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Abstract

Background: Thyroid hormone is essential for optimal fetal brain development. Evidence
suggests that both low and high maternal thyroid hormone availability may have adverse
effects on child neurodevelopmental outcomes, but the effect on behavioral problems remains
unclear. We studied the association of maternal thyrotropin (TSH) and free thyroxine (FT4)
concentrations during the first 18 weeks of pregnancy with child attention-deficit hyperactiv-
ity disorder (ADHD).

Methods: A total of 7669 mother-child pairs with data on maternal thyroid function and
child ADHD were selected from three prospective population-based birth cohorts: INfancia
y Medio Ambiente (INMA; N=1073, Spain), Generation R (N=3812, the Netherlands), and
Avon Longitudinal Study of Parents and Children (ALSPAC; N=2784, United Kingdom).
Exclusion criteria were multiple pregnancy, fertility treatment, usage of medication affecting
the thyroid, and pre-existing thyroid disease. We used logistic regression models to study the
association of maternal thyroid function with the primary outcome, ADHD, assessed via the
Diagnostic and Statistical Manual of Mental Disorders, fourth edition (DSM-IV) criteria by
parents and/or teachers at a median child age of 4.5 to 7.6 years, and with the secondary out-
come, an ADHD symptom score above the 90th percentile. Effect modification by gestational
age and sex was tested with interaction terms and stratified analyses.

Results: Overall, 233 (3%) children met the criteria for ADHD. When analyzed continu-
ously, neither FT4 nor TSH was associated with a higher risk of ADHD [odds ratio (OR) 1.1,
95% confidence Interval (95% CI 1.0-1.3), p=0.060 and OR 0.9, (95% CI 0.9-1.1), p=0.385,
respectively] or with high symptom scores. When investigating effect modification by ges-
tational age, a higher FT4 was associated with symptoms above the 90th percentile but only
in the first trimester [for FT4 per 1 SD: OR 1.2 (95% CI 1.0-1.4), p=0.027]. However, these
differential effects by gestational age were not consistent. No significant effect modification
by sex was observed.

Conclusions: We found no clear evidence of an association between maternal thyroid func-
tion and child ADHD.
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Introduction

Thyroid hormone regulates important brain developmental processes including early neuronal
proliferation and migration '. Until mid-gestation, fetal thyroid hormone availability largely
depends on the supply of maternal thyroid hormone via the placenta *. Relatively mild deficits
in thyroid hormone availability have been associated with adverse child neurodevelopmental
outcomes, such as lower 1Q, lower psychomotor development scores, and lower gray matter
and cortex volume *. Evidence from mainly animal studies also suggests that high-normal
thyroid hormone availability may have similar adverse effects on neurodevelopmental out-
comes "', However, whether mild changes in thyroid hormone concentrations also play a
role in the etiology of child behavioral problems is less well established.

Attention-deficit hyperactivity disorder (ADHD) is a “persistent pattern of inattention and/
or hyperactivity-impulsivity that is more frequently displayed than is typically observed in

” 2 and occurs in ~ 5.9-7.1 percent of chil-

individuals at a comparable level of development
dren and adolescents . The exact cause of ADHD is unknown, but susceptibility is thought
to depend on genetic predisposition, environmental factors and their interactions '*'. There
is some indication that high thyroid hormone availability may increase the risk of ADHD. Pa-
tients with resistance to thyroid hormone beta (RTHf), in which a defective thyroid hormone
receptor beta (TRp) results in lifelong exposure to a high thyroid hormone concentration in
tissues that predominantly express thyroid hormone receptor alfa (TRa) such as the brain,
have a higher risk of ADHD '°. Furthermore, individuals with ADHD have a delay in cortical

1719 compared with healthy controls;

maturation, reduced neuronal activity, and brain volume
some of the same abnormalities are also seen in the offspring of mothers with gestational
thyroid dysfunction ****2. However, further studies are required to clarify whether too low
and/or too high thyroid hormone availability in pregnancy is consistently associated with the
development of ADHD.

So far, evidence from epidemiological studies is inconsistent with regard to an association
of maternal thyroid function with child ADHD *7'. Some studies indicated that the effects of
maternal thyroid function on ADHD may be more prominent in girls ', but further studies
are needed to replicate and further clarify sex-specific effects. In addition, it would be relevant
to investigate whether there are differential effects by gestational age, as the relatively late start
of levothyroxine therapy in women with subclinical hypothyroidism or hypothyroxinemia in
two randomized control trials has been suggested to be a reason for the negative findings for
those trials ****. We therefore combined data from three prospective birth cohorts to study the
association between free thyroxine (FT4) and thyrotropin (TSH) in early pregnancy and the
risk of ADHD, as well as the effect modification by child sex and gestational age.

