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Abstract 

Introduction:  

Children exposed to gestational thyroid abnormalities may face an increased risk 

of adverse neurodevelopmental outcomes.  

Aim:  

To investigate if abnormal maternal thyroid hormone (TH) bioavailability in utero 

affects child brain development as assessed with neuroimaging. 

Methods:  

A systematic review was conducted to identify MRI neuroimaging studies of 

participants exposed to thyroid function abnormalities in utero or during 

childhood. The Controlled Antenatal Thyroid Screening (CATS) III study follows a 

subset from the original CATS study cohort, a randomised controlled trial 

examining effects of maternal gestational thyroid function (GTF) on offspring 

development. A total of 85 children aged 11 to 16 underwent T1-weighted 

structural MRI. Participants were divided into groups: untreated suboptimal GTF 

(SGTF)(n=21), normal GTF (n=24), optimally treated SGTF (n=20), and 

overtreated SGTF (n=20). The primary outcome examined the association of 

SGTF and its treatment with global brain volumes. Secondary outcomes 

investigated the association of maternal thyrotropin (TSH) and free thyroxine 

(fT4) levels with brain volumes.  

Results:  

The systematic review included 22 studies on maternal thyroid dysfunction 

(MTDF) during pregnancy, congenital hypothyroidism (CH), and transient 

hypothyroxinemia of prematurity (THOP). The heterogeneity in study design 

made it difficult to extrapolate or combine findings with confidence. The foetal 

brain appears to be most sensitive to thyroid abnormalities in the first trimester, 

but CH and THOP studies also indicated long-term impacts on brain morphology. 

TSH had the most consistent association with reported differences. 
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The CATS III study found no significant effect of treating mild maternal thyroid 

dysfunction on brain morphology at a macrostructural level. A weak correlation 

between first trimester maternal TSH levels and several grey matter regional 

volumes was noted but did not remain significant after correction for multiple 

testing. 

Conclusion: Macrostructural neuroimaging results of the effect of mild 

gestational thyroid function abnormalities are often weak and conflicting. Other 

MRI modalities are the next step to investigate potential microstructural effects of 

thyroid function on brain development. 
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"Quis tumidum guttur miratur in Alpibus?”    

Who wonders at a swollen throat in the Alps? 

Juvenal, Satire 13, line 162 (100-127 AD) 

 

 

“I am satisfied. I have seen the principal features of Swiss scenery —

Mount Blanc and the goiter— and now for home.” 

Mark Twain, 1880 

 

 

“Simple goitre is so simple to prevent that it can disappear as soon as 

society makes the choice.” 

David Marine, 1915, as quoted in Chance and Commitment: Memoirs of a 

Medical Scientist (2005), Basil S. Hetzel. 

 

 

“Science is the systematic classification of experience”. 

George Henry Lewes, 1877, The Physical Basis of Mind.  

 

 

“Human rights are not things that are put on the table for people to 

enjoy. These are things you fight for and then you protect.” 

Wangarĩ Maathai (1940–2011) 
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1.1 The thyroid 

Iodine and thyroid hormones play an essential role throughout the living world. In 

all vertebrates, including humans, the thyroid gland is a universal feature, with 

thyroid hormones almost the sole use of iodine in the body (Stenzel & Huttner, 

2013). While invertebrates lack thyroid glands, iodine-based thyroid hormone 

precursors are present across the kingdom (Dumont et al., 2011). Iodine has 

been identified in organisms dating back as far as 3 billion years (Venturi et al., 

2000). The evolutionary significance of thyroid function is evident in key 

processes such as metamorphosis in amphibians, as noted by Furlow & Neff 

(2006). In the developing brain, thyroid hormones play a crucial role in processes 

like neuronal differentiation, migration, myelination, and the formation of 

intraneuronal connections. The timing and rhythm of hormone production exhibit 

species-specific variations (Crockford et al., 2003). 

