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REVIEW ARTICLE
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ABSTRACT

The 2018 European Food Safety Authority/European Chemicals Agency Guidance on the Identification
of Endocrine Disruptors lacks clarity on how the presence or absence of substance-induced maternal
thyroid hormone imbalance, or the potential for subsequent deleterious consequences in child neuro-
development, should be established by toxicological assessments. To address these uncertainties, this
narrative review evaluates human evidence on how altered maternal thyroid function may be associ-
ated with child neurodevelopmental outcomes; and seeks to identify parameters in human studies that
appear most relevant for toxicological assessments. Serum levels of free thyroxine (fT4) and thyroid
stimulating hormone (TSH) are most frequently measured when assessing thyroid function in pregnant
women, whereas a broad spectrum of neurodevelopmental parameters is used to evaluate child neuro-
development. The human data confirms an association between altered maternal serum fT4 and/or
TSH and increased risk for child neurodevelopmental impairment. Quantitative boundaries of effects
indicative of increased risks need to be established. Moreover, it is unknown if altered serum levels of
total T4, free or total triiodothyronine, or parameters unrelated to serum thyroid hormones might be
more relevant indicators of such effects. None of the human studies established a link between sub-
stance-mediated liver enzyme induction and increased serum thyroid hormone clearance, let alone fur-
ther to child neurodevelopmental impairment. This review identifies research needs to contribute to
the development of toxicity testing strategies, to reliably predict whether substances have the potential
to impair child neurodevelopment via maternal thyroid hormone imbalance.
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Introduction

Toxicological assessments serve the goal of protecting

humans and the environment from unwanted substance-

induced effects. Animal toxicity studies, in silico modeling,

and in vitro assays are performed to predict effects that could

occur in humans if they were exposed to the respective sub-

stances (Wilks et al. 2015). Recently, concerns have been

expressed that chemical-induced alterations in serum thyroid

hormone levels in pregnant women may impair child neuro-

development, e.g. “How chemicals can affect the health of

developing children” (ECHA 2018). These concerns raise the

question whether available toxicological test methods are

reliable in predicting such effects. Any prevailing knowledge

gaps must be identified so that they can be addressed to

ensure the safe use of chemicals. The present review aims to

contribute to this goal by determining which specific effects

in pregnant women and their children need to be reflected

in toxicological assessments to enable scientifically sound

safety assessments.

The thyroid gland is an endocrine organ present in all ver-

tebrates. Thyroxine (T4) is the main thyroid hormone synthes-

ised and secreted by the thyroid, whereas triiodothyronine

(T3), the biologically active hormone, is mostly produced by

deiodination of T4 in peripheral tissues. A major role of the

thyroid hormones is to regulate metabolism, e.g. during

growth and reproduction. In developing offspring, rodent

data (with supporting evidence in humans) indicate that thy-

roid hormones play a role in neuronal migration, cellular dif-

ferentiation (e.g. of neurons) and glial myelination. The

thyroid gland is controlled by the pituitary [through secretion

of thyroid stimulating hormone (TSH)] which, in turn, is regu-

lated by the thyrotropin releasing hormone secreted by the

hypothalamus (Dickhoff and Darling 1983; DeGroot and

Jameson 2001). Thyroid hormones are highly hydrophobic

and therefore generally bound to serum binding proteins

when circulating in the bloodstream, whereas only a minor

fraction (<1%) remains as free hormones (e.g. free T4 (fT4)

and free T3). It is the free hormone fraction that is sensed by

the tissues, triggering the homeostatic regulatory mecha-

nisms (Stockigt 2001).

The concern that chemical-induced alterations in serum

thyroid hormone levels in pregnant women may impair child
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neurodevelopment is reflected in the European Food Safety

Authority (EFSA) and European Chemicals Agency (ECHA)

“Guidance for the identification of endocrine disruptors in

the context of Regulations (EU) No 528/2012 and (EC) No

1107/2009” that was published in June 2018 (EFSA and ECHA

2018). Therein, Appendix A “Additional considerations for

how to assess the potential for thyroid disruption for human

health” singles out concerns for thyroid disruption.

Various statements in this Appendix A suggest that (1)

there is unambiguous evidence that low maternal serum T3

and/or T4 levels per se result in child neurodevelopmental

impairment regardless of whether the histology and/or func-

tion of the thyroid gland is also affected, and (2) that this

can clearly be identified in rodent studies. The report of a

European Commission Workshop on Thyroid Disruption

(European Commission 2017a) is used as the main reference

in Appendix A to substantiate this view. Furthermore,

Appendix A proposes that the human relevance of the

effects observed in animals “could be further investigated,”

specifying that this investigation should address whether the

effects result from the induction of metabolic liver enzymes,

such as T4-uridine diphosphate glucuronyltransferase (T4-

UGT), leading to increased serum T4 clearance (EFSA and

ECHA 2018).

A specific subsection of Appendix A is dedicated to the

consequences of liver enzyme induction on thyroid hormone

metabolism. This contrasts with the brief mention to other

molecular initiating events leading to thyroid disruption,

such as the inhibition of sodium-iodide symporter or

the inhibition of thyroid peroxidase (TPO) activity, which

both influence thyroid hormone synthesis (Noyes et al. 2019).

Similarly, reduced serum T4 levels are the focus of

Appendix A, whereas high serum T4 levels are not expli-

citly mentioned.

Appendix A describes a testing scheme to determine

serum thyroid hormone levels and liver enzyme activities.

However, it does not indicate how the various parameters

should be measured or how the data should be evaluated

within a weight-of-evidence approach to reach a conclusion

on whether, or not, a substance fulfills the criteria of an

endocrine disruptor, as implemented for biocides and plant

protection products in the European Commission (2017b,

2018) Regulations.

Hence, based upon EFSA and ECHA (2018) Guidance, it is

currently unclear how the presence or absence of substance-

induced maternal thyroid disruption (with or without liver

enzyme induction as the initiating event), and potential dele-

terious consequences in child neurodevelopment, should be

established by toxicological assessments.

To address this scientific and regulatory uncertainty, in

July 2018, the European Centre for Ecotoxicology and

Toxicology of Chemicals (ECETOC) convened a Special T4

Task Force. It is the goal of this Task Force to contribute to

the development of a science-based testing strategy to iden-

tify if a substance has the potential to elicit maternal thyroid

hormone imbalances and subsequently neurodevelopmental

effects in the child. In pursuing this goal, the ECETOC Special

T4 Task Force is preparing a series of reviews, of which the

present review constitutes the first. These reviews

shall include:

� An evaluation of the human evidence on how lower

serum levels of maternal thyroid hormone affect child

neurodevelopment including cases where substance-

mediated liver enzyme induction leads to increased thy-

roid hormone clearance (presented herein).

� An evaluation of how molecular initiating events and key

events of thyroid-related adverse outcome pathways

(AOPs) that include neurodevelopmental adverse out-

comes are being addressed in in vivo and/or in vitro toxi-

cological assessments. This evaluation shall include

quantitative aspects of key event relationships and pos-

sible species differences in key events and key event rela-

tionships (Noyes et al. 2019).

� An evaluation of the evidence from available rodent

studies showing how specific xenobiotic substances

affect the maternal thyroid hormone system, and further,

under which conditions such effects lead to (which types

of) neurodevelopmental effects in the pups, and how

these are predictive of effects in humans. One of the

uncertainties in associating thyroid hormone imbalances

with adverse neurodevelopmental consequences is that,

in rats, the methods to measure neurodevelopmental

outcomes are much less refined than the methods used

in children.

Finally, all collated evidence shall be consolidated to pro-

pose a science-based tiered testing strategy to identify if a

substance has the potential to elicit imbalances of the mater-

nal thyroid hormone system, if such imbalances might further

lead to neurodevelopmental impairment of the progeny, and,

if so, beyond which boundaries of altered thyroid hormone

levels such effects may be expected. Research needs to

enhance the applicability of the testing strategy shall

be identified.

The present first review addressing the human evidence

on how lower maternal thyroid hormone levels affect child

neurodevelopment was aligned with the topics of Appendix

A of the EFSA and ECHA (2018) Guidance. With respect to

maternal serum parameters, hypothyroidism (low fT4 with

concordant high TSH) and hypothyroxinaemia (isolated low

fT4) were addressed. Importantly, focus is not on severe

states of congenital hypothyroidism caused by e.g. pro-

nounced maternal iodine deficiency leading to cretinism

(Boyages and Halpern 1993), but rather on more subtle

effects on maternal thyroid function.

Hyperthyroidism (low TSH with concordant high fT4) and

hyperthyroxinaemia (isolated high fT4) were excluded from

the scope of this review since they are not specifically

addressed in Appendix A. Nevertheless, hyperthyroidism and

hyperthyroxinaemia are also relevant from a clinical perspec-

tive (Korevaar et al. 2016a; Jansen et al. 2019). Similarly, with

respect to initiating events, this review considers how sub-

stance-mediated liver enzyme induction affects serum thyroid

hormone levels in humans. By contrast, other important ini-

tiating events that affect serum thyroid hormone levels and,

ultimately, child neurodevelopmental outcomes, such as TPO
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activity or iodine deficiency, are not addressed here for not

being considered in Appendix A. Nonetheless, and as men-

tioned above, the iodine status plays a critical role in ensur-

ing physiological thyroid function.

Further, this review focuses on the first trimester of preg-

nancy when the embryo is still fully dependent upon mater-

nal thyroid hormone supply (Fisher and Klein 1981; Thorpe-

Beeston et al. 1991; Choksi et al. 2003). During this critical

period of development, reduced maternal serum T4 levels

are most likely to have the greatest impact on child neurode-

velopment (Costeira et al. 2011; Murcia et al. 2011, 2018;

Levie et al. 2019a).

In exploring how (liver enzyme induction-mediated) thy-

roid hormone imbalance in pregnant women affects child

neurodevelopment, the ECETOC Special T4 Task Force first

produced a preliminary review that was then further dis-

cussed with invited experts, including clinicians, representa-

tives from authorities, regulatory toxicologists and veterinary

pathologists from Europe and North America, at an Extended

Task Force Meeting that took place on 21 and 22 November

2019 in Ludwigshafen, Germany. The present article reflects

the combined outcome of both activities.

Importantly, a narrative review (see Supplementary

Information SI-1 for definition) of the published literature was

conducted, and not a systematic review. Its goal was to

exemplarily identify, evaluate and synthesise relevant human

data, from which a reliable overview can be provided on

how altered maternal thyroid hormone levels lead to child

neurodevelopmental impairment, including the potential for

liver enzyme induction to affect circulating thyroid hormone

levels. The human studies covered include epidemiological

studies, i.e. observational cohort, case–cohort and nested

case–control studies, as well as a randomised clinical trial

(see Supplementary Information SI-1 for definitions). The

underlying hypothesis is that information from such human

studies is useful to identify parameters that are relevant for,

and hence should be reflected in, toxicological assessments.

Epidemiology is the discipline addressing the distribution

of disease among human populations thereby aiming at

identifying its causes and contributory factors (Hajat 2011).

The scientific methodologies available in epidemiology are

fundamentally different from those available for toxicological

assessments. Toxicologists assessing chemical-induced effects

can apply experimental study designs and testing strategies

using a broad spectrum of test methods, many of which are

standardised and adopted as internationally agreed formal

guidance. By contrast, epidemiologists, when evaluating

human health effects potentially caused by chemical expos-

ure, are nearly always limited to non-experimental, observa-

tional study designs (WHO IPCS 2004), and the types of

health parameter measurements that can be made are much

more restricted than e.g. in regulatory toxicology.

With these limitations in mind, the present narrative

review pursued two objectives, the outcomes of which were

then further evaluated in view of the overarching goal to

identify parameters from human studies, which appear most

relevant for toxicological assessments.