Erasmus University Rotterdam 24«/«.&9



4 Erasmus Medical Center Rotterdam

Material and Methods

Study design and populations

We used data from three population-based birth cohort studies: INfancia y Medio Ambi-
ente (INMA; Spain, sub-cohorts of Valencia, Sabadell, and Gipuzkoa), Generation R (the
Netherlands), and the Avon Longitudinal Study of Parents and Children (ALSPAC, United
Kingdom). Information on the designs of the three cohort studies can be found elsewhere **>’;
the ALSPAC study website contains details of all the data that is available through a search-
able data dictionary and variable search tool **. Briefly, all three cohorts were designed
to understand the role of environmental exposures and/or genetic characteristics for child
growth, development, and health from fetal life until (young) adulthood. The INMA Project is
anetwork of seven birth cohorts in Spain with different recruitment periods. Pregnant women
included in the Valencia (N=855), Sabadell (N=657), and Gipuzkoa (N=638) cohorts enrolled
from November 2003 until June 2005, July 2004 until July 2006, and April 2006 until January
2008, respectively. In Generation R, 9778 mothers with a delivery date from April 2002 until
January 2006 were enrolled in the study. In ALSPAC, pregnant women resident in Avon,
UK with expected dates of delivery between April 1991 and December 1992 were invited
to take part in the study. The initial number of pregnancies enrolled was 14541, of which
13998 children were alive at the first year of age. For the current study, mother-child pairs
were eligible if they had a thyroid measurement in the first half of pregnancy (<18 weeks)
and had data on an assessment of ADHD symptoms during childhood. Exclusion criteria were
multiple pregnancy, fertility treatment, usage of medication affecting thyroid function during
pregnancy, and pre-existing thyroid disease. Ethical approval was obtained before recruit-
ment and during the follow-up waves of data collection from a number of bodies: the Ethical
Committee of the Municipal Institute of Medical Investigation, the Ethical Committees of
the hospitals involved in the study (INMA; reference numbers G03/176, 2005/2106/1, and
2009/3432/1), the Medical Ethical Committee of the Erasmus Medical Center (Generation R;
reference numbers: MEC 198.782.2001.31, MEC-2007-413), the ALSPAC Ethics and Law
Committee, and the Local Research Ethics Committees (ALSPAC; reference numbers avail-
able elsewhere *?); approval by parents or guardians of the children was given by a signed

informed-consent form.

Maternal thyroid function

The procedures and methodologies by which maternal thyroid function was measured
differed among cohorts. In INMA, serum samples were collected at a mean [+ standard
deviation (SD)] gestational age of 13.1 + 1.3 weeks and stored at -80°C after collection. FT4
and TSH were measured using a solid-phase, time-resolved sandwich fluoro-immunoassay
(AutoDEL-FIA, PerkinElmer Life and Analytical Sciences, Wallac Oy, Turku, Finland) and
a lanthanide metal europium (Eu) label. Thyroid peroxidase antibodies (TPOAbs) were not
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measured. In Generation R, serum samples were collected at a mean + SD age of 13.4 + 1.9
weeks, centrifuged, and stored at -80°C after collection. FT4 and TSH were measured using
the Vitros ECI immunodiagnostic (Ortho clinical Diagnostics, Rochester, NY). Maternal
TPOADs were measured using the Phadia 250 immunoassay (Phadia AB, Uppsala, Sweden),
and a TPO titre > 60 TU/mL was considered as positive. In ALSPAC, serum samples were
collected at a mean + SD age of 11.0 + 3.2 weeks and stored at -20°C. FT4, TSH, and TPOAb
measurements were performed using Abbott Architect i2000. A TPO titre > 6 IU/mL was
considered as positive. Additional information about the serum measurements is provided in
the Supplementary Material.

ADHD symptoms

In INMA, ADHD symptoms were assessed by teachers at a median age of 4.5 years [inter-
quartile range (IQR) 4.4-5.7 years] using the ADHD Criteria of Diagnostic and Statistical
Manual of Mental Disorders, fourth edition (ADHD-DSM-IV) list '>. The DSM criteria are
a valid tool for diagnosing ADHD, already at a pre-school age *. The DSM-IV consists
of questions on nine inattention symptoms and nine hyperactivity-impulsivity symptoms on
a 4-point Likert scale (never or rarely, sometimes, often, or very often), designed to score
ADHD symptoms present in the last six months before the assessment. A symptom was de-
fined as present if the question was answered with “often” or “very often”. The total symptom
score consisted of the sum of all the inattention and hyperactivity-impulsivity symptoms.
Based on the symptom criteria of the DSM-IV, an ADHD diagnosis was given when the child
had at least six inattention and/or six hyperactivity-impulsivity symptoms.