 

1.1.1 The thyroid gland: anatomy and development  

The mature thyroid is a butterfly shaped gland situated in the lower anterior 

section of the neck, in front of the trachea (Figure 1.1). It both produces and 

stores thyroid hormones. The thyroid is the first endocrine gland to develop in the 

foetus, beginning in the third week of gestation. It forms from the pharyngeal 

pouches, starting at the base of the tongue and migrating along the midline over 

the next four weeks down to the lower neck and creating two lobes, the left and 

right, connected by the isthmus. The thyroid gland starts to produce thyroid 

hormones during the 12th week of gestation (Rosen and Sapra, 2019). Thyroid 

hormones are stored in follicles within pseudolobules in the thyroid, released into 

the blood stream as needed. (Calzà, 2018)  
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Figure 1.1. Anatomy of the thyroid gland and the surrounding structures in the neck. 

(Adapted from The Sourcebook of Medical Illustration, The Parthenon Publishing Group, 

P. Cull, ed., 1989). 

 

1.2 Thyroid hormones: structure and actions 

The nomenclature of 3,3′,5-triiodothyronine (T3) and 3′,5′,3,5-tetraiodo-L-

thyronine (T4 or L-thyroxine) refers to the number of iodine atoms incorporated 

into each structure, three and four respectively (Figure 1.2). The thyroid is the 

only use of iodine in the human body. The stimulant for production of thyroid 

hormones is thyroid stimulating hormone (TSH), which is released by the anterior 

pituitary gland in response to levels of circulating free T4 and T3 and other 

signals of metabolism. In humans, T4 accounts for 80% of the thyroid hormones 

produced by the thyroid gland (Maia et al., 2005). Within the thyroid gland and 

peripheral tissues, deioidinases (DIO) can cleave an iodine atom from the ring of 

iodine atoms in T4 to form a smaller ring, either T3 or reverse T3 (rT3). The 

thyroid gland is the only source of T4 in the body.  
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Figure 1.2. Structure of thyroid hormones. T4, 3,3′,5,5′-tetraiodothyronine or thyroxine; 

T3, 3,3′,5-triiodothyronine or triiodothyronine; (de Castro et al. 2015) 

 

T3 is the active form of TH that has a number of genomic actions, controlling a 

variety of transcription pathways. Reverse T3 was previously believed to be an 

inactive metabolite, but has been found to have non-genomic effects, as can T4 

(Davis et al., 2016). For example, T4, and to a lesser extent T3 and rT3, can bind 

to integrin αvβ3 (Davis et al., 2019). Integrin αvβ3 is a cell membrane receptor 

that plays a crucial role in cellular adhesion and signalling, particularly in the 

context of angiogenesis, bone metabolism, and tumour progression. 

The genomic actions of T3 are exerted by acting through nuclear receptors, 

which are part of the steroid/nuclear receptor superfamily of ligand-inducible 

transcription factors (Moran and Chatterjee, 2015). T3 can also affect 

mitochondrial function. Thyroid hormone in humans affects metabolic regulation, 

normal growth and development, regulation of body weight, lipid metabolism, 

cardiovascular function, reproduction and bone health.  

More recently, the observation in terminal cancer patients of an association of 

reduced FT4 levels with increased life-expectancy suggests that T4 not just 

simply a pro-hormone, but may be a hormone that can have non-genomic actions 

(Hercbergs et al., 2019).  

Thyroid hormones play a key role in neurodevelopment during gestation and 

infancy. The detrimental effect of poor thyroid function on intelligence and 

behaviour has been recorded over centuries, via the association between 

endemic goitre and cretinism (Zimmermann, 2008). 
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1.3 Regulation of thyroid function 

The hypothalamic-pituitary-thyroid (HPT) axis regulates thyroid hormone 

production and secretion The hypothalamus releases thyrotropin-releasing 

hormone (TRH) to stimulate production of thyroid stimulating hormone (TSH) 

from the anterior pituitary. T4 and T3 have an inhibitory influence on the 

production of TSH. The majority of thyroid hormones produced are in the form of 

T4, which has a longer half-life than T3, acting as a thyroid hormone reservoir 

that can be converted into the more active T3 when required.  