Objective 1: evaluate human evidence for how maternal

thyroid hormone levels and child neurodevelopmental

effects may be linked

(1) Do internationally accepted normal values (ranges) for

serum TSH or thyroid hormone levels in pregnant women

exist? If not, are they needed for the interpretation of

human studies (e.g. to enhance between-study

comparability)?

(2) Is it possible to identify thresholds for high TSH or low

thyroid hormone levels in the serum of pregnant women

indicating an increased risk for child neurodevelopmental

impairment? Throughout the text, the term “threshold” is

used in the meaning of “quantitative boundaries for high

TSH and/or low thyroid hormone levels in the serum of

pregnant women beyond which an increased risk for child

neurodevelopmental impairment may be expected.” While

high thyroid hormone and low TSH are not considered in

the present review, the term “quantitative boundary”

reflects the expectation that there is an optimum range of

maternal serum fT4 and/or thyroid hormone within which

there is no such increased risk. Further, the term considers

that there is never no such risk, also because thyroid hor-

mone imbalances are not the only potential causes for neu-

rodevelopmental impairment.

(3) Is there evidence for a correlation between (i) high TSH

and/or low thyroid hormone serum levels in pregnant

women without a history of thyroid disease and (ii) child

neurodevelopmental impairment?

(4) Is there evidence that T4 supplementation in pregnant

women with high TSH and/or low T4 serum levels decreases

the risk for neurodevelopmental impairment in

their children?

(5) Can the most sensitive parameter(s) addressing child neu-

rodevelopmental outcomes be identified?

Objective 2: evaluate human evidence for impact of liver

enzyme induction on maternal serum T4 (and TSH) levels

and, ultimately, child neurodevelopmental impairment

(6) Is it physiologically plausible that substance-mediated

liver enzyme induction in humans has an impact on

maternal serum thyroid hormone levels and, ultimately,

child neurodevelopment? If so, to which extent would

such effects be compensated for by the TSH feed-

back system?

Overarching goal: identify parameters in human studies,

which are most relevant for toxicological assessments

Based upon the evidence collated and evaluated in pursuing

Objectives 1 and 2, the final section of this review refers back

to the overarching question raised in its title Which parame-

ters from human studies are most relevant for toxicological

assessments? Scientific evidence is needed to decide on how

to assess if chemicals have the potential to disrupt thyroid

function with deleterious consequences to the health of

mothers and their progeny. Specifically, the human evidence
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collated in pursuing the above-mentioned six questions is

utilised to identify:

� Serum and non-serum parameters that appear most rele-

vant to identify maternal thyroid disruption;

� Parameters that appear most relevant to identify child

neurodevelopmental outcomes; and

� Liver function parameters that appear most relevant to

identify substance-mediated liver enzyme induction lead-

ing to increased serum thyroid hormone clearance.

This evaluation of the human evidence shall contribute

to the development of the planned tiered testing strategy

to identify if a substance has the potential to elicit imbalan-

ces of the (maternal) thyroid hormone system, and if this

might subsequently result in impaired child neurodevelop-

ment, as well as if effects observed in rodents are relevant

for humans. While this work of the ECETOC Special T4 Task

Force is motivated by the knowledge gaps identified in

Appendix A of EFSA and ECHA (2018) Endocrine Disruptor

Guidance, the testing strategy shall not only be applicable

for substances regulated under the EU Biocidal Products

and Plant Protection Products Regulations, as covered by

EFSA and ECHA (2018). Rather, by founding the testing

strategy on the state-of-the-art science and technology

(which shall be established in the planned series of reviews

of which the present one constitutes the first), it should be

employable irrespective of the responsible jurisdiction, or

applicable legislation.

Methodology: literature searches and selection of
relevant literature

The methodology applied to conduct the literature searches

and to identify relevant literature was selected in view of the

goal to conduct a narrative review (Supplementary

Information SI-1) and was not intended to comply with rules

for systematic reviews. Sources of information include litera-

ture searches conducted in the US National Institutes of

Health National Library of Medicine database PubMed

(https://ncbi.nlm.nih.gov/pubmed/ [accessed 2020

September]). Further, the references listed in relevant articles

were checked for additional literature of interest

(“snowballing”). In this regard, the Discussion Section also

considered references from the two documents that moti-

vated the present work, i.e. Appendix A of EFSA and ECHA

(2018) and the European Commission (2017a) Thyroid

Disruption Workshop Report.

All literature retrieved that fulfilled the inclusion criteria

defined empirically a priori in pursuing Objectives 1 and 2

was included (see below for details). While the human evi-

dence was evaluated from a toxicological perspective (i.e. in

view of identifying biological processes and biomarkers

(parameters) that should be reflected in toxicity studies), the

inclusion criteria relate to “Population, Intervention,

Comparison, Outcome and Study type,” as recommended

for epidemiological studies (Tacconelli 2010; Methley

et al. 2014).

Objective 1: human evidence for how maternal thyroid

hormone levels and child neurodevelopment may

be linked

The following search query was used:

(thyroid OR thyrox� OR T4) AND ("meta-analysis" OR "sys-

tematic review" OR cohort OR trial) AND (pregnan� OR fetus

OR maternal) AND (neurodevelop� OR cognitive OR IQ OR

"brain develop�")

This search query yielded 217 retrievals on 6 September

2018, and 42 further documents on 28 March 2020.

Articles were pre-selected based upon an evaluation of title

and abstract, if they had been published between 2008 and

March 2020, or earlier if retrieved by snowballing, and fulfilled

the following criteria that were defined empirically a priori:

� Population: Pregnant women and their offspring.

� Intervention: Maternal blood sampling during the first tri-

mester of pregnancy (median gestational week (GW) �

13.3) as critical window of susceptibility when the

embryo is still fully dependent upon maternal thyroid

hormone supply (Fisher and Klein 1981; Thorpe-Beeston

et al. 1991; Choksi et al. 2003) and assessment of mater-

nal serum T4 and/or TSH levels.

� Comparison: Mothers with study-specific normal T4 and/

or TSH ranges versus mothers with study-specific high

TSH and/or low T4 (hypothyroidism and/or

hypothyroxinaemia).

� Outcome: Child neurodevelopmental impairment; any

type of parameter.

� Study type: Systematic reviews, meta-analyses, any type

of observational human study, randomised clinical trials;

sample sizes of (generally) � 1,000 mother–child pairs.

These selection criteria served to ensure that all human

studies included in the evaluation were of sufficient, compar-

able quality. To ensure comprehensiveness in pursuing the

aim to identify parameters in human studies that should be

reflected in toxicological assessments, all studies retrieved

that met the criteria were included in the evaluation.

After full-text evaluation, one meta-analysis (Spencer et al.

2015) retrieved was excluded as out of scope since it aimed at

evaluating the overall benefit of thyroid screening pro-

grammes during pregnancy, i.e. maternal fT4 and TSH were

primarily related to pregnancy outcomes, such as risks for pre-

eclampsia, preterm birth, or miscarriage, but not to child neu-

rodevelopment. Observational human studies were excluded

as out of scope if maternal blood sampling had been under-

taken after the first trimester of pregnancy (Haddow et al.

1999; Li et al. 2010; Chevrier et al. 2011) or if only neonatal,

but not maternal blood samples had been taken.

Objective 2: human evidence for impact of liver enzyme

induction on maternal serum T4 (and TSH) levels and,

ultimately, child neurodevelopment

The focus of this search query was on human studies

addressing whether and how exposure to antiepileptic drugs

mediates liver enzyme induction and is then followed by
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increased T4 clearance. Antiepileptic drugs were selected as

an exemplary substance group since they are widely applied

in humans, so that a solid database was expected, and since

a number of antiepileptic drugs have reported hepatic and

thyroid side-effects (Hamed 2015). Due to the overall paucity

of relevant data (see below), this database was supplemented

by human studies addressing hepatic and thyroid effects of

non-pharmaceutical substances.

PubMed search queries were conducted as indicated

below. If a search query yielded 150 retrievals or more, it was

narrowed down by adding further search terms and/or by

applying the automatic PubMed filter “human.” Since it was

not the goal to conduct a systematic literature review, this

automatic filtering appeared justifiable.

� (thyroid OR thyrox�) AND (“antiepileptic” OR

“phenobarbital”): 435 retrievals

� with filter “human”: 206 retrievals (both: on 10

September 2018); therefore, the following further

restriction was applied:

� (thyroid OR thyrox�) AND (“antiepileptic” OR

“phenobarbital”) AND (liver OR hepatic OR UGT OR UDPGT

OR metabol�): 295 retrievals

� with filter “human”: 116 retrievals (both: on 10

September 2018)

� “UGT (thyroid� OR thyrox�)”: 83 retrievals and “(UDPGT

NOT UGT) (thyroid� OR thyrox�)”: 36 retrievals (both: on

28 August 2018)

� “UGT AND (neurodevelopment OR cognitive) (hepatic OR

liver)”: 1 retrieval on 28 August 2018, i.e. Builee and

Hatherill (2004)

� "liver enzyme" AND (neurodevelopment OR cognitive) (hep-

atic OR liver): 12 retrievals on 28 August 2018; none of

which were relevant for Objective 2. If retrievals pre-

sented human studies, these generally addressed alcohol

abuse or schizophrenia unrelated to substance exposure.

If search strings yielded less than 150 retrievals (indicated

above in bold), their titles and abstracts were evaluated to

identify potentially relevant articles that were then submitted

to full text evaluation. The automatic PubMed filter “human”

also captured e.g. genomics or in vitro studies using human

genes, cells, or tissues. Such articles were excluded as out

of scope.

Articles met the inclusion criteria if they were published

between 1980 and 2018 (approx. four decades to account for

the overall paucity of relevant information), or earlier if

retrieved by snowballing, and fulfilled the following criteria

that were defined empirically a priori:

� Population:

� Initial search criterion: Pregnant mothers and their

children;

� Expanded search criteria (to account for the paucity of

relevant literature retrieved applying the initial search

criterion): All humans regardless of gender or age

(exception: breast-fed infants).

� Intervention: Exposure to liver enzyme-induc-

ing substances:

� Initial search criterion: Indirect human exposure to

antiepileptic drugs, i.e. drug-mediated induction of

maternal liver UGT leading to maternal thyroid hor-

mone imbalances and, possibly, child neurodevelop-

mental impairment;

� Expanded search criteria: Direct human exposure to

liver enzyme inducing-substances with a focus on, but

not restricted to, antiepileptic drugs; relevant popula-

tion: exposed individuals regardless of age or gender;

exception: exposure via lactation.

� Comparison: Exposed humans versus non-exposed

humans.

� Outcome: (1) Liver enzyme induction; (2) increased serum

T4 clearance (and secondarily altered TSH levels); and (3)

in case of indirect (in utero) exposure, neurodevelopmen-

tal outcome (any type of parameter).

� Study type: Reviews, systematic reviews, meta-analyses,

observational studies.

Summary of the human evidence reviewed

Human evidence for how maternal TSH and fT4 levels

and child neurodevelopment may be linked

Below, the human evidence reviewed in pursuing Objective 1

is summarised. All of the evaluated articles used TSH and fT4

as measures of maternal thyroid function. The presence of

TPO antibody positivity was determined in some studies,

total T4 (tT4) in a few, and in one study also total T3. None

of the articles included specific evaluations of the thyroid

gland, e.g. ultrasound examination or histopathological ana-

lysis of biopsies.

Evidence from the systematic reviews and meta-analyses

Two systematic reviews (Fetene et al. 2017; Drover et al.

2019) and five meta-analyses (Fan and Wu 2016; Wang et al.