In Generation R, parents assessed their child’s behavior in the last two months at a median
age of 6.0 years (IQR 5.9-6.2 years) using the Child Behavior Checklist 1%4—5 (CBCL/1%4-5)*".
From this 99-item questionnaire, the sum score of six questions on a 3-point Likert scale (not
true, somewhat or sometimes true, very true or often true) made up the total ADHD symptom
score. In addition, the computer-assisted Diagnostic Interview Schedule for Children - Young
Child version **, which is a DSM-IV based interview, was administered by research assistants
at a median age of 6.6 years (IQR 6.3-7.1 years) to the parents or caregivers of a selected
group of children. This subgroup consisted of a random selection of negative controls and
children with a high probability of a psychiatric disorder, e.g., children who scored in the
top 15th percentile of the CBCL1%2-5 total problem score and/or in the top 2% of the syn-
drome scale scores. Algorithms provided by the developers of this tool were used to derive
a DSM-IV diagnosis based on the symptom criteria of the DSM-IV. More information on
the procedures and assessment is described elsewhere **. In our study, the reference group
consisted of children that were not identified as having ADHD and children who did not have
data on the Diagnostic Interview Schedule-Young Child version, but did have data on ADHD
symptoms as assessed with the CBCL/1'4-5 (e.g., mostly children with a low probability of

a psychiatric disorder).
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In ALSPAC, the Development and Well-Being Assessment (DAWBA) was used to evalu-
ate child psychological disorders at a median age of 7.6 years (IQR 7.6-7.7 years) *. This
validated tool consists of questions based on the diagnostic criteria described in the Interna-
tional Classification of Diseases, Tenth Edition (ICD-10) or the DSM-IV. A semi-structured
interview was administered to parents relating to inattention and hyperactivity symptoms
present in the six months before the assessment. Teachers in the geographically defined study
area were also requested to fill out the DAWBA questionnaire on all children with a birth
date between April 1991 and December 1992. The completion rate by teachers was 37% for
ALSPAC children *. Clinical raters reviewed all available ratings on ADHD symptoms and
assigned an ADHD diagnosis using the DSM-IV criteria as if in clinical settings.

Covariates

During pregnancy, questionnaires were used to collect information on maternal age, parity
(zero, one, and two or more), Snijders Oomen Nonverbal Intelligence Test body mass index,
smoking during pregnancy (never, smoked in the beginning or until pregnancy confirmed,
continued smoking), ethnicity/country of birth (cohort-specific categories), and maternal edu-
cational level (low, middle, and high). Gestational age at blood sampling was defined using
ultrasound and/or last menstrual period. Information on sex of the child was obtained from
community midwives, obstetricians, hospital registries, clinical records, or questionnaires.

Age at ADHD assessment was obtained during the study visit.

Statistical analyses

Owing to the differences in assays, the absolute values of TSH and FT4 across the cohorts
cannot be compared. We therefore calculated cohort-specific SD scores with a mean of 0
and a SD of 1 using logarithmically transformed values of FT4 and TSH based on TPOAb-
negative women when possible. Values outside the mean + 4 SD range were considered as
outliers and excluded from further analyses. We assessed the association of maternal TSH and
FT4 SD scores within the mean + 4 SD range with child ADHD by performing multivariable
logistic regression models using pooled data. We used the same model to study the associa-
tion with our secondary outcome, an ADHD symptom score above the 90™ percentile, which
was generated in each cohort separately. This extra harmonized cut-off was chosen a priori
to increase statistical power owing to the low prevalence of children meeting the criteria of
ADHD and has been used previously to define children at risk ***’. Negative binomial regres-
sion models were used to assess the association of FT4 and TSH with total ADHD symptom
scores on a continuous scale per cohort. We could not analyze these associations using pooled
data since the symptom scores did not share a common metric between cohorts and therefore
were not comparable.
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We tested for non-linearity by adding a quadratic term to our models and we assessed mul-
ticollinearity between covariates by the variance inflation factor. All cohort-specific models
were adjusted for all the mentioned covariates. However, in the pooled analyses, we could not
adjust for child age at ADHD ascertainment, maternal ethnicity/country of birth, and cohort
simultaneously. The categories or the range of these variables did not overlap i.e., they were
cohort-specific, and adjusting for several of these variables at the same time causes multicol-
linearity. Therefore, in the pooled analyses, we chose to adjust for maternal ethnicity/country
of birth because it is known that there are ethnic differences in maternal thyroid parameters

during pregnancy ***

, and race/ethnicity is intertwined with social economic status, which
has been associated with behavioral problems *' and ADHD '***. We investigated whether
adjusting for cohort instead of ethnicity/country of birth yielded different results. Because
the results were similar, we chose to show the results based on the ethnicity/country of birth
adjustment. We decided to present standard logistic regression models after comparison with
multilevel models using the Akaike information criterion.

We performed several sensitivity analyses. First, we tested for heterogeneity between
cohorts using the Cochran Q test and the I” statistic (Supplementary Fig. 1; **). Second, we
also compared the effect estimates before and after excluding TPOAb-positive women in
mother-child pairs, of which TPOAb status was known, e.g., Generation R and ALSPAC,
since TPOAD positivity was associated with a higher risk of ADHD irrespective of maternal
TSH *. Third, we tested for possible effect modification by sex and/or gestational age at
blood sampling by adding product terms into the models. To identify potential relevant ef-
fect modifiers, we screened for interaction terms with a p-value of <0.15 and subsequently
performed stratified analyses to verify and quantify any relevant differences. For gestational
age, analyses were stratified by tertiles based on pooled data (< 11.8 weeks, > 11.8 to < 13.5
weeks, and > 13.5 weeks).