Once thyroid hormone levels reach a certain threshold, they send negative 

feedback signals to the hypothalamus and pituitary gland, inhibiting the further 

release of TRH and TSH (Figure 1.3). This feedback mechanism helps maintain 

thyroid hormone concentrations within a narrow physiological range. Various 

factors, including stress, illness, medications, and environmental factors, can 

influence the HPT axis. 
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Figure 1.3. Hypothalamic Pituitary Thyroid Axis. Interactions between TRH, TSH, T3, 

and T4 along the hypothalamic pituitary thyroid axis are shown alongside their transport 

by thyroxine binding globulin and conversion by deiodinase 1, 2, and 3. Abbreviations: 

TRH, thyrotropin releasing hormone; TSH, thyroid stimulating hormone; T4, thyroxine; 

T3, triiodothyronine; rT3, reverse T3; D, deiodinase. Diagram reproduced from Brown et 

al. (2023). 

 

Peripheral regulation 

Ninety-nine percent of thyroid hormones circulating in the blood are bound to 

serum proteins, such as thyroid hormone binding globulin (TBG). Only free T3 or 

T4 can move across into target tissues, using thyroid hormone transporters. T4 

has a lower affinity for nuclear thyroid hormone receptors (THR) than T3, so 

mostly acts as a pro-hormone, with deiodinase enzymes in peripheral tissues 

cleaving it to the high affinity T3 or reverse T3 (rT3) (van der Spek et al, 2017).   

Peripheral regulation of thyroid hormone action involves molecular mechanisms 

that modulate the responsiveness of target tissues to thyroxine (T4) and 
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triiodothyronine (T3). Key components in this regulation include thyroid hormone 

transporters, deiodinases, and thyroid hormone receptors. 

Thyroid hormone transporters, such as monocarboxylate transporter 8 (MCT8) 

and organic anion transporter 1C1 (OATP1C1), facilitate the entry of T4 and T3 

into cells, influencing their local availability (Mayerl et al., 2014; Moran et al., 

2022). The differential expression and activity of these transporters contributes to 

tissue-specific variations in thyroid hormone uptake, influencing the 

responsiveness of target organs. 

Deiodinases, specifically types 1 and 2 (DIO1 and DIO2), play a crucial role in 

regulating thyroid hormone action at the peripheral level. DIO1 converts T4 to the 

more biologically active T3, enhancing the availability of the active hormone 

within target tissues. DIO2, localized in specific tissues, further amplifies local T3 

concentrations, providing a fine-tuned control mechanism for thyroid hormone 

responsiveness (Galton et al., 2014). 

The actions of thyroid hormones are mediated through thyroid hormone receptors 

(THRs), which bind to specific response elements on target genes (Bernal, 2015). 

The expression of TR isoforms, TRα and TRβ, varies across tissues, contributing 

to the tissue-specific effects of thyroid hormones. Additionally, coactivators and 

corepressors modulate the transcriptional activity of TRs, further refining the 

regulation of thyroid hormone responsive genes (Zuñiga et al., 2022). 

Deiodinases 

Deiodinases are enzymes that regulate the conversion of the prohormone T4 to 

the biologically active T3, ensuring that tissues receive an appropriate amount of 

active thyroid hormone. There are three main types of deiodinases: type 1 

(DIO1), type 2 (DIO2), and type 3 (DIO3). The different types help to regulate 

local thyroid hormone levels in specific tissues and cells. 