2016; Levie et al. 2018, 2019b; Thompson et al. 2018) were

included in the evaluation. Generally, these publications sug-

gested a link between high TSH and/or low T4 levels in the

serum of pregnant mothers and child neurodevelopmen-

tal impairment.

The only exception is the meta-analysis by Levie et al.

(2019b), which evaluated data from three cohort studies

together, i.e. (1) the Infancia y Medio Ambiente (Spain); (2) the

Generation R (The Netherlands); (3) the Avon Longitudinal

Study of Parents and Children (United Kingdom); for further

details on these three cohort studies, see below Section

Evidence from the observational studies. Levie and coworkers

found no clear evidence for an association between maternal

TSH and fT4 up until GW 18 and child attention deficit hyper-

activity disorder (Levie et al. 2019b). By contrast, the system-

atic review by Drover et al. (2019), that included 28 studies

(5 of which addressing neonatal thyroid hormone levels),

reported moderate evidence for such an association.

Overall, none of the systematic reviews and meta-analyses

revealed quantitative boundaries for high TSH and/or low T4

levels in the serum of pregnant mothers indicative of

increased risks for child neurodevelopmental impairment.
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Such boundaries could not be determined for various rea-

sons. On the one hand, the systematic reviews and meta-

analyses, as well as the underlying epidemiological studies,

were not designed to identify quantitative boundaries.

Therefore, the respective data were not collected and proc-

essed in view of meeting such a goal. Further, study design

of the individual epidemiological studies varied greatly, as

was also generally denoted in the systematic reviews and

meta-analyses.

Evidence from the randomised clinical trial

The randomised clinical trial was conducted in the UK

(Lazarus et al. 2012; Hales et al. 2018) and Italy (Lazarus et al.

2012) and assessed whether antenatal treatment for hypothy-

roidism was beneficial to child cognitive function (intelli-

gence quotient, IQ) at the age of 3 years (Lazarus et al. 2012)

and 9.5 years (Hales et al. 2018). “Suboptimal gestational thy-

roid function” requiring treatment was identified by either

low maternal serum fT4 (<8.4 pmol/L corresponding to

<2.5th percentile), or elevated TSH (>3.65mU/L or >97.5th

percentile), or a combination of both. Treatment for hypothy-

roidism (50 mg levothyroxine/day to achieve a target serum

TSH level of 0.1–1.0mU/L) was started in the positive women

at GW 13 and 3 days (median). The IQ of children of mothers

with normal gestational thyroid function did not differ from

that of children of mothers with either treated or untreated

suboptimal gestational thyroid function. Both Lazarus et al.

(2012) and Hales et al. (2018) concluded that antenatal treat-

ment for suboptimal gestational function without overt hypo-

thyroidism did not result in improved cognitive function

while cautioning that the treatment might have been initi-

ated too late in pregnancy to positively affect this (further

addressed in the Discussion Section).

Evidence from the observational studies

The prospective observational studies considered in this narra-

tive review used data from nine different mother–child cohorts:

1. The Generation R cohort from Rotterdam, Netherlands

(Henrichs et al. 2010; Ghassabian et al. 2011; Korevaar

et al. 2016a; Jansen et al. 2019);

2. An earlier Dutch cohort study using 220 mother–child

pairs (Pop et al. 1999);

3. The Spanish Environment and Childhood (Infancia y

Medio Ambiente) project cohort (Julvez et al. 2013);

4. The Millennium cohort study from Scotland, United

Kingdom (Williams et al. 2013);

5. The Northern Finland birth cohort 1986 (P€akkil€a

et al. 2015);

6. The Avon Longitudinal Study of Parents and Children

cohort, United Kingdom (Fetene et al. 2018, 2020;

Nelson et al. 2018);

7. A Danish case–cohort study investigating child neurode-

velopmental disorders (Andersen et al. 2018);

8. A nested case–control study embedded in the Child

Health and Development Study birth cohort from

California, USA, investigating child bipolar disorder

(Spann et al. 2020);

9. The Project Viva cohort from Massachusetts, USA (Oken

et al. 2009; Lain et al. 2020).

In these studies, maternal blood samples had been taken

between GW 9 and 13. Neurological assessments in the off-

spring were undertaken when the children were 10months

to 16 years old. Overall, the study designs varied greatly.

Differences relate to the criteria to select mother–child pairs,

to the reference levels and ranges applied to determine (dif-

ferent levels of) maternal hypothyroidism and/or hypothyroxi-

naemia (Table 1), and to the neurodevelopmental parameters

applied to assess child neurodevelopmental outcomes (see

Supplementary Information SI-2 for further details on cohort

eligibility criteria, confounders, and statistical ana-

lysis procedures).

With respect to reference levels of maternal thyroid func-

tion, Pop et al. (1999) and Henrichs et al. (2010) focused on

mothers with “mild hypothyroxinaemia” and “severe hypo-

thyroxinaemia” and defined these as fT4 levels below the

10th and 5th percentiles of the respective cohort-specific nor-

mal ranges, respectively. In Pop et al. (1999), these percen-

tiles correspond to <9.8 and <10.4 pmol/L, respectively, and

in Henrichs et al. (2010) to �10.96 and �11.76 pmol/L,

respectively. Ghassabian et al. (2011) and Spann et al. (2020)

defined “hypothyroxinaemia” by fT4 reference levels below

the respective 10th percentiles (corresponding to

<11.76 pmol/L in the study by Ghassabian et al. and

�0.86 ng/dL in the study by Spann et al.) and Julvez et al.

(2013) by a fT4 level below the 5th percentile (corresponding

to <8.39 pmol/L). Andersen et al. (2018) and Nelson et al.

(2018) categorised mothers into sub-cohorts exhibiting sub-

clinical hypothyroidism, overt hypothyroidism or hypothyroxi-

naemia and sought to identify statistically significant

differences in child neurodevelopmental outcomes between

these sub-cohorts. P€akkil€a et al. (2015) did not refer to per-

centiles, but defined fT4 levels of <11.4 pmol/L and TSH lev-

els of >3.1mU/L as outside the normal range. Korevaar et al.

(2016a) aimed at investigating “the shape of the association

between TSH or fT4 concentrations and child IQ or brain

MRI” (Table 1).

The human studies also varied greatly with respect to the

neurodevelopmental parameters and statistical analysis meth-

odologies. Neurodevelopmental assessments included psy-

chomotor and mental development, cognitive function (i.e.

IQ measurements), expressive vocabulary and educational

attainment, brain magnetic resonance imaging (MRI) and

diagnosis of autism, attention deficit hyperactivity disorder or

bipolar disorder (see Supplementary Information SI-2 for fur-

ther details).

While the assessments were mostly undertaken by trained

persons, in some studies they were undertaken by the moth-

ers or both parents (Henrichs et al. 2010; Ghassabian et al.

2011; P€akkil€a et al. 2015), or by the children themselves

(P€akkil€a et al. 2015).

In spite of the differences between the neurodevelop-

mental parameters, the majority of studies reports an

association between low maternal serum fT4 (and
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Table 1. Maternal thyroid hormone reference levels and/or ranges indicated in the evaluated studies.

Median, reference range Hypothyroidism Hypothyroxinaemia

Publication GW and GW range TSH [mU/L] fT4 [pmol/L; or noted] Overt Subclinical fT4: pmol/L

Meta-analyses, systemic review, workshop report

Fan and Wu (2016) Listed for
individual cohorts

Distinguishes between subclinical hypothyroidism and hypothyroxinaemia, but does not provide definitions for reference levels or normal ranges (also not
from the individual studies)

Wang et al. (2016) Not addressed Lists the definitions for hypothyroidism and hypothyroxinaemia provided in the individual studies (but not the respective normal references values)

European
Commission
(2017a)

Not applicable 4–10 Not addressed TSH > 10mU/L and
T4< reference
range

Mild: Normal TSH;
fT4< 10 pctl

Severe: TSH >
10mU/L OR
fT4< 5 pctl

Fetene et al. (2017) Indicates trimester Refers to hypothyroidism, subclinical hypothyroidism, mild and severe hypothyroxinaemia but without defining these terms (or mentioning the respective
definitions from the analyzed studies)

Thompson
et al. (2018)

Not addressed “high” and “low” TSH or fT4 / tT4 not defined “high” TSH and
“low” fT4 or tT4

“high” TSH and
normal fT4 or tT4

Normal TSH and
“low” fT4 or tT4

Levie et al. (2018) Lists means 2.5–97.5 pctl 2.5–97.5 pctl Not defined TSH > 97.5 pctl
fT4 normal

<2.5 pctl

Cohort, case–cohort and nested case–control studies

Pop et al. (1999) sampling at GW 12� Included, but
not recorded

13.2 Not defined Not defined <9.8¼ lowest 5 pctl
<10.4¼ lowest

10 pctl

Oken et al. (2009) 10.2� 0.35–5.5 tT4: 4.5–10.9mg/dL Dichotomised as
<2.5 or �2.5

Not defined Not defined

Henrichs
et al. (2010)

13.3 ± 1.7† 0.03–2.5 11–25 Not defined Not defined Mild: <11.76 ¼
<10 pctl

Severe: �10.96 ¼
<5 pctl

Ghassabian
et al. (2011)

13.3 ± 1.7† 0.03–2.5 11–25‡ Not defined Not defined <11.76 ¼ <10 pctl

Julvez et al. (2013) 13
8–20†

0.50–2.59
10–90 pctl

8.9–12.3
10–90 pctl

Not defined Not defined <8.39 ¼ <5 pctl

Williams
et al. (2013)

10� 1.7
(1.2–3.2)

15.0 (SD: 1.7)¶ Not defined Mild: TSH �
2.5mU/L

Not defined

P€akkil€a et al. (2015) 10.7 ± 2.8� 0.07–3.1§ 11.4–22.4 TSH > 3.1
fT4< 11.4

TSH > 3.1
fT4 normal

TSH normal
fT4< 11.4

Korevaar
et al. (2016a)

13.2; 95%
range: 9.8–17.5�

1.35 (0.05–4.96) 14.9 (10.2–22.4) TSH > 97.5 pctl
fT4< 2.5 pctljj

Andersen
et al. (2018)

9
5–19†

1.10 (0.13–3.41)
2.5–97.5 pctl#

14.77
(11.87–18.93)
2.5–97.5 pctl#

TSH > 97.5 pctl
fT4< 2.5 pctl

TSH > 97.5 pctl
fT4 normal

<11.87 ¼
<2.5 pctl

Derakhshan
et al. (2018a)

10
95% range: 6–14

0.11–3.48
2.5–97.5 pctl

11.6–19.4
2.5–97.5 pctl

Excluded from scope of Derakhshan et al. (2018a) study

Nelson et al. (2018) 10
8–12�

0.07–2.55
2.5–97.5 pctl

12.53–22.78
2.5–97.5 pctl

TSH > 97.5 pctl
fT4< 2.5 pctl

TSH > 97.5 pctl
fT4 normal

<12.53 ¼
<2.5 pctl

Spann et al. (2020) “early to
mid-gestation”†

>0.13–3.63
>5–95 pctl

>0.82–1.32 ng/dL
>5–95 pctl

TSH > 3.63 (>95
pctl)

TSH > 3.63 (>95
pctl)

fT4: >0.82–1.32 ng/

�0.86 ng/dL ¼
�10 pctl

(continued)
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Table 1. Continued.