The percentage of missing covariate data ranged from 0% to 15.6% (Table 1). Before pool-
ing the cohort data, missing values in these covariates were imputed using chained equations,
generating 25 data sets. Additionally, to alleviate the potential bias that arises when only the
population with available data on maternal thyroid function and child ADHD symptoms is
included, we applied inverse probability weighting *°. Briefly, we used data on characteristics
available for all participants at recruitment to predict the probability of participation in the
study, and an inverse of those probabilities as weights in the analyses so that results would be
representative for the initial populations of the cohorts. Statistical analyses were performed
in STATA (version 15.0; Stata Corporation, College Station, TX).
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Table 1 Distribution of maternal and child characteristics.

INMA Generation R ALSPAC
(N=1073) (N=3812) (N=2784) p-value

ADHD, % 53 3.2 2.0 <0.001
ADHD symptoms > P90, % 104 10.3 10.3 0.990
Maternal TSH, median (IQR), mIU/L 1.25(0.82-1.82) 1.38(0.87-2.07) 1.02 (0.64-1.49) <0.001
Maternal FT4, median (IQR), pmol/L 10.6 (9.7-11.5) 14.8(13.2-16.7) 16.1 (14.8-17.6) <0.001
TPOAD positivity, % NA 5.8 12.8 <0.001
Gestational age at blood sampling, mean (SD), 13.1 (1.3) 13.4(1.9) 11.0 (3.2) <0.001
weeks *
Maternal educational level, %" <0.001

Low 20.8 6.2 24.0

Medium 42.5 40.8 61.6

High 36.6 53.0 14.4
Maternal ethnicity/country of birth, % * <0.001

Spanish 93.8 NA NA

Other, non-Spanish 6.2 NA NA

Dutch NA 60.6 NA

Indonesian NA 33 NA

Cape Verdean NA 3.0 NA

Turkish NA 6.9 NA

Other, non-Western NA 17.0 NA

Other, Western NA 9.2 NA

White NA NA 98.6

Non-white NA NA 1.4
Maternal age, mean (SD), years 31.6 (3.9) 30.7 (4.6) 28.1 (4.6) <0.001
Parity, % * <0.001

0 57.0 59.6 479

1 36.7 29.9 347

>2 6.3 10.5 17.4
Smoking during pregnancy, % * <0.001

Never 70.2 74.9 79.6

At the beginning of pregnancy 12.9 9.6 4.5

Continued smoking 16.9 15.5 159
Pre-pregnancy BMI, median (IQR), kg/m*® 22.5(20.8-25.0) 22.5(20.8-25.1) 22.1(20.5-24.2) <0.001
Child female sex, % * 48.9 50.1 48.5 0.410

p-value for differences was calculated using the Chi-square test for categorical variables, one-way ANOVA for

continuous normal-distributed variables, and Kruskal-Wallis test for continuous non-normal distributed variables.

* Values do not take into account missing data (0%, 0.2%, and 0% for gestational age; 0.3%, 3.2%, and 2.5%
for maternal education; 0.1%, 0%, and 2.9% for maternal ethnicity/country of birth; 0.2%, 0%, and 2.9% for
parity; 1.4%, 9.0%, and 1.7% for smoking; 0%, 15.6%, and 8.8% for pre-pregnancy BMI; 0.1%, 0%, and 0%
for child sex in INMA, Generation R, and ALSPAC, respectively). ADHD, attention-deficit hyperactivity
disorder; ALSPAC, Avon Longitudinal Study of Parents and Children; ANOVA, analysis of variance; BMI,
body mass index; FT4, free thyroxine; INMA, INfancia y Medio Ambiente; IQR, interquartile range; NA,
not available; SD, standard deviation; TPOADb, thyroid peroxidase antibody; TSH, thyrotropin.
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Results

After exclusions, data for a total of 7669 mother-child pairs were available for analyses
(Fig. 1). An overview of the characteristics of the study population is given in Table 1. The
prevalence of ADHD was 5.3% (n=57) in INMA, 3.2% (n=121) in Generation R, and 2.0%
(n=55) in ALSPAC. Compared with the study population, women who were not included
in the analysis had a lower education level, were less often native or Caucasian, and were
younger in all three cohorts (Supplementary Table 1). There were similar differences in char-
acteristics when comparing mothers whose children had an ADHD symptom score and those
whose children did not undergo an ADHD assessment (Supplementary Table 2). No clinically
relevant differences were found in TSH and FT4 concentrations between these two groups.

Enrolled <18 weeks of gestation
N=13881

No assessment of maternal thyroid function
N=1187

A 4

A 4

Data on maternal thyroid function
N=12694

No assessment of child ADHD
N=4669

A 4

Data on child ADHD
N=8025

Multiple pregnancy, fertility treatment, thyroid interfering
medication usage, or pre-existing thyroid disease

N=350
v Both TSH and FT4 outside the range of mean + 4SD
N=6
Final study population:
N=7669
INMA: N=1073

Generation R: N=3812
ALSPAC: N=2784

Figure 1 Flowchart of the selection of the study population.
ADHD, attention-deficit hyperactivity disorder; ALSPAC, Avon Longitudinal Study of Parents and Children;
FT4, free thyroxine; INMA, Infancia y Medio Ambiente; SD, standard deviation; TSH, thyrotropin.