Type 1 Deiodinase (DIO1) is primarily found in the liver, kidney, and thyroid 

gland, maintaining the body's metabolic rate. Type 2 Deiodinase (DIO2) is 

predominantly located in the brain, thyroid gland, and skeletal muscle. It acts in a 

similar manner to DIO1, but is particularly significant in the brain, where it 

contributes to the regulation of T3 levels in neural cells. Type 3 Deiodinase 
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(DIO3) is found in the placenta, brain, and other tissues. DIO2 and DIO3 have 

opposite actions and help modulate cellular exposure and response to thyroid 

hormones (Galton et al., 2014).  DIO2 is present in the endoplasmic reticulum, 

and converts T4 to T3 for nuclear import, so modulating activity (Arrojo e Drigo 

and Bianco, 2011). DIO3 is present on the plasma membrane, inactivates thyroid 

hormones, and is thought to protect tissues from excess T3 (Arrojo e Drigo, 

2011).  The expression of the different enzymes has been found to occur at 

specific time points in foetal development, helping the body control local actions 

of THs during neurodevelopment (Chan et al., 2002). 

Thyroid hormone receptors 

Thyroid hormone receptors (THRs) are nuclear receptors that mediate the 

biological effects of THs. In the absence of thyroid hormones, THRs are typically 

bound to corepressors, maintaining a repressive state. Thyroid hormones act as 

ligands to activate THRs, and binding of T3 modulates gene 

transcription/expression. THRs exert their influence on gene expression by 

binding to specific thyroid hormone response elements (TREs) within the 

regulatory regions of target genes. Upon thyroid hormone binding, conformational 

changes occur, facilitating the dissociation of corepressors and the recruitment of 

coactivators. This dynamic interplay modulates chromatin structure, promoting 

the initiation of transcription and subsequent mRNA synthesis. The resultant 

proteins contribute to various physiological processes, including metabolism, 

growth, and development (Koenig, 1998). 

THRs exist in two isoforms, TRα and TRβ, each encoded by distinct genes 

located on different chromosomes (Moran et al., 2022). TRα and TRβ have 

various isoforms, with beta 1 and beta 2, along with alpha 1 and alpha 2, playing 

distinct roles. The tissue-specific distribution of these isoforms contributes to the 

diverse physiological responses elicited by THs.  

TRβ1 regulates metabolic genes and impacts growth. TRβ2 is primarily found in 

the hypothalamus and pituitary gland, contributing to HPT axis regulation. TRα1 

is widely distributed in the body, including the central nervous system, and 

influences cardiac function, skeletal development, and metabolism (Moran and 

Chatterjee, 2015). The role of TRα2 is more of a mystery, but unlike other THRs, 
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does not bind T3 and evidence suggests TRα2 may have inhibitory effects on 

THRbeta1 (Hönes et al., 2022). TRα2 is predominantly expressed in brain and 

heart tissues, but a lack of isoform-specific antibodies and very few human cases 

identified, has complicated investigation. Together, these isoforms orchestrate 

the diverse effects of thyroid hormones, showcasing the intricate regulatory 

mechanisms governing physiological processes across various tissues and 

organs (Liu et al., 2019; Wejaphikil et al., 2019). 

Thyroid hormone transporters 

Thyroid hormone (TH) transporters regulate the intracellular availability of thyroid 

hormones. Facilitating the passage of these hormones across cellular 

membranes, thyroid hormone transporters play a pivotal role in maintaining 

physiological thyroid hormone levels and orchestrating the diverse actions of 

THs. In humans, the predominant thyroid hormone transporter, of both T4 and T3 

across the blood brain barrier and into neuronal and glial cells, is 

monocarboxylate transporter 8 (MCT8). A second thyroid hormone transporter is 

organic anion transporter 1C1 (OATP1C1) which is specific for T4 transport 

across the blood brain barrier and into astrocytes (Bernal, 2018; Moran et al. 

2022). In mice OATP1C1 is the predominant thyroid hormone transporter, but in 

humans and apes it is expressed at very low levels (Mayerl et al., 2012).  

In humans, MCT8 transports both T4 and T3 across the blood brain barrier. 