Median, reference range Hypothyroidism Hypothyroxinaemia

Publication GW and GW range TSH [mU/L] fT4 [pmol/L; or noted] Overt Subclinical fT4: pmol/L

fT4� 0.82 ng/dL
(�5 pctl)

dL
(>5–95 pctl)

Lain et al. (2020) 10.2� tT4: 10.1mg/dL (SD: 2.0)
tT3: 21.2 mg/dL (SD: 3.8)
fT4 index: 2.1 SD: 0.4)

Dichotomised as
>2.5 or � 2.5

/ � 4.0

Not defined Not defined

Randomised clinical trials

Lazarus et al. (2012) 12 and 3 days;
range
not specified†

0.15–3.65
2.5–97.5 pctl

8.4–14.6
2.5–97.5 pctl

TSH > 97.5 pctl and/or fT4< 2.5 pctl

Hales et al. (2018) 1.16 14.12

�TPO-antibody positive mothers excluded or TPO-antibody positivity considered as potential confounder.
†No mention of exclusion (or non-exclusion) of TPO-antibody positive mothers.
‡This study also considered tT4; setting the normal range at 58–128 nmol/L further indicating that this relates to the normal population reference range � 1.5 “based on the recommendations of the Endocrine Society
Clinical Practice Guideline.”

¶This study also considered tT4, at GW 10, a median of 132.6 nmol/L (SD: 31.8) was recorded.
§Upper reference limit: 2.5 multiples of median (M€annist€o et al. 2011).
jjKorevaar et al. (2016a) aimed at investigating “the shape of the association between TSH or fT4 concentrations and child IQ or brain MRI.” During further evaluations, mothers with overt hypothyroidism and overt hyper-
thyroidism (TSH < 97.5 percentile and fT4> 2.5 percentile) were excluded from the evaluation.

#GW- and method-specific reference ranges established for this cohort (Laurberg et al. 2016).
GW: gestational week; Pctl: percentile; fT4: free thyroxine; SD: standard deviation; TPO: thyroid peroxidase; TSH: thyroid stimulating hormone; tT3: total T3; tT4: total thyroxine.
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Table 2. Association between maternal serum fT4 and TSH levels and statistically significant neurodevelopmental outcomes in the offspring.

Findings in the pregnant mothers Statistically significant findings in the offspring Reference

Association between reduced maternal serum fT4 levels and statistically significant neurodevelopmental outcomes in the offspring

fT4< 10th percentile at GW 12 Impaired child psychomotor development at 10months Pop et al. (1999)

fT4< 10th percentile at GW 13 Expressive language delay when evaluating 18- and 30-month-old
children together

Henrichs et al. (2010)

fT4< 5th percentile at GW 13 Decreased child mental scores at 14months Julvez et al. (2013)

fT4< 11.4 pmol/L at GW 10.7 Repetition of school class in boys P€akkil€a et al. (2015)

fT4< 3rd to <11th (and >88th to >97th
percentiles) at GW 13.2

Lower child IQ at 6 years Korevaar et al. (2016a)

Continuous range of fT4 levels Inverted U-shaped association with child total gray matter and cortex
volume (MRI) in subset of 646 children (no statistical significance
within gestational normal-range fT4)

Korevaar et al. (2016a)

fT4< 2.5th percentile Autism spectrum disorders in girls Andersen et al. (2018)

fT4< 10th percentile Fivefold increased risk of bipolar disorder with psychotic features;
fourfold increased risk for offspring bipolar disorder in females (6
cases), but not in males (2 cases)

Spann et al. (2020)

Association between increased maternal serum TSH levels and statistically significant neurodevelopmental outcomes in the offspring

Higher TSH at GW 13.3 Attention problems and aggressive behaviour when both the
mother- and father-reported scores were combined using both the
data from 1.5- and 3-year-old children

Ghassabian et al. (2011)

TSH > 3.1mU/L at GW 10.7 Self-evaluated difficulties in mathematics in girls P€akkil€a et al. (2015)

Continuous range of TSH levels Inverted U-shaped association with offspring total gray matter
volume and with cortical gray matter volume

Jansen et al. (2019)

No statistically significant associations between altered maternal fT4 or TSH and neurodevelopmental outcomes in the offspring

No association between maternal TSH or TPO antibody levels at GW 10 and child cognitive scores at 5.5 years Williams et al. (2013)

Maternal thyroglobulin antibody levels associated with significantly lower scores on Perceptual Performance and Motor scales Williams et al. (2013)

No associations between maternal thyroid function and (1) child educational attainment at 4.5 and 15 years; (2) child
emotional and behavioural problems at 3.5, 6.75, 9 and 11 years; or (3) child ADHD at 7.5 and 15 years

Nelson et al. (2018)
Fetene et al. (2018, 2020)

Maternal tT4 and TSH were not associated with child cognitive outcomes at 6months, 3 or 7.7 years and maternal total T3,
fT4, TPO antibody levels were further not associated with child cognitive outcomes at 7.7 years. Lain et al. (2020) did
though note that the cohort size of 514 mother–child pairs may have been too small to observe significant differences

Oken et al. (2009)
Lain et al. (2020)

fT4: free thyroxine; GW: gestational week; IQ: intelligence quotient; MRI: magnetic resonance imaging; TSH: thyroid stimulating hormone.

Box 1. Associations between maternal thyroid function and child brain MRI reported by Korevaar et al. (2016a) and Jansen et al. (2019).
Korevaar et al. (2016a)

A total of 3,839 mother–child pairs of the Generation R cohort were considered. It was strived to establish associations between maternal thyroid func-
tion and child neurodevelopmental outcomes across the entire range of maternal TSH and fT4 measurements.
Child IQ was measured in all children. Brain MRI analysis was conducted in a subset of 646 children (age: 8 years).
During statistical analysis, the shape of association between TSH or fT4 and child IQ or brain MRI outcomes was assessed using ordinary least-squares lin-
ear regression models with restricted cubic splines with three knots at the 10th, 50th, and 90th percentiles, building multiple linear regression models
accordingly. Additionally, standard multivariate linear regression models were created with quadratic terms to provide effect estimates.
Child total gray matter volume and cortex volume were positively associated with child IQ (p¼ 0.0044). There was a statistically significant inverted U-
shaped association between maternal fT4 levels and child total gray matter and cortex volume (p¼ 0.0062 and 0.0011, respectively). This association
remained similar after excluding women with overt hypothyroidism and overt hyperthyroidism (Table 1). Within gestational normal-range fT4
(10.2–22.4 pmol/L; n¼ 613), the overall association of maternal fT4 with mean child gray matter or cortex volume did not remain statistically significant.
There was a non-significant inverted U-shaped association between maternal fT4 and child IQ when all 3,839 mother–child pairs were evaluated. In a
subset of 598 mother–child pairs with data for both IQ and brain MRI, maternal fT4 concentration was not associated with child IQ.
Maternal TSH levels were not associated with child IQ. Associations between maternal TSH and child total gray matter volume and cortex volume disap-
peared after correction for total brain volume.
All results were independent of maternal human chorionic gonadotropin, TPO antibodies, or child TSH and fT4 concentrations.

Jansen et al. (2019)
Similar setting using mother–child pairs from the Generation R cohort as applied by Korevaar et al. (2016a). Here, brain MRI was conducted in 1,981 chil-
dren (median age: 9.9 years). Multivariable linear regression models were used to study the association of maternal TSH and fT4 with brain outcomes.
There was an inverted U-shaped association of maternal TSH and fT4 with offspring total gray matter volume (p¼ 0.007) and with cortical gray matter
volume (p¼ 0.022). When the analyses were adjusted for total brain volume, only TSH but not fT4 remained statistically significant. The association
between maternal TSH and child total gray matter volume was most evident for TSH levels within the first 14weeks of pregnancy.
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metabolism (and as stands in line with the focus of Appendix

A of EFSA and ECHA (2018) Endocrine Disruptor Guidance).

UGTs are phase II enzymes that catalyze thyroid hormone

glucuronidation, thereby increasing their solubility for renal

and biliary excretion (Strolin Benedetti et al. 2005). Other

pathways, including sulfation, deiodination, ether bond cleav-

age and/or oxidative deamination, as well as transport proc-

esses, also contribute to thyroid hormone clearance in

humans (DeGroot and Jameson 2001; Wong et al. 2005).

Relevant aspects of such metabolic processes are further dis-

cussed in the planned second review on thyroid-related

AOPs which include neurodevelopmental adverse outcomes.

Evidence for impact of maternal exposure to liver

enzyme-inducing substances on child neurodevelopment

The literature search yielded one article (Builee and Hatherill

2004) addressing all three key events of Objective 2. Builee

and Hatherill (2004) is not a research article, but a literature

review. It did not consider antiepileptic drugs, but the impact

of polyhalogenated aromatic hydrocarbons on UGT-induction

in pregnant mothers leading to low maternal serum thyroid

hormone levels and consequently child neurodevelopmental

impairment. Importantly, Builee and Hatherill (2004) only dis-

cussed the mechanisms by which liver enzyme-induced T4

reductions leading to neurodevelopmental impairment might

occur upon exposure to these substances, but provided no

evidence that the sequence of key events actually occurs.

Specifically, evidence was only provided for either substance-

mediated liver enzyme induction leading to altered serum T4

levels or altered serum T4 levels leading to child neurodevel-

opment, but made no attempt to link the two processes.

Further, the scientific literature cited in regard to liver

enzyme induction exclusively relates to in vitro assays or

in vivo rodent studies and takes no account of potential spe-

cies differences in the control and regulation of hepatic and

thyroid hormone control. Of note, the different polyhalogen-

ated aromatic hydrocarbons considered by Builee and

Hatherill are no longer produced or marketed in Europe or

North America (Council 1985; EP and Council 2003; US

EPA 2017).

Another literature review (Verrotti et al. 2014) addressed

the possible link between maternal exposure to antiepileptic

drugs and developmental neurotoxicity in the offspring, how-

ever without consideration of liver enzyme induction. This

review had a focus on animal studies supplemented by infor-

mation from in vitro developmental neurotoxicity assays, but

also summarised human studies addressing if in utero expos-

ure to antiepileptic drugs affects child neurodevelopment.

For antiepileptic drugs that are known to induce liver

enzymes, some human studies reported an adverse impact of

in utero exposure on offspring IQ whereas others did not

(Verrotti et al. 2014).

From amongst the human studies summarised by Verrotti

et al. (2014), the study by Reinisch et al. (1995) was selected

for further evaluation as it reported an adverse impact of in

utero exposure to phenobarbital on cognitive function (par-

ameter: IQ levels in adult men). Two independent double-

blind studies were presented. The second study was

conducted with the aim of replicating the initial findings

using an independent study population and a different

standard measure of intelligence. Generally, both studies pre-

sented by Reinisch et al. (1995) indicated that in utero expos-

ure to phenobarbital resulted in reduced IQ in adult men.

With respect to Objective 2 of the present review, Reinisch

et al. did not investigate if and how phenobarbital exposure

affected liver enzyme levels as an initiating event for

increased thyroid hormone clearance. Further, the phenobar-

bital exposure groups were formed based upon the indica-

tion of phenobarbital treatment in the mothers’ medical

records, but there is no mention of why phenobarbital was

prescribed to the mothers, and clinical information from the

mothers was scant. Even though phenobarbital has a limited

list of indications, the paucity of clinical information does not

preclude that the mothers might have exhibited a specific

pathophysiological feature that could also account for the

cognitive findings of their children. Further, phenobarbital is,

in itself, a sedative able to cross the placenta (De Carolis

et al. 1992). Therefore, a clear distinction between a direct

and indirect, thyroid hormone-mediated effect on the child

nervous system cannot be made.

In summary, the reviews by Builee and Hatherill (2004)

and Verrotti et al. (2014), just as the exemplary epidemio-

logical study (Reinisch et al. 1995), did not include informa-

tion of relevance for Objective 2. They did not indicate

whether or not liver enzyme activities were actually induced

in these studies, or whether there was any consequential

change in the maternal serum T4, or, ultimately, in child

neurodevelopment.