Attention-deficit hyperactivity disorder

FT4 was not associated with ADHD [odds ratio (OR) 1.1, 95% confidence interval (95% CI
1.0 to 1.3), p=0.060; Table 2 and Supplementary Fig.1]. The effect estimate remained similar
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after excluding TPOAb-positive women. There was no effect modification by gestational age
(p for interaction term=0.581). While there was no indication of significant effect modifica-
tion by child’s sex (p for interaction term=0.144), we did observe a significant association
in girls only [OR 1.3 (95% CI 1.0 to 1.7), p=0.042; for boys: OR 1.1 (95% CI 0.9 to 1.3),
p=0.352]. The association in girls became stronger after excluding TPOAb-positive women
from mother-child pairs, of which TPOADb status was known [from OR 1.2 (95 % CI 0.9 to
1.7), p=0.187 to OR 1.5 (95% CI 1.1 to 2.1), p=0.020], while the effect estimate remained
similar in boys.

TSH was not associated with ADHD [OR 0.9 (95% CI 0.8 to 1.1), p=0.385; Table 2 and
Supplementary Fig. 1) and the effect estimate remained similar after excluding TPOAb-
positive women. There was no effect modification by gestational age (p for interaction term=
0.757; Table 3) or child sex (p for interaction term= 0.474).

Table 2 Association of maternal FT4 and TSH concentrations during pregnancy with child ADHD and with an
ADHD symptom score >90™ percentile

ADHD ADHD symptoms score >90th percentile
n/N* OR (95% CI)  p-value n/N® OR (95% CI)  p-value
FT4
Pooled 232/7355 1.1 (1.0-1.3) 0.060 779/6768 1.0 (0.9-1.1) 0.554
INMA 57/1016 1.3 (0.9-1.7) 0.126 111/952 1.3 (1.0-1.6) 0.040
Generation R 121/3658 1.0 (0.8-1.3) 0.747 390/3384 1.0 (0.8-1.1) 0.420
ALSPAC 54/2681 1.2 (0.9-1.7) 0.225 278/2432 1.1 (0.9-1.3) 0.294
TSH
Pooled 230/7299 0.9 (0.8-1.1) 0.385 777/6712 0.9 (0.9-1.0) 0.073
INMA 56/1009 0.9 (0.7-1.3) 0.562 110/945 0.8 (0.7-1.0) 0.114
Generation R 119/3633 0.9 (0.8-1.1) 0.323 388/3359 1.0 (0.9-1.1) 0.943
ALSPAC 55/2657 0.9 (0.7-1.2) 0.641 279/2408 0.9 (0.8-1.0) 0.046

1.2 (1.0-1.4)° 0.027

Reported OR’s and 95% Cls are increase in odds per SD of log-transformed FT4 or TSH. Analyses were
performed using logistic regression and adjusted for gestational age at blood sampling, maternal education,
maternal ethnicity/country of birth, age, parity, smoking during pregnancy, pre-pregnancy body mass index,
and child sex. Cohort-specific estimates were also adjusted for child age at ADHD ascertainment and sub-
cohort in INMA.

* n=children with ADHD, N=children without ADHD

® n=children with a symptom score >90™ percentile, N=children with a symptom score < 90™ percentile.

¢ A quadratic term (TSH SD score?) was added to the model, indicating a non-linear association.

CI, confidence interval; OR, odds ratio.

ADHD symptom score above the 90 percentile

There was no association of FT4 with an ADHD symptom score above the 90th percentile
[OR 1.0 (95% C10.9 to 1.1), p=0.554, respectively; Table 2 and Supplementary Fig. 1] and no

indication of effect modification by child’s sex. We did identify a possible effect modification
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by gestational age for the association of FT4 with symptoms above the 90th percentile (p for
interaction term: 0.013); a higher FT4 was associated with a significant 1.2-fold higher risk
of ADHD symptoms above the 90th percentile in the early-pregnancy FT4 measurements
(95% CI 1.0 to 1.4, p=0.027; < 11.8 weeks), while a higher FT4 was associated with a lower
risk in mother-child pairs with relatively late-pregnancy FT4 measurements [OR 0.9 (95% CI
0.7 to 1.0), p=0.045; Table 3]. The effect estimates remained similar after excluding TPOAD-
positive women.

There was no association of TSH with an ADHD symptom score above the 90th percentile
[OR 0.9 (95% CI1 0.9 to 1.0), p=0.073, respectively; Table 2 and Supplementary Fig. 1] and no
indication of effect modification by child’s sex. We identified a possible effect modification
by gestational age for the association of TSH with symptom scores above the 90th percentile
(p for interaction term: 0.082). Stratified analyses by tertile of gestational age showed that a
higher TSH was associated with a significant 0.8-fold lower risk of ADHD symptoms above
the 90th percentile in the relatively early-pregnancy TSH measurements (95% CI 0.7 to
0.9, p=0.006; Table 3; < 11.8 weeks). The effect estimates remained similar after excluding
TPOADb-positive women.