Unlike in peripheral tissues, or the rodent brain, there are no significant 

alternative transporters for thyroid hormones in the blood brain barrier in 

primates, rendering them wholly dependent on functioning MCT8 to allow thyroid 

hormones to reach the brain tissue. Abnormal MCT8 function is reflected by 

increased free T3, low free T4, and normal TSH levels in the serum. Therefore, 

the brain experiences severe hypothyroidism whilst the rest of the body is 

exposed to hyperthyroidism due to higher T3 (Moran et al., 2022). 
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1.4 Clinical diseases (non-malignant) 

Table 1.1 provides a summary of diseases of the thyroid, not including cancer. 

Goitre 

A goitre is an enlargement of the thyroid gland, evident as a swelling in the neck. 

Common aetiologies include iodine deficiency, autoimmune thyroid disorders 

(such as Hashimoto's thyroiditis and Graves' disease), nodular thyroid disease, 

thyroiditis, genetic factors, certain medications (e.g. lithium, amiodarone), 

pregnancy-related hormonal changes, and endemic goitre in regions with low 

iodine levels. Treatment of the underlying cause can help, but surgery may be 

required if there is either significant retrosternal extension causing tracheal 

compression or cosmetic concerns. 

Hypo- and hyperthyroidism 

In hypothyroidism, there is insufficient production of thyroid hormones T3 and T4, 

while hyperthyroidism involves excessive production. Primary hypo- or 

hyperthyroidism indicates that the dysfunction originates within the thyroid gland 

itself. Secondary hypothyroidism arises from issues outside the thyroid gland, 

commonly due to pituitary failure, resulting in inadequate production of TSH to 

stimulate further thyroid hormone production. Overt hypo- or hyperthyroidism is 

defined by clinical symptoms and/or, for primary conditions, biochemically, with 

both components of the axis exhibiting abnormalities. Subclinical hypo- or 

hyperthyroidism is characterised by alterations in TSH while FT4 levels remain 

within the normal range, such as normal T4 with raised TSH (subclinical 

hypothyroidism) or normal T4 with suppressed TSH (subclinical hyperthyroidism). 

Hypothyroidism manifests clinically as fatigue, weight gain, cold intolerance, and 

constipation, with laboratory findings of elevated thyroid-stimulating hormone 

(TSH) and decreased free thyroxine (fT4). Primary hypothyroidism, originating in 

the thyroid gland, commonly results from Hashimoto’s disease (an autoimmune 

thyroiditis), viral thyroiditis, iatrogenic or extreme iodine deficiency. Secondary 

hypothyroidism stems from hypothalamic/pituitary dysfunction, leading to 

insufficient TSH production.  
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In contrast, hyperthyroidism is characterised by symptoms such as weight loss, 

heat intolerance and palpitations, accompanied by decreased TSH and elevated 

fT4 and T3 levels. Graves' disease, an autoimmune disorder, represents a 

prevalent cause of primary hyperthyroidism, marked by stimulatory thyrotropin 

receptor antibodies. Autonomous nodules or toxic multinodular goitres are 

additional aetiologies, characterised by thyroid autonomy and excessive hormone 

production independent of TSH regulation. 

Iodine deficiency and thyroid dysfunction in early childhood: cretinism and 

congenital hypothyroidism 

The link between thyroid status and neurodevelopment has long been 

recognised, ever since the first descriptions of the association of endemic goitre 

and neurological cretinism in the Middle Ages (Zimmermann, 2008), followed by 

thyroid aplasia and severe learning difficulties (Curling, 1850). In the 19th 

century, the importance of iodine was appreciated, and eventually recognised as 

a component of thyroid hormones themselves (Zimmermann, 2008). The last half 

of the 20th century saw the almost complete eradication of neurological cretinism, 

the most common cause of preventable intellectual disability in the world, mainly 

via salt iodinisation programmes and the ability to diagnose and promptly treat 

mothers with overt hypothyroidism (Querido, 1975; WHO). 