Evidence for impact of exposure to substances, which

induce liver enzymes, on serum T4 (and TSH) levels

Due to the paucity of information retrieved, this part of the

review considered a modification of the first two key events

listed above with respect to Objective 2, i.e. (1) the impact of

substance-mediated liver enzyme induction; (2) on serum thy-

roid hormone levels in human volunteers or patients (regard-

less of age or gender, but excluding exposure via lactation).

Hence, this part of the review did not consider the impact

of in utero substance exposure on child neurodevelopment.

Following these specifications, one meta-analysis and twelve

human studies were retrieved and evaluated:

Zhang et al. (2016) is a meta-analysis of 35 studies encom-

passing 997 patients, which generally showed that antiepileptic

drug treatment of epileptic patients induces a significant

decrease in fT4 levels and an increase in TSH levels. The meta-

analysis, just as the underlying studies, did not specifically con-

sider liver enzyme induction. Instead, Zhang and coworkers

very generally discussed evidence by others indicating that, by

inducing hepatic microsomal enzyme systems, antiepileptic

drugs likely accelerate the metabolism of thyroid hormones.

With respect to human UGT, Zhang et al. (2016) denote that

high levels of UGT were observed in some studies upon antiepi-

leptic drug exposure. Eir�ıs-Pu~nal et al. (1999) and Shorvon

(2000) are cited to substantiate this statement. However, these

two papers do not mention UGT induction (Box 2).
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Twelve human studies were retrieved that addressed the

impact of antiepileptic drug treatment on T4 levels (and

some also on TSH levels) and included measurements of liver

function (see Supplementary Information SI-3 for further

details). None of these human studies included assessments

of UGT. Instead, the following direct or indirect parameters of

liver function were measured:

� Antipyrine clearance (measure of the induction of cyto-

chrome P450/monooxygenases): Seven publications

(Ohnhaus et al. 1981; Ohnhaus and Studer 1983; Connell

et al. 1984; Perucca et al. 1984; Patsalos et al. 1990;

Larkin et al. 1991; Isoj€arvi et al. 1995);

� Urinary excretion of D-glucaric acid or 6-b-hydroxy corti-

sol (indirect markers of cytochrome P450 induction): Four

publications (Ohnhaus et al. 1981; Ohnhaus and Studer

1983; Perucca et al. 1984; Larkin et al. 1991);

� Gamma glutamyl transferase: Four publications (Luoma

et al. 1980; Ohnhaus et al. 1981; Ohnhaus and Studer

1983; Isoj€arvi et al. 2001);

� Serum lipid profiles: Two publications (Attilakos et al.

2007; Elger et al. 2016);

� Serum bilirubin: Luoma et al. (1980);

� Thyroxine binding globulin: Ohnhaus et al. (1981);

� Thyroxine binding globulin and transthyretin: Larsen

et al. (1970).

Reviews addressing the impact of exposure to liver

enzyme-inducing substances on serum T4 (and TSH) levels

Eight reviews were retrieved that addressed how treatment

with antiepileptic drugs leads to liver enzyme induction

thereby affecting serum T4 (and TSH) levels (Curran and

DeGroot 1991; Capen 1992; Anderson 2004; Strolin Benedetti

et al. 2005; Ennulat et al. 2010; Ghassabian and Trasande

2018; Mughal et al. 2018). Relevant epidemiological informa-

tion from these reviews is summarised in the Supplementary

Information SI-4.

Overall, the eight reviews highlight:

1. Species differences between rats and humans regarding

the impact of liver enzyme induction on T4 and TSH lev-

els; and

2. The paucity of information from human studies related

to the substance-mediated induction of UGTs.

Importantly, all of these reviews addressed substance-

mediated liver enzyme induction in animal studies or in vitro

studies. As such, they are only suggestive that similar conse-

quences might occur in humans.

Discussion

Based upon the human evidence summarised above, this sec-

tion aims at answering the questions raised in the

Introduction with respect to Objective 1 (Evaluate human evi-

dence for how maternal thyroid hormone levels and child

neurodevelopmental effects may be linked) and Objective 2

(Evaluate human evidence for a link between (maternal) sub-

stance-mediated UGT induction and increased serum T4

clearance and, ultimately, child neurodevelopmental impair-

ment). In addition, the scientific evidence supporting

Appendix A of EFSA and ECHA (2018) Endocrine Disruptor

Guidance and the European Commission (2017a) Thyroid

Disruption Workshop Report is further discussed. The conclu-

sions on Objectives 1 and 2 are then used to further pursue

the overarching goal to identify parameters in human studies

that appear most relevant for toxicological assessments.

Objective 1: human evidence for how maternal thyroid

hormone levels and child neurodevelopment may

be linked

Do internationally accepted normal values (ranges) for

serum TSH or thyroid hormone levels in pregnant women

exist? If not, are they needed e.g. for the interpretation of

human studies?

Generally, internationally accepted generic ranges for

“normal,” “low,” or “high” TSH, T4 or T3 levels do not exist

(WHO 2012; Medici et al. 2015; Alexander et al. 2017;

Jonklaas and Razvi 2019). Instead, population-based reference

ranges in TPO-antibody negative women are propagated (see

e.g. Alexander et al. 2017), with criteria for such ranges hav-

ing been applied differently across epidemiology studies (see

below). If population-based reference ranges are not available

for TSH, the usage of fixed cutoffs has been recommended.

For example, in 2011, the American Thyroid Association set

2.5 and 3.0mU/L TSH during the first and second trimesters

of pregnancy, respectively, as such fixed upper cutoffs

(Stagnaro-Green et al. 2011).

Maraka et al. (2017) discussed the clinical implications of

these upper limits:

“According to these diagnostic criteria, subclinical hypothyroidism

[… ] is estimated to affect up to 15% of pregnancies in the US and

14% in Europe. This represents a fivefold increase in prevalence

compared with the 2–3% prevalence of subclinical hypothyroidism

Box 2. References to the statement in Zhang et al. (2016) that high levels of UGT were observed in some studies upon antiepileptic drug exposure.

Eir�ıs-Pu~nal et al. (1999) evaluated serum thyroid hormone and thyroxine binding globulin levels in epileptic children under long-term antiepileptic drug
therapy. They did not report measuring any other liver parameters apart from thyroxine binding globulin. Children receiving carbamazepine or valproate
(but not those receiving phenobarbital) had significantly reduced thyroxine binding globulin levels. Eir�ıs-Pu~nal et al. discussed that thyroid hormone
reductions might be caused by competitive displacement from thyroxine binding globulin or by increased hepatic clearance due to the enzyme-inducing
activities of these drugs. This latter statement is not referenced.
Shorvon (2000) is a review on oxcarbazepine that mentions that this drug (other than carbamazepine) hardly induces hepatic cytochrome P450 and that
it has little effects on thyroid or sex hormones.
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before these criteria were established, raising the possibility of

overdiagnosis of subclinical hypothyroidism and discussions [… ]

about increasing the TSH cut-off limit to 4.0 mIU/L…”

Indeed, in 2017, the American Thyroid Association raised

the upper cutoff for TSH in the first trimester of pregnancy

to 4.0mU/L (Alexander et al. 2017).

The European Commission (2017a) Thyroid Disruption

Workshop Report also highlighted that there is no internation-

ally accepted normal TSH range and discussed the implications

thereof: “As there is no consensus on the upper normal range

of TSH, there is a controversy about the definition and clinical

relevance of subclinical hypothyroidism (Hamilton et al. 2008)”

(p. 98 in European Commission 2017a).

The European Commission (2017a) Workshop Report indi-

cates the following types of altered maternal serum TSH and/

or T4 levels:

� Overt hypothyroidism: “TSH serum levels >10mU/L and

T4 levels below the reference range” (note: most likely,

this definition relates to population-specific refer-

ence ranges);

� Subclinical hypothyroidism “is diagnosed as ‘mild’ with

normal TSH serum levels between 4 and 10mU/L and fT4

below the 10th percentile of the reference range. The cri-

teria for ‘severe’ subclinical hypothyroidism vary some-

what. It is sometimes defined as TSH levels >10mU/L.

Other authors classify ‘severe’ hypothyroidism with TSH

in the normal range and fT4 levels below the 5th per-

centile of the reference range” (p. 98 in European

Commission 2017a).

Notably, this definition for “subclinical mild hypo-

thyroidism” matches the usual definition for “isolated hypo-

thyroxinaemia.” By contrast, the term “subclinical severe

hypothyroidism” appears contradictory in itself since severe

findings should be overt. Since the European Commission

(2017a) Workshop Report is the main reference used in

Appendix A of EFSA and ECHA (2018) to substantiate the

view that low maternal serum thyroid hormone levels per se

result in child neurodevelopmental impairment, the short-

comings of the definitions for altered maternal serum TSH

and/or T4 levels in the workshop report also compromise the

statements made in Appendix A.

Normal fT4 ranges are usually expressed as specific inter-

vals of values (percentiles) with the absolute fT4 values being

study-specific. The International Federation of Clinical

Chemistry and Laboratory Medicine (IFCC) has defined the ref-

erence interval (i.e. reference range) as the prediction interval

which includes the central 95% of reference values or test

results from well-defined healthy individuals (Ichihara et al.

2017). Thereby, values <2.5th percentile and >97.5th per-

centile lie outside the normal reference range and thus are

“abnormal.” This implies that, following the IFCC definition

for reference interval, subclinical mild and severe hypothy-

roidism as defined by European Commission (2017a), and

also hypothyroxinaemia as defined in a number of cohort

studies included in the present narrative review (see below),

include both “normal” and “abnormal” fT4 levels.

As mentioned above, “population-based” reference ranges

for serum fT4 (and TSH) are propagated. “Population” can

relate to e.g. a country, a region, or other pre-defined group

of people. Thereby, population-based reference ranges are

dependent on ethnicity, age, TPO-antibody status, and iodine

status of the given population. Further, population-based fT4

and TSH reference ranges are assay- and laboratory-depend-

ent (Oken et al. 2009; Korevaar et al. 2013, 2017; Medici et al.

2015; Spencer et al. 2015; Lain et al. 2017; Maraka et al. 2017;

Derakhshan et al. 2018a, 2018b; Jonklaas and Razvi 2019;

Midgley et al. 2019; Razvi and Hostalek 2019; Su et al. 2019;

Yang et al. 2019). It is also noteworthy that fT4 measure-

ments are influenced by the concentration of thyroxine bind-

ing protein present in the sample and that this concentration

changes considerably during pregnancy (Moleti et al. 2014).

Similarly, maternal fT4 levels vary physiologically during preg-

nancy (Laurberg et al. 2016) just as all endocrine systems are

inherently flexible and can adapt to altered physiological

states (Glinoer 1997).

It is very important to consider all of these aspects when

striving to establish a population-specific normal serum fT4

range for pregnant women (as described e.g. in Roche 2009).

Indeed, the absolute values of the normal ranges of fT4

(and TSH) differed between the different human studies (e.g.

fT4: 11–25 pmol/L (Henrichs et al. 2010), 8.9–12.3 pmol/L

(Julvez et al., 2013), 15.0 ± 1.7 pmol/L (Williams et al., 2013);

TSH: 0.35–5.5mU/L (Oken et al., 2009), 0.03–2.5mU/L

(Henrichs et al., 2010), 1.2–3.1mU/L (Williams et al., 2013);

Table 1). This can at least partly be explained by the differen-

ces in the criteria to include mother–child pairs in the

cohorts, in the specific time points (GW) of sampling of

maternal blood within the first trimester of pregnancy, and in

the hormone measurement assays applied (as well as in the

laboratories conducting these assays).