ADHD symptoms on a continuous scale

No associations were identified between FT4 or TSH across the full range and the total ADHD
symptom score as investigated in each cohort separately (Supplementary Table 3 and 4).

Table 3 Pooled association of maternal FT4 and TSH concentrations during pregnancy with child ADHD and
with an ADHD symptom score above the 90" percentile, stratified by tertile of gestational age.

ADHD symptoms above

ADHD
the 90" percentile
gestational age % with OR value N % score OR value
median (range) ADHD (95%c1 * >p90  (95%cn P

FT4
Tertile | 10.0 (4.0-11.8) 2523 24  1.1(0.9-1.5) 0356 2503 9.8  12(1.0-1.4) 0.027
Tertile2 12.6 (11.8-13.5) 2580 3.5 1.2(1.0-1.6) 0064 2580 11.1  1.0(0.9-1.2) 0.884

L1(1.0-12y 0.027
Tertile3 15.1(13.5-18.0) 2480 32  1.0(0.8-1.3) 0799 2470 10.1  0.9(0.7-1.0)  0.045

TSH
Tertile 1 10.0 (4.0-11.8) 2500 2.4  0.9(0.7-12) 0510 2480 9.9  0.8(0.7-0.9) 0.006
Tertile2 12.6 (11.8-13.5) 2562 3.5  1.0(0.8-12) 0836 2562 11.1  0.9(0.8-1.1) 0284
Tertile3 15.1(13.5-18.0) 2461 32  0.9(0.7-12) 0436 2451 10.1  1.0(0.9-1.2) 0.595

Reported ORs and 95% Cls are increase in odds per SD of log-transformed FT4 or TSH. Analyses were
performed using logistic regression and adjusted for gestational age at blood sampling, maternal education,
maternal ethnicity/country of birth, age, parity, smoking during pregnancy, pre-pregnancy body mass index,
and child sex.

* A quadratic term (FT4 SD score”) was added to the model, indicating a non-linear association.
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Discussion

We did not identify an association between FT4 and TSH and ADHD in the overall study
population. There was inconsistent evidence that the associations investigated were different
depending on gestational age.

While both low and high-normal maternal FT4 concentrations have been associated with

> the role of thyroid hormone in the

adverse outcomes related to fetal brain development
development of ADHD is unknown. Exposure to high thyroid hormone concentrations might
contribute to the etiology of this disorder, since individuals with generalized resistance to
thyroid hormone were shown to be more prone to meet the criteria for ADHD than subjects
without this mutation '®. Fetuses without the mutation but born to a mother with RTHS have
reduced sensitivity to thyroid hormone compared with fetuses born to mothers without
RTHS *. The reduced sensitivity to thyroid hormone was explained by increased deiodinase
3 (D3) expression in the anterior pituitary. Other studies have also shown that untreated
hyperthyroidism during pregnancy may lead to persistent changes in the thyroid function
of the child *"**, In addition, children born to mothers with RTHp were found to have lower
birth weight . Lower birth weight and small size for gestational age, which has been already
shown to be associated with a higher FT4 concentration in pregnancy in Generation R and
INMA ' could be on the causal pathway to ADHD symptomatology *.

Thus far, the results of studies on the association between maternal thyroid function and
child ADHD are inconsistent. While one study reported a positive association between FT4

23,24,28,30

and ADHD symptoms (26), other studies either report no association or a negative

association "***', Likewise for TSH, studies show either a positive association between TSH

N g
23 no association 22!

and attention problems or ADHD symptoms , or a possible protec-
tive effect of a higher TSH concentration *°. There may be different explanations as to why
some studies found an association between FT4 or TSH and ADHD, while others did not.
First of all, although FT4 and TSH both reflect thyroid status, TSH is a more sensitive reflec-
tion of thyroid autoimmunity, which is associated with ADHD **. Second, the inconsistent
study results may also be explained by several methodological points. ADHD symptoms
were assessed differently between studies, with some earlier studies using tools that did not
include an extensive set of items as the DSM-IV uses to classify ADHD. In addition, ADHD

was defined differently across studies — by medical diagnosis ***', symptoms on a continuous

scale 24*730 23,25,28,29

, or by ADHD or inattention symptom cut-offs — hence the comparability
between studies is limited. The latter studies did not use a symptom score above the 90th
percentile, as used in our study. Third, iodine status may also explain part of the heterogeneity
between studies ®. Results in a small study population showed that ADHD prevalence was
higher in an iodine-deficient area than in an iodine-sufficient area *.