The term cretin was used to describe those individuals with neurological, 

intellectual, and audiometric deficits (Boyages, 1988). The word is thought to 

have been derived from the Swiss French dialect and was first introduced to the 

medical literature in the 18th century. Neurological cretinism results from severe 

iodine deficiency during gestation, leading to inadequate maternal thyroid 

hormone production and impeding normal brain development. Cretinism is 

characterised by profound and irreversible intellectual disability, developmental 

delays, and neurological deficits. When adequate iodine was provided before 

pregnancy or in the first half of pregnancy, neurological cretinism was prevented 

(Choufer et al., 1965; Pharoah and Connelly, 1991; Cao et al., 1994), but not if 

given later in pregnancy or to the infant after birth. 

In contrast, congenital hypothyroidism (CH), previously called myxoedematous 

cretinism, occurs when the child itself is hypothyroid after birth, due to severe 
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iodine deficiency in early childhood or due to congenital hypothyroidism because 

of thyroid dysgenesis or enzyme deficiencies (Curling, 1850; Morreale de 

Escobar, 2004). Children with CH are able to receive maternal thyroid hormones 

during gestation, so are protected from extreme thyroid hormone deficiency until 

after birth. Due to national screening programmes, CH can now be detected at 

birth, allowing for levothyroxine treatment to be promptly initiated and significant 

neurological sequelae avoided. 

For a more in-depth summary of the history of discovery and recognition of the 

importance of iodine and quotes illustrating the association of endemic goitre and 

cretinism, please see appendix 7.1.  

Genetic disorders affecting thyroid function and neurodevelopment 

Dysregulation of thyroid hormone receptor or transporter function can lead to a 

spectrum of rare clinical disorders. These have helped improve our 

understanding of the physiological functions of these receptors and transporters 

in humans. This knowledge has further emphasised the importance of the thyroid 

in early life and in neurodevelopment.  

Thyroid hormone resistance 

Resistance to thyroid hormone beta (RTH) is the commonest form of thyroid 

hormone receptor resistance, occurring in 1 in 19,000-40,000 of the population 

(LaFranchi et al., 2004; Vela et al., 2019). RTH is characterised as a central 

resistance to thyroid hormone, whereby the mutant receptor exerts a dominant-

negative action on the wild-type receptor, leading to the characteristic 

biochemical hallmark of non-suppressed or raised TSH due to the impaired 

response of THR to circulating thyroid hormones, with raised fT4 and fT3.  

Those affected experience a relative hypothyroidism in tissues where THR 

dominates and hyperthyroidism in THR sites, particularly cardiac and brain 

tissues.  Different mutations have different effects on receptor function. This, and 

the differences in THR expression among organs, makes understanding the 

relationship between genotype and phenotype in patients difficult. Gene 

manipulation techniques have helped delineate some aspects in mice. Both 

homozygous patients and mice exhibit more severe phenotypes, including a large 
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goitre, hearing and visual impairment and dysregulation of the hypothalamic-

pituitary-thyroid axis. Those affected often display an attention deficit and 

hyperactivity disorder (ADHD) like phenotype of behaviour (Uter et al., 2020). 

Initially, THR mutations were presumed to be lethal in utero, since no human 

cases were identified for many years. However, mouse models demonstrated 

that mutations in THR were not lethal. The first human case was described in 

2012 (Bochukova et al., 2012), with 40 patients identified worldwide by 2021 

(Erbaş & Demir, 2021). The main clinical signs of RTH include growth 

retardation and gastrointestinal dysfunction such as severe constipation. Speech 

and motor milestones are also delayed, with variable degrees of reduced IQ.  

THR predominates in the pituitary gland, hence the hypothalamic-pituitary-

thyroid axis is minimally affected in patients with RTH. In the absence of a 

severe biochemical signature, patients with RTH are thus hard to identify; they 

display clinical features of hypothyroidism but paradoxically near-normal thyroid 

function. TSH is normal, with higher fT3 and lower fT4, albeit often in the normal 

range (with fT3 in the upper half and fT4 in the lower half of the normal range) 

(Erbaş & Demir, 2020).   