In summary, due to the various factors affecting normal

variability of fT4, it is not surprising that a single physiologic-

ally relevant normal range for fT4 could not be identified

(Alexander et al. 2017). Addressing such issues requires wide

base efforts within the scientific community to joins forces to

generalise all available evidence and to provide evidence-

based recommendations, e.g. as has been initiated within the

Consortium on Thyroid and Pregnancy (Korevaar et al. 2016b).

As long as normal ranges for maternal fT4 (or TSH) are

unavailable, transparency on the specific criteria applied to

define cohorts and to evaluate study outcomes are key to

ensure the relevance of findings and to enable at least lim-

ited between-study comparability. For example, as a starting

point to the Swedish Environmental Longitudinal, Mother and

Child, Asthma and Allergy study, Derakhshan et al. (2018a)

pre-defined the reference ranges and determinants of thyroid

function during early pregnancy in that cohort and high-

lighted that: “Population-based thyroid function references

ranges are required to optimally diagnose thyroid diseases in

a clinical setting and to perform studies on adverse out-

comes” (Derakhshan et al. 2018a).

As regards further serum parameters of maternal thyroid

function, maternal tT4 was only included in a few studies

(Oken et al. 2009; Ghassabian et al. 2011; Lain et al. 2020)

and the meta-analysis by Thompson et al. (2018). Total T3
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was only considered in one study (Lain et al. 2020), whereas

fT3 was not evaluated in any of the human studies (Table 1).

The work by Oken et al. (2009) and Lain et al. (2020) focuses

on parameters of neonatal thyroid function, whereas mater-

nal parameters are only briefly addressed. Overall, the avail-

able data on maternal tT4, total T3 and free T3 do not allow

for establishing any associations with parameters for child

neurodevelopment. Therefore, these parameters are not con-

sidered further in the sections below.

Is it possible to identify thresholds for altered serum TSH

or fT4 levels in pregnant women indicating an increased

risk for child neurodevelopmental impairment?

Generally, no. While the human evidence evaluated in the

present narrative review is overall in support of a link

between maternal thyroid function and child neurodevelop-

mental outcomes, it is insufficient to establish quantitative

boundaries for high TSH and/or low fT4 levels in the mater-

nal serum beyond which an increased risk for child neurode-

velopmental impairment may be expected.

This can, at least partly, be explained by pronounced dif-

ferences in the study designs with respect to the evaluation

of maternal thyroid function and, most substantially, to the

wide spectrum of neurodevelopmental outcomes investi-

gated in the children (Table 2). A crucial issue impairing the

comparability of the reviewed studies is that confounders

were differently defined and considered when selecting

mothers for the respective cohorts (see above for population,

assay- and laboratory-dependency of TSH and fT4 reference

ranges). For example, some cohort studies excluded mothers

with alcohol consumption before or during pregnancy,

whereas others did not. Similarly, some cohort studies

excluded TPO-antibody positive mothers, whereas others did

not (Supplementary Information SI-2). TPO-antibody-positivity

and altered levels of human chorionic gonadotropin appear

to play prominent roles in the interpretation of thyroid dys-

function (Korevaar et al. 2017; Derakhshan et al. 2018b).

Other confounders influencing foetal neurodevelopment,

such as different genetic syndromes, maternal metabolic dis-

eases (e.g. diabetes), drug use, smoking, pre-eclampsia, pre-

term birth, low birthweight, should also be considered when

assessing the impact of maternal thyroid function on child

neurodevelopmental outcomes (US EPA 2015; Ornoy

et al. 2016).

In most studies, increased risks for neurodevelopmental

impairment were reported in children born from women who

exhibited isolated low serum fT4 levels during pregnancy.

Only in three studies, such increased risks were reported for

children born from mothers with increased TSH (i.e.

Ghassabian et al. 2011; P€akkil€a et al. 2015; Jansen et al.

2019). This is unsurprising since mothers with previous diag-

noses of thyroid dysfunction (e.g. overt hypothyroidism) were

generally excluded from the studies. Therefore, the majority

of mothers with altered serum hormone parameters included

in the cohorts were hypothyroxinaemic, i.e. they exhibited

isolated low fT4.

When interpreting the clinical implications of isolated low

maternal fT4, it is important to note that, following some of

the cohort-specific thresholds, the range for “abnormal fT4”

also included “normal” hormone levels as per IFCC definition

for reference interval, i.e. 2.5th–97.5th percentiles (Ichihara

et al. 2017). Pop et al. (1999) and Henrichs et al. (2010)

defined mild and severe hypothyroxinaemia as fT4 levels

undercutting the 5th and 10th percentiles, respectively.

Julvez et al. (2013) defined hypothyroxinaemia as fT4< 5th

percentile, and Ghassabian et al. (2011) as <10th percentile

(Table 1). Hence, as per IFCC definition for reference interval,

the definitions for hypothyroxinaemia applied in the different

cohort studies include both abnormally reduced maternal fT4

levels (i.e. fT4< 2.5th percentile) as well as low, but normal

maternal fT4 levels (i.e. fT4 between the 2.5th and 5th or

10th percentiles). Indeed, increased incidences of neurodeve-

lopmental effects were also recorded for children of mothers

exhibiting low fT4 levels, which were normal as per IFCC def-

inition., Hence, the IFCC definition for “normality,” which is

based upon a statistical analysis of variance, does not neces-

sarily coincide with the fT4 range indicating functional suffi-

ciency. However, child neurodevelopment can also be

impaired by mechanisms unrelated to the thyroid hormone

system. It is most likely also for such reasons, that from the

human evidence evaluated in the present review, it is not

clear whether clear-cut quantitative boundaries for maternal

serum fT4 (or TSH) levels indicating increased risk for child

neurodevelopmental impairment can be determined.

This observation is supported by the findings reported by

Korevaar et al. (2016a) and Jansen et al. (2019), who assessed

the association between maternal hormone levels and child

neurodevelopment across the entire range of measurements.

The inverted U-shaped associations between maternal serum

fT4 or TSH levels and child total gray mater recorded by

Korevaar et al. (2016a) and Jansen et al. (2019), respectively,

did not indicate clear-cut quantitative boundaries for either

maternal fT4 or TSH below or above which there were no

effects on child total gray matter or cortex volume.

In summary, the present review of available human stud-

ies did not allow the identification of a single physiologically

relevant normal range for fT4 (or TSH), or quantitative boun-

daries for maternal fT4 reduction (and/or TSH increase) indi-

cating an increased risk for neurodevelopmental impairment

in the children. Nonetheless, it is biologically plausible that a

quantitative boundary for low fT4 levels indicating such

increased risks exists (Moog et al. 2017). The unavailability

of this quantitative information indicates a pertinent

research need.

Finally, the attempt to identify quantitative boundaries for

maternal fT4 and/or TSH levels indicating increased risks for

child neurodevelopmental impairment considered if a specific

window of susceptibility could be identified within the first

trimester of pregnancy, i.e. the period during which foetal

dependency on maternal T4 for physiological neurodevelop-

ment is greatest. Generally, this assessment was restricted by

the circumstance that the vast majority of studies only

included maternal blood sampling at one single timepoint.

Only Pop et al. (1999) mentioned maternal blood sampling at

two different timepoints (GW 12 and 32, i.e. during the first

and the third trimester of pregnancy), and no publication

included different timepoints of blood sampling during the
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first trimester. However, Jansen et al. (2019), stratified the

study results (mean child total gray matter and cortex vol-

ume at 10 years of age) by gestational age at maternal blood

sampling (intervals: GW 8, 10, 12, 14, 16 and 18; overall

median: GW 13.3). This stratification showed that the inverted

U-shaped association of maternal TSH with child total gray

matter volume and cortical gray matter volume was most

evident at GW 8. By contrast, after about GW 14, maternal

TSH was no longer associated with child brain morphology

(Jansen et al. 2019). Similarly, a recent meta-analysis of the

correlation between maternal iodine status and child IQ

found a positive curvilinear association of maternal urinary

iodine/creatinine ratio with mean verbal IQ (children assessed

at 1.5–8 years) that was only present up to GW 14 (Levie

et al. 2019a). In line with these findings, several of the

observational studies deserve to be reassessed excluding

mother–child pairs in which the maternal blood was sampled

after the first trimester since they might yield different

study outcomes.

Is there evidence for a correlation between altered serum

TSH or thyroid hormone levels in pregnant women with-

out a history of thyroid disease and increased risk for

child neurodevelopmental impairment?

While the human evidence evaluated in the present review

implies that such an association exists, it is currently

unknown if this association is causal.

Generally, the clinical diagnosis of thyroid disease or thy-

roid dysfunction is difficult to make since thyroid-specific

complaints overlap with numerous nonspecific symptoms

such as fatigue and body weight gain (Midgley et al. 2019).

Further, due to the differing normal ranges of fT4 (and all

other hormones related to the thyroid hormone system),

there is no clear-cut distinction between subclinical and overt

thyroid disease or between “normality” and “abnormality”

(see above). While all studies excluded mothers with diag-

nosed thyroid dysfunction, it is likely that serum TSH and fT4

levels of these mothers overlap with subclinical hypothyroid-

ism or hypothyroxinemia as specifically addressed in the

cohorts. Therefore, when reviewing the human studies, it is

not possible to differentiate if only pregnant women with

overt hypothyroidism (i.e. low fT4 and high TSH levels) have

a higher risk for impaired neurodevelopment of their chil-

dren, or if this risk is also present in case of isolated reduced

fT4 (i.e. hypothyroxinaemia) or isolated TSH (i.e. subclinical

hypothyroidism). Andersen (2019) found 12.5% of randomly

assessed pregnant mothers to exhibit abnormal thyroid func-

tion in the early pregnancy, with subclinical thyroid function

abnormalities expectedly being more frequent than

overt disease.

Further, other than in animal toxicity studies, where the

determination of adversity is often based upon histopatho-

logical evaluations, the observational human studies gener-

ally do not include histopathology of the thyroid gland.

Therefore, they do not provide information on whether (and

if so, on how) reduced serum fT4 levels might be correlated

with histological alterations of the thyroid gland. If histo-

logical alterations of the thyroid gland were observed, this

would strongly indicate that any concordant low serum fT4

levels were indeed sufficient to activate the hypothalamic–pi-

tuitary–thyroid axis. By contrast, low serum fT4 recorded in

the absence of such histopathological alterations might also

indicate an incidental finding or a transient and physiological

adaptive response of the highly versatile thyroid hor-

mone system.

Appendix A of EFSA and ECHA (2018) Endocrine Disruptor

Guidance states: “It is known from the broad knowledge of

biology (e.g. human clinical experience and epidemiological

data) that a drop in T4 results in impaired pre- and postnatal

neurological development.” This statement is linked to

Alshehri et al. (2015) as the sole reference. Alshehri et al.

(2015) is a literature review on the role of transthyretin, a

thyroid hormone serum binding protein, in neurobiology.

Therefore, it is unclear why the statement on T4 and child

neurodevelopment in Appendix A is linked to Alshehri et al.

(2015). Interestingly, the review by Alshehri et al. (2015) also

plays a pivotal role in the European Commission (2017a)

Thyroid Disruption Workshop Report that in turn is used as

the sole reference in Appendix A to substantiate the view

that rats and humans are equally sensitive to thyroid disrup-

tion. In this workshop report, different statements on such

equal sensitivity are linked to Alshehri et al. (2015) as the

sole reference. The Supplementary Information SI-5 provides

a detailed presentation and discussion of the sequence of

references tracing back the evidence presented by Alshehri

et al. (2015). This sequence of references clearly shows that

the Alshehri et al. (2015) review does not provide any object-

ive information on a link between maternal T4 reduction

with, or without, history of thyroid disease and child neuro-

developmental outcomes, or on human versus rodent sensi-

tivity to thyroid disruption.