The importance of maternal thyroid hormone for the fetal brain changes throughout preg-

nancy. Before the fetal thyroid is functionally mature at 18-20 weeks gestation, the fetus
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depends on thyroid hormone from the mother '. During the second half of pregnancy, the
maternal thyroid remains an important source, but to a lesser extent as considerable amounts
of thyroid hormone are produced by the fetus itself >. We investigated whether the effect of
maternal thyroid hormone on ADHD (symptoms) differed by gestational age. The proportion
of mother-child pairs were not equally distributed across the different groups of gestational
age; in roughly the first 12 weeks of gestation, two thirds of the mother-child pairs were from
the ALSPAC cohort. Stratified analyses showed that the association of higher FT4 with a
higher risk of symptom score above the 90th percentile was prominent in roughly the first 12
weeks of gestation, but not thereafter. Given these findings and the physiologically interrela-
tion between FT4 and TSH, we could also observe that a higher TSH was associated with a
lower risk of symptom scores above the 90th percentile only in the first trimester. However,
there was no significant interaction with gestational age in the association of FT4 or TSH with
ADHD. From our analyses, we therefore have no strong evidence for differential effects by
gestational age.

Interestingly, in the current study, a higher maternal FT4 concentration during pregnancy
was associated with a higher risk of ADHD in girls only. Differential effects of thyroid hor-

23,3], and

mone on brain-development-related outcomes by sex have been reported previously
it is well known that ADHD is more often diagnosed in males. While it remains unclear why
this association may be sex-specific, it is known that child sex modifies the thyroidal response
to human chorionic gonadotropin (hCG); women pregnant with a female fetus have a higher
thyroidal response to high hCG concentrations, resulting in lower TSH and higher FT4, than
those with a male fetus . However, our results have to be interpreted with caution as no
significant interaction with sex was found. Further studies are needed to replicate if there are
sex-specific effects of thyroid hormone on brain development.

Observational studies showed that both low and high maternal thyroid function are as-
sociated with lower child IQ and lower gray matter volume ***. Randomized trials thus
far failed to show a benefit of levothyroxine treatment in pregnant women with subclinical
hypothyroidism or hypothyroxinemia on child IQ ***, but these trials have been limited by a
suboptimal timing and dose of treatment ®. Behavioral problems such as ADHD could also
be considered an outcome that may reflect suboptimal fetal brain development during preg-
nancy. Our study shows no association between maternal thyroid function and child ADHD.
However, owing to the observational design of this study, we cannot make statements on what
the potential effects of this treatment on behavior problems in children would be.

We were able to combine data from three large cohorts, enabling us to investigate as-
sociations between thyroid function and ADHD in a large number of mother-child pairs.
All three cohorts used the DSM, internationally applied, diagnostic criteria, which are the
most used clinically for diagnosing psychiatric disorders. Using individual-participant data
instead of aggregate data facilitated the use of consistent inclusion and exclusion criteria

and standardized statistical analyses across cohort studies. Combining individual participant
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data into a meta-analysis offers further advantages over individual studies. Irrespective of a
replication of findings as found in individual studies, findings from meta-analyses enriches
our knowledge on the theory tested and increases confidence in generalization.

In our study, ADHD occurred in only 3% of children, which may have been a low proportion
in which to detect an association. This prevalence was lower than that reported in children and
adolescents in a systematic review . The prevalence of ADHD in Generation R was lower
than previously reported due to a different sample size, and we did not report a weighted
prevalence to represent the full sample with CBCL1'4-5 data *. Prevalence estimates are
known to vary widely by individual studies. Part of this variability may be explained by the
diagnostic criteria used to define ADHD, the method used to assess ADHD symptoms, the
incorporation of functional impairments as part of the definition of ADHD, and possibly
also by social economic status of the population . In our study, mother-child pairs with a
lower social economic status (e.g., lower maternal educational level and less often native or
Caucasian) were more likely to be lost to follow-up. We accounted for potential differential
loss to follow-up by applying inverse probability weighting. To increase statistical power, we
used the highest 10% of ADHD symptoms as a secondary outcome. It should be noted that
this extra cut-off was arbitrarily chosen and has not been validated.

A limitation of this study is that ADHD symptoms were assessed at different ages us-
ing different methods, including inconsistency in the type of assessor used by the different
cohorts, which may have contributed to heterogeneity in results. The heterogeneity by the
latter was shown by a recent study showing that maternal thyroid function was associated
with teacher-rated ADHD symptoms, but not with parental ratings **. Due to low-to-moderate
agreement between teacher and parental observations, multi-informant assessment has been
recommended in order to understand the behavior of a child in different settings "%; this
was most closely adhered to in ALSPAC. We did not have the opportunity to re-score the
data that was collected of a sample of children using the three methods. In addition, we had
no data on clinical diagnosis of ADHD by a physician, which may have caused outcome
misclassification.

