevelopment. The mechanisms 
behind such an interaction are unknown. Also, it 
remains to be demonstrated how the harmful impact of 
thyroid autoimmunity on the fetus can be diminished  
or even avoided.
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Figure 4

Graphs (A) and (B) show the predicted probabilities of productive 
vocabulary according to maternal thyrotropin (TSH) ≤2.5 or >2.5 mIU/L 
and plotted by offspring age of girls and boys, respectively (model 5). 
Graphs (C) and (D) show the predicted probabilities of productive 
vocabulary at the 5th, 50thth, 95th, and 99th percentile of maternal TSH 
and plotted by offspring age of girls and boys, respectively (model 6). The 
lines represent the predicted mean trajectories with corresponding 95% 
CIs. Numbers in (A) and (B) represent complete cases included in the 
analyses of maternal TSH ≤2.5 or >2.5 mIU/L, respectively.
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