Is there evidence that T4 supplementation in healthy

pregnant women with high TSH and/or low T4 serum lev-

els decreases the risk for neurodevelopmental impairment

in their children?

The evaluated human evidence does not allow establishing if

T4 supplementation in healthy pregnant women with iso-

lated low serum T4 levels will decrease the risk for neurode-

velopmental impairment in their children.

In the randomised clinical trial by Lazarus et al. (2012) and

Hales et al. (2018), T4 supplementation (i.e. levothyroxine

therapy) in healthy pregnant women with low serum fT4 val-

ues did not decrease the risk for reduced cognitive function

in their children. However, most likely, treatment of subopti-

mal gestational thyroid function was initiated too late in

pregnancy. While the trial excluded pregnant mothers if the

pregnancy had exceeded GW 15, the effect of suboptimal fT4

concentrations is presumably most detrimental in the first tri-

mester of pregnancy so that treatment should have been ini-

tiated even earlier.

Similar to the findings by Lazarus et al. (2012) and Hales

et al. (2018), Casey et al. (2017) reported that treatment for

subclinical hypothyroidism and hypothyroxinaemia beginning

before GW 17 and at GW 18, respectively, did not result in

significantly better cognitive outcomes in children up to
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5 years of age (as compared to no treatment for those condi-

tions). Hence, also in this trial, treatment may have been initi-

ated too late in pregnancy to positively affect child

neurodevelopmental outcomes (see also our discussion

above related to “Is it possible to identify thresholds for

altered serum TSH or fT4 levels in pregnant women indicat-

ing an increased risk for child neurodevelopmental

impairment?”, which shows that any associations between

maternal thyroid hormone levels and child neurodevelop-

ment were most pronounced at GW 8, and no longer observ-

able after approximately GW 14).

In this respect, the recommendations of the European

Thyroid Association (Lazarus et al. 2014) regarding subclinical

hypothyroidism in pregnancy are noteworthy: “… there is no

demonstrable effect of maternal levothyroxine treatment on

child neurodevelopment in relation to maternal subclinical

hypothyroidism or maternal hypothyroxinaemia.”

Nevertheless, for the potential benefit of the child, it is rec-

ommended: “… levothyroxine therapy may be considered in

isolated hypothyroxinaemia detected in the first trimester

because of its association with neuropsychological impair-

ment in children” (Lazarus et al. 2014).

Can the most sensitive parameter(s) addressing child neu-

rodevelopmental outcomes be identified?

No, not from the evidence collected in the present review.

Just as the definitions for maternal thyroid dysfunction dif-

fered between studies, the human studies applied a broad

variety of behavioural, neurodevelopmental neurological and

anatomical parameters and statistical analysis methodologies

to evaluate child neurodevelopmental outcomes (Table 2 and

Supplementary Information SI-2). Clearly, the methods to

establish neurodevelopmental impairment are not standar-

dised. The between-study differences in the applied parame-

ters make it difficult, if not impossible, to identify the most

sensitive (or most relevant) parameter indicating child neuro-

developmental impairment. Similarly, a WHO (2012) Report

on possible early effects of endocrine disruptors on child

health concluded: “Effects on cognitive function resulting

from exposure to thyroid disrupting chemicals are extremely

difficult to estimate. It is not yet clear which specific cogni-

tive functions, or methods of testing, may be the most repre-

sentative of thyroid function during development.”

The evidence for neurodevelopmental impairment

recorded in the human studies was mostly weak. Often, stat-

istically significant effects were only recorded in a few of

many parameters that were further assessed without consid-

eration of the clinical relevance of findings, or of an a priori

hypothesis (Ghassabian et al. 2011; Korevaar et al. 2016a;

Andersen et al. 2018).

The findings by Korevaar et al. (2016a) and Jansen et al.

(2019) suggest that brain MRI measurements in the child

may yield relevant and precise measurable outcomes to

relate with disruption of maternal thyroid homeostasis.

However, the findings from these studies are not yet conclu-

sive on a casual relation between maternal thyroid function

and brain morphological alterations in the child.

In spite of the limitations of the available evidence, the

findings from the human studies considered in the present

narrative review generally stand in line with current scientific

understanding of endocrinology and thyroid pathology indi-

cating that maternal TSH and T4 levels play a crucial role in

foetal neurodevelopment (DeGroot and Jameson 2001).

Pregnant women diagnosed with thyroid disorders are

treated clinically and monitored closely to prevent child neu-

rodevelopmental impairment (Lazarus et al. 2014).

Objective 2: human evidence for impact of liver enzyme

induction on maternal serum T4 (and TSH) levels and,

ultimately, child neurodevelopmental impairment

Is it physiologically plausible that liver enzyme induction

has an impact on maternal serum thyroid hormone levels

and, ultimately, child neurodevelopment? If so, to which

extent would such an effect be compensated for by the

TSH feedback system?

Generally, none of the papers reviewed provided relevant

information to establish a link between substance-mediated

induction of UGT, as important phase II enzyme for thyroid

hormone metabolism, leading to increased serum thyroid

hormone clearance, let alone to establish a further link

between low maternal serum thyroid hormone and child

neurodevelopmental impairment.

Indeed, none of the human studies addressing the impact

of exposure to liver enzyme-inducing substances on serum

thyroid hormone levels included the measurement of UGT.

UGT activity is generally measured in tissue or cell samples

or sub-cellular fractions, such as hepatic microsomes (Chen

et al. 2018), and liver biopsies are rarely if ever undertaken in

human observational studies, i.e. without medical indication.

While in vitro studies have enhanced an understanding of

the isoenzymes involved in thyroid hormone metabolism

(e.g. Visser et al. 1993 and Findlay et al. 2000), they do not

inform on the complex interplay between liver enzyme

induction and serum hormone levels in an intact organism.

Most likely, it is currently not possible to establish the spe-

cific sequence of key events in humans that are presumed to

lead from substance-mediated liver enzyme induction to

reductions in maternal serum thyroid hormone levels and

ultimately to child neurodevelopmental impairment, let alone

to establish quantitative aspects of the key event relation-

ships or potential species differences thereof.

This poses difficulties in toxicological assessment, which

becomes more complex when considering the lack of know-

ledge on the similarity between humans and rodents (the

predominant species used in toxicological studies).

Surprisingly, Appendix A of EFSA and ECHA (2018) Endocrine

Disruptor Guidance states that: “In the absence of substance-

specific data which provide proof of the contrary, humans

and rodents are considered to be equally sensitive to thy-

roid-disruption (including cases where liver enzyme induction

is responsible for increased thyroid hormone clearance).”

The European Commission (2017a) Thyroid Disruption

Workshop Report is used as sole reference to substantiate

this view. In this workshop report, the Fipronil case study is
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“used as a starting point for exploring and discussing thyroid

disrupting compounds that increase thyroid hormone clear-

ance, via induction of liver enzymes, and the human rele-

vance of this molecular initiating event” (p. 21 in European

Commission 2017a).

The Fipronil case study in European Commission (2017a)

includes one single human study, by Herin et al. (2011); see

also Supplementary Information SI-6. Herin et al. (2011)

assessed the thyroid function status of 159 workers involved

in the production of fipronil. Fipronil and fipronil sulfone

were detected in the serum samples of nearly all and all

workers, respectively. Higher serum fipronil sulfone levels

were significantly correlated with lower TSH concentrations

(p value ¼ 0.03). However, only 1 of the 159 workers exhib-

ited serum TSH below the normal range of 0.4-4.4mU/L.

Herin et al. (2011) concluded: “This study did not show that

chronic fipronil exposure was associated with an increase in

thyroid test abnormalities.” Herin et al. (2011) did not report

assessing any specific parameters of liver function.

In conclusion, the study by Herin et al. (2011) does not

serve to inform on human sensitivity to substance-induced

liver enzyme induction leading to increased thyroid hormone

clearance, and the corresponding statement in Appendix A of

EFSA and ECHA (2018) is not supported by the evidence pre-

sented in the referenced European Commission (2017a)

Workshop Report.

Summary of the findings and conclusions

Guidelines issued by authorities and agencies are essential to

establish transparency on regulatory procedures to perform

hazard and risk assessment within the respective applicable

legal framework, and to ensure that such procedures are

both repeatable and relevant, i.e. founded on the state-of-

the-art. Therefore, such supporting documents should be evi-

dence-based and clear in their assumptions and conclusions.

This is not the case with respect to the current Appendix A

of EFSA and ECHA (2018), or the supporting European

Commission (2017a) Thyroid Disruption Workshop Report, as

has been discussed above.

To contribute to filling the knowledge gaps identified in

Appendix A, the present narrative review served to collate

human evidence on maternal serum thyroid hormone reduc-

tion potentially leading to child neurodevelopmental impair-

ment (Objective 1) and on substance-mediated liver enzyme

induction potentially leading to increased thyroid hormone

clearance and hence reduced serum thyroid hormone levels

(Objective 2). The motivation for this work was the goal to

identify relevant parameters in pregnant women and their

offspring that should be reflected in toxicological assess-

ments addressing whether substances have the potential to

elicit thyroid hormone imbalances in pregnant women, and if

so, whether this would lead to neurodevelopmental impair-

ment in the child, including those scenarios in which liver

enzyme induction is the initiating event.

Therefore, the human evidence is reassessed below in

view of the overarching question raised in the title of this

review: Which parameters from human studies are most

relevant for toxicological assessments? Specifically, it is aimed

to identify (1) serum parameters and (2) non-serum parame-

ters that appear most relevant to identify maternal thyroid

hormone imbalances; (3) behavioural, neurodevelopmental,

neurological and/or anatomical parameters that appear most

relevant to identify child neurodevelopmental impairment;

and (4) liver function parameters that allow for identifying

substance-mediated liver enzyme induction leading to

increased serum thyroid hormone clearance. This appraisal

also serves to determine research needs to establish a scien-

tific foundation for the development of a toxicological testing

strategy to assess a substance’s potential to elicit such effects

(see also Table 3).

Which serum parameters appear most relevant to

identify maternal thyroid dysfunction?

Summary of the findings

Based upon the human evidence collected, serum TSH and

fT4 are, by frequency, the predominant parameters measured

for the assessment of maternal thyroid function. By compari-

son, tT4 and free or total T3 are measured much less fre-

quently in human studies. However, the study designs of the

different human studies varied greatly. Further, serum TSH

and fT4 concentrations are population-, assay- and labora-

tory-dependent, and internationally accepted generic ranges

for normal serum TSH or fT4 in pregnant women generally

do not exist. For these reasons, it was not possible to identify

quantitative boundaries for maternal serum TSH or fT4 levels

indicating increased risks for child neurodevelopmental

impairment. Similarly, it is currently unclear whether such

boundaries are generalisable between assays, groups of indi-

viduals or even across species. It is even questionable if

clear-cut thresholds exist at all – also because child neurode-

velopment can be impaired by mechanisms unrelated to the

thyroid hormone system. Nevertheless, the evidence is overall

in support of a link between maternal thyroid function and

child neurodevelopmental outcomes.

Conclusion

It is currently not possible to identify whether TSH and fT4

are the most relevant parameters reflecting maternal thyroid

dysfunction potentially resulting in child neurodevelopmental

impairment, or if other thyroid hormone-related parameters

(or parameters unrelated to the thyroid hormone system)

might be more relevant. This is particularly important since

in rodent studies tT4 rather than fT4 or free or total T3 is the

parameter generally measured. Evidence is also needed to

distinguish between physiological adaptation of the thyroid

hormone system and thyroid dysfunction.

Further research work appears merited to enhance the

understanding of which maternal serum parameters are most

relevant to detect thyroid dysfunction during pregnancy, and

hence should be considered in toxicological assessments.