In conclusion, the results of the current study do not show an association between maternal
thyroid function and ADHD in the overall study population. As the etiology of ADHD as
well as the potential role of thyroid hormone availability remains poorly understood, further
studies are warranted.
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Supplemental material

Serum measurements

In INfancia y Medio Ambiente (INMA), the between-assay coefficients of variation for low,
medium, and high hormone concentrations were 6.1%, 4.1%, and 4.0% for free thyroxine
(FT4) respectively, and 3.0%, 3.1%, and 2.6% for thyrotropin (TSH). The intra-assay coef-
ficients of variation were 3.7%. 3.0%, and 3.3% for FT4, and 7.7%, 2.1%, and 1.7% for
TSH, respectively (for AutoDEL-FIA, PerkinElmer Life and Analytical Sciences, Wallac Oy,
Turku, Finland). In Generation R, the intra- and interassay coefficients of variation were
<5.4% for FT4 with a range of 14.3-25.0 pmol/L and <4.1% for TSH with a range of 3.97-
22.7 mIU/L (for Vitros ECI immunodiagnostic; Ortho Clinical Diagnostics, Rochester, NY).
In ALSPAC, FT4, TSH, and thyroid peroxidase antibody measurements were performed
using Abbott Architect 12000 with functional sensitivity of 0.05 mIU/L or less. Inter- and
intra-assay coefficients of variation were <5% for all analytes.
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(a) FT4and ADHD

Cohort OR (95% Cl)
INMA 1 1.3(0.9,1.7)
Generation R I 1.0 (0.8, 1.3)
ALSPAC 1.2(0.9,1.7)
Overall (1=0.0%, p=0.468) 1.1 (1.0, 1.3)

33 15 3
N lower risk higher ris;

(b) TSHand ADHD

Cohort
INMA
Generation R

ALSPAC

Overall (1?=0.0%, p=0.708)

.33
<

1

OR (95% Cl)

0.9(0.7,1.3)
0.9(0.8, 1.1)
1.0 (0.8, 1.4)
0.9(0.8,1.1)

3

>

<« N
lower risk

Supplementary Fig. 1 Association of maternal FT4 and TSH concentrations during pregnancy with child

higher risk

Maternal thyroid funtion and child ADHD

(c) FT4 and symptom score 290th percentile

Cohort OR (95% CI)
INMA 1.3(1.0, 1.6)
Generation R —F 1.0 (0.8, 1.1)
ALSPAC ™ 1.1(0.9, 1.3)
Overall (1=62.3%, p=0.070) 1.1(0.9,1.2)
.33 1 15 3
" lower risk higher risk'

(d) TSH and symptom score 290th percentile

Cohort OR (95% Cl)
INMA 0.8 (0.7, 1.0)
Generation R T 1.0(0.9,1.1)
ALSPAC 1 09(08,1.0)
Overall (1=45.7%, p=0.159) O 0.9 (0.8, 1.0)
33 1 15 3
N lower risk  higher risk

ADHD and with an ADHD symptom score >90th percentile.

Associations shown as effect estimate (dot) with the 95% CI per cohort and overall as estimated by a random-
effects meta-analysis (diamond). Statistical heterogeneity was explored and quantified using the Cochran Q
test and the I statistic, which is the proportion of total variation in the estimates that is due to heterogeneity
between studies. The models were adjusted for maternal age, parity, pre-pregnancy body mass index, smoking
during pregnancy, ethnicity/country of birth, maternal educational level, gestational age at blood sampling,
child sex, and subcohort in INMA. (a) FT4 and ADHD, (b) TSH and ADHD, (c) FT4 and symptom score >90th
percentile, (d) TSH and symptom score >90th percentile. ADHD, attention-deficit hyperactivity disorder; AL-
SPAC, Avon Longitudinal Study of Parents and Children; CI, confidence interval; FT4, free thyroxine; INMA,

Infancia y Medio Ambiente; OR, odds ratio; TSH, thyrotropin.
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Supplementary Table 3 Association of maternal FT4 during early pregnancy with child ADHD
symptom scores on a continuous scale.

n IRR (95% CI) p-value
INMA 1063 1.05 (0.98 to 1.14) 0.187
Generation R 3657 0.98 (0.95 to 1.01) 0.204
ALSPAC 2710 0.99 (0.92 to 1.06) 0.692

Reported IRR and 95% Cls represent the change in ADHD symptoms per SD of log-transformed FT4 in terms
of a percentage increase or decrease, with the precise percentage determined by the amount the IRR is either
above or below 1. Analyses were performed using negative binomial regression models and adjusted for gesta-
tional age at blood sampling, maternal education, maternal ethnicity/country of birth, age, parity, smoking dur-
ing pregnancy, pre-pregnancy body mass index, child sex, child age, and sub-cohort in INMA. CI, confidence
interval; IRR, incidence rate ratio.

Supplementary Table 4 Continuous association of maternal TSH during early pregnancy with child
ADHD symptom scores on a continuous scale.

n IRR (95% CI) p-value
INMA 1055 0.94 (0.87 to 1.02) 0.144
Generation R 3630 1.00 (0.97 to 1.03) 0.928
ALSPAC 2687 0.97 (0.91 to 1.03) 0.282

Reported IRR and 95% Cls represent the change in ADHD symptoms per SD of log-transformed TSH in terms
of a percentage increase or decrease, with the precise percentage determined by the amount the IRR is either
above or below 1. Analyses were performed using negative binomial regression models and adjusted for gesta-
tional age at blood sampling, maternal education, maternal ethnicity/country of birth, age, parity, smoking dur-
ing pregnancy, pre-pregnancy body mass index, child sex, child age, and sub-cohort in INMA. CI, confidence
interval; IRR, incidence rate ratio.
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