Such research work should also consider the uncertainty

related to the overlap between physiological adaptation of

the thyroid hormone system and thyroid dysfunction.

CRITICAL REVIEWS IN TOXICOLOGY 17

https://doi.org/10.1080/10408444.2020.1839380


Which further (non-serum) parameters might be

relevant to identify maternal thyroid dysfunction?

Summary of the findings

The human evidence evaluated in the present review did not

permit the establishment of any correlation between altera-

tions in serum TSH or fT4 levels in pregnant women, without

a history of thyroid disease, and neurodevelopmental impair-

ment in their children. This can partly be explained by the

difficulty in clinically diagnosing thyroid disease. While all

cohort and case–cohort studies excluded mothers with diag-

nosed overt thyroid dysfunction, it is likely that serum TSH

and fT4 levels of these mothers overlap with those with sub-

clinical hypothyroidism or hypothyroxinaemia that were spe-

cifically addressed in the studies. Further, observational

human studies do not provide information on histological

alterations of the thyroid gland, or on tissue levels of thyroid

hormones (e.g. in the brain). Such information would be use-

ful to determine whether maternal serum thyroid hormone

imbalances are truly “adverse” or e.g. indicative of transient

physiological adaptations of the thyroid hormone system,

and/or whether they are sufficiently pronounced to result in

child neurodevelopmental impairment.

Conclusion

It is currently not possible to identify further (non-serum)

parameters indicating maternal thyroid disruption.

Possibly, an evaluation of human studies including

patients (regardless of age, gender and state of preg-

nancy) from which both blood samples and biopsies of

the thyroid gland were taken (on account of any specific

medical indication) might enhance the understanding on

which serum parameters are linked to which types of

alteration of the thyroid gland. For example, thyroid func-

tion is addressed during treatment of chronic hepatitis C

(see e.g. Alimenti et al. 2006) so that biopsy samples

might be available from this patient group. Such informa-

tion might be useful to establish a link that connects

human findings (serum hormone levels and histopatho-

logical findings) with the corresponding data from rodent

toxicity studies. Notably, such evaluations should consider

that the thyroid hormone system might exhibit increased

sensitivity during pregnancy.

Similarly, it remains to be established whether serum thy-

roid hormone levels reflect tissue thyroid hormone levels

(which can be addressed in rodent studies). This is particu-

larly relevant in the case of the brain, given the specific coor-

dinated regulation of deiodinases (mostly in the brain, liver

and kidney) to compensate for altered hormone levels in the

blood circulation (Bianco and da Conceiç~ao 2018).

Finally, in the long term, innovative technologies might

provide opportunities to establish noninvasive parameters

indicative of thyroid hormone imbalances, such as the study

of specific microRNAs (Dong et al. 2015).

Table 3. Low maternal serum thyroid hormone levels and child neurodevelopment: which parameters should be reflected in toxicological assessments? – sum-
mary of the findings from the present narrative review and recommendations for future research work.

Type of parameter Summary of the findings Identification of research needs

Maternal serum parameters to identify maternal
thyroid dysfunction?

Maternal serum fT4 and TSH are by far the most
frequently measured parameters; unclear if they
are also the most relevant

Quantitative boundaries for these parameters
indicating increased risks for impaired child
neurodevelopment are not identifiable; possibly,
clear-cut boundaries are inexistent

Enhance the understanding of which serum
parameters are most relevant to detect thyroid
dysfunction during pregnancy

Caveat: uncertainty related to overlap between
physiological adaptation of the thyroid system
and thyroid dysfunction

Maternal (non-serum) parameters to identify
maternal thyroid dysfunction?

Human studies do not provide information on
histological alterations of the thyroid gland or
on tissue levels of thyroid hormones, e.g. in the
brain

Establishment of presence of correlation between
altered serum fT4 or TSH in pregnant women
without history of thyroid disease and impaired
child neurodevelopment is currently not possible

Evaluate data from patients from which both blood
samples and biopsies of the thyroid gland were
taken (regardless of medial indication); strive to
use such histopathological information to link
human findings with rodent studies

Caveat: thyroid hormone system might exhibit
increased sensitivity during pregnancy

Strive to establish if serum thyroid hormone levels
reflect tissue thyroid hormone levels (in
humans? In rodents?)

Neurodevelopmental parameters to identify
impaired child neurodevelopment?

Broad variety of neurodevelopmental parameters;
identification of most sensitive parameter
indicating maternal thyroid-dysfunction-
mediated impaired child neurodevelopment not
possible

Possibly, brain MRI provides useful, objective, and
reproducible information on child brain function

Establish the best possible use of brain MRI to
assess child neurodevelopmental outcomes and
identify the specific maternal serum parameters
that the MRI findings should be linked to

Liver function parameters to identify substance-
mediated UGT induction?

There is no evidence from human studies to
establish link between substance-mediated UGT
induction leading to increased thyroid hormone
clearance, let alone further to child
neurodevelopmental impairment

UGT generally measured in tissues, cells or sub-
cellular fractions; liver biopsies are rarely if ever
undertaken in human studies

Strive to identify and establish noninvasive, indirect
markers of UGT activity in serum or urine to
facilitate future investigations on the impact of
exposure to liver enzyme-inducing substances
on both UGT levels and the thyroid hormone
system (in humans and rodents) – and,
ultimately, child neurodevelopment

18 U. G. SAUER ET AL.



Which parameters appear most relevant to identify

child neurodevelopmental impairment?

Summary of the findings

The human studies applied a broad variety of parameters

and statistical analysis methodologies to evaluate child neu-

rodevelopmental outcomes. Assessments addressed psycho-

motor and mental development, cognitive function (IQ),

expressive vocabulary and educational attainment and fur-

ther included brain MRI and clinical diagnoses of e.g. autism

or attention deficit hyperactivity disorder. Most parameters

were only used in single human studies. This vastly impaired

between-study comparability. Due to this diversity, it was not

possible to identify which behavioural, neurodevelopmental,

or neurological parameter might be most sensitive at indicat-

ing neurodevelopmental effects mediated by maternal thy-

roid hormone imbalances. A note on potential promising

tools arises from the MRI evaluations from Korevaar et al.

(2016a) and Jansen et al. (2019). While divergent in their find-

ings, these studies open the discussion that precise reprodu-

cible measures of brain imaging may be useful for

toxicological assessments (including evaluations of species

differences), provided that any recorded morphological alter-

ations are truly caused by maternal thyroid dysfunction.

Conclusion

While MRI is a potentially useful, objective and reproducible

parameter to inform on morphological alterations of the child

brain, further research work is merited to determine how

MRI, as morphometric methodology, may contribute to the

assessment of the impact of maternal thyroid hormone

imbalances on child neurodevelopment. Such research work

should serve to identify the specific maternal serum parame-

ter(s) that the MRI findings should be linked to, and to deter-

mine how usage of MRI can be combined with functional

assessments of the brain to enable comprehensive evalua-

tions of child neurodevelopmental outcomes. If so, this

approach could also be applied in toxicological assessments

using rodents.

Which liver function parameters appear relevant to

identify substance-mediated liver enzyme induction

leading to increased serum thyroid hormone clearance?

Summary of the findings

None of the human studies or literature reviews evaluated

provided relevant information to establish a link between

substance-mediated UGT induction, as important phase II

enzyme for thyroid hormone metabolism, leading to

increased thyroid hormone clearance and hence reduced

(maternal) serum thyroid hormone levels, let alone to estab-

lish a further link to child neurodevelopmental outcomes. It

appears unlikely that this information is currently available at

all. UGT activity is generally measured in tissue or cell sam-

ples or sub-cellular fractions, and liver biopsies are rarely if

ever undertaken in human studies.

Notably, a number of human studies addressing the

impact of treatment with antiepileptic drugs on serum

thyroid hormone levels did include noninvasive, indirect

measures of phase I cytochrome P450/monooxygenases (i.e.

antipyrine clearance and urinary excretion of D-glucaric acid

or 6-b-hydroxy cortisol).

Conclusion

Currently, noninvasive liver function parameters to identify

substance-mediated UGT induction leading to increased

serum thyroid hormone clearance are unavailable. Therefore,

such human data are also unavailable, for which reason it is

most likely currently not possible to assess species differen-

ces (humans versus rodents) in the key event relationship

between substance-mediated UGT induction and increased

serum thyroid hormone clearance. Similarly, it currently does

not appear possible to identify if such effects could be com-

pensated for by the TSH feedback system in humans.

To facilitate future investigations on the impact of expos-

ure to liver enzyme-inducing substances on both UGT levels

and the thyroid hormone system (in humans and rodents)

and, ultimately, child neurodevelopment, research work is

recommendable to strive to identify and establish noninva-

sive, indirect markers of UGT activity in serum or urine (by

analogy to the available noninvasive, indirect markers of

phase I enzyme induction).

Final conclusion and next steps

Appendix A of EFSA and ECHA (2018) Endocrine Disruptor

Guidance proposes that the human relevance of thyroid

effects observed in animals “could be further investigated,”

specifying that this investigation should also serve to elabor-

ate if the effects are mediated by UGT induction. Further,

Appendix A proposes a testing scheme for this investigation.

However, this scheme does not describe how the different

parameters should be measured or how the generated data

should be evaluated within a weight-of-evidence approach to

reach a conclusion on whether, or not, the substance under

investigation fulfills the legal criteria for an endocrine dis-

ruptor as implemented in European Commission

(2017b, 2018).

To contribute to addressing these uncertainties, the

ECETOC Special T4 Task Force, as a first part of its work, has

conducted the present extensive, but narrative, review of the

available human evidence. The scope of this review has been

aligned with the focus of Appendix A of EFSA and ECHA

(2018): Hypothyroidism and hypothyroxinaemia have been

considered as indicative of maternal thyroid function, and

substance-mediated UGT induction as specific initiating

event. Other potentially relevant processes, such as hyperthy-

roidism, hyperthyroxinaemia, iodine deficiency or a substan-

ce’s ability to cross the blood–brain barrier were not

considered in Appendix A and as such not reviewed here.

Specifically, the present review has aimed to establish the

necessary human evidence to define those parameters that

should be addressed in toxicological assessments when eval-

uating if a substance has the potential to elicit maternal thy-

roid hormone imbalances, and if so, if it also has the

potential to affect child neurodevelopment.
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The outcome of this review does not allow identifying any

specific parameters as being most relevant to assess maternal

thyroid function (or UGT induction) or neurodevelopmental

impairment in the child. It also does not allow establishing

quantitative relationships between the key events leading

from substance-mediated liver enzyme induction over

increased serum thyroid hormone clearance to reduced

serum thyroid hormone levels and, ultimately, child neurode-

velopmental outcomes. Notwithstanding, the information

gathered appears representative, and it is considered unlikely

that an expansion of the database, e.g. to include unpub-

lished pharmaceutical studies, would alter the present find-

ings. Instead, based upon the identified knowledge gaps,

potential future research work has been suggested that

might serve to overcome the limitations of the current

human database (Table 3).

In the next part of its work, the ECETOC Special T4 Task

Force will assess the suitability of the available in vivo

rodent toxicity test methods and in vitro assays in predict-

ing thyroid hormone imbalances in humans and in identify-

ing critical key events of thyroid-related AOPs leading to

neurodevelopmental adverse outcomes, including possible

species differences in such key events and the correspond-

ing key event relationships. In spite of the scientific limita-

tions of the available human evidence, the outcome of the

present review will provide important insight for this fur-

ther work.

Ultimately, the work of the ECETOC Special T4 Task Force

shall contribute to the development and establishment of a

science-based toxicity testing strategy, to reliably predict a

substance’s potential to impair child neurodevelopment via

maternal thyroid hormone imbalances, and, possibly, liver

enzyme induction as initiating event.
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