MRI studies in patients with RTH syndromes are limited, with some case reports 

of reduced cerebellar size and macrocephaly in those with RTH, but normal 

structural MRI findings reported in other cases (Moran and Chatterjee, 2015; Al 

Shidhani et al., 2021). In 2023, an imaging study was undertaken involving 21 

individuals with RTH, compared to 21 controls (Rogge et al., 2023). They found 

changes in the corticospinal tract, increased cortical thickness in the superior 

parietal cortex and decreased grey matter volume in the bilateral inferior temporal 

cortex and thalamus. Further studies in RTH syndromes, using advanced MRI 

methodologies, may help inform our understanding of the action of thyroid 

hormones in the human brain.  

Thyroid hormone transporter deficiency 

MCT8 deficiency, also named Allan-Herndon-Dudley syndrome (ADHS, OMIM 

300523), leads to tissue hypothyroidism within the brain, which impacts on the 

hypothalamic-pituitary-thyroid axis. The resulting lack of thyroid hormone sensed 
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by the pituitary prompts increased production of thyroid-stimulating hormone 

(TSH), leading to excess thyroid hormone production and a corresponding 

peripheral thyrotoxicosis. This deficiency is inherited in an X-linked manner, with 

the first human MCT8 genetic mutation identified in 2004. An international 

consortium of 47 centres confirmed 151 cases by 2019 (Groenweg et al., 2020). 

Only a handful had MRI imaging available, but cortical atrophy and delay in 

myelination observed. 

The majority of MCT8 deficiency patients have profound to severe intellectual 

disability, but severity can vary depending on the specific genetic defect 

(Remerand et al., 2019). Speech and language issues are commonly observed. 

The reliance of humans on MCT8 has limited the development of animal models 

until the recent creation of a MCT8/OATP1C1 double knockout model. 

OATP1C1, more prevalent in mice, serves as an alternative transporter in the 

blood-brain barrier, sharing a similar phenotype with MCT8 deficiency in murine 

models. The first human case of OATP1C1 deficiency was reported in 2018 

(Strømme et al.), with brain specific hypothyroidism and gradual development of 

neurodegeneration and motor and intellectual disability. The transporter 

demonstrates specificity for T4 transport in astrocytes (Mayerl et al., 2012). One 

hypothesis posits that reduced T4 conversion to T3 in astrocytes may lead to 

decreased T3 availability for neighbouring neurons (Morte & Bernal, 2014; Moran 

et al., 2022).   
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Table 1.1. Causes, biochemical findings and clinical signs of diseases of the 

thyroid in humans.   

Condition Causes Biochemistry Clinical signs 

TSH fT4 fT3 

Euthyroid Normal N N N None 

Non-thyroidal 

illness/ sick 

euthyroid 

Acute illness 

(transient) 

N or 

 

  
Variable, related 

to underlying 

illness 

Primary 

hypothyroidism 

Autoimmune, 

iatrogenic, 

congenital, 

iodine 

deficiency 

   
Fatigue, weight 

gain, cold 

intolerance, 

bradycardia, 

myxoedema 

Subclinical 

hypothyroidism 

 
 

N N Often 

asymptomatic, 

may have mild 

symptoms of 

hypothyroidism 

Secondary 

hypothyroidism 

Hypopituitarism N or 

 

  
Similar to 

primary 

hypothyroidism, 

but often with 

other pituitary 

hormone 

deficiencies 

Hyperthyroidism Autoimmune, 

transient 

thyroiditis, 

toxic 

adenoma/ 

multinodular 

goitre,  

   
Weight loss, 

heat intolerance, 

tachycardia, 

exophthalmos 

(Graves' 

disease) 
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Condition Causes Biochemistry Clinical signs 

TSH fT4 fT3 

Subclinical 

hyperthyroidism 

 
 

N  N  Often 

asymptomatic, 

may have mild 

symptoms of 

hyperthyroidism 

Maternal hypo-

thyroxinaemia 

Iodine 

deficiency 

N Not 

appropriately 

increased 

compared to 

gestational 

normal ranges 

N Maternal fT4 

should increase 

in early 

gestation. Often 

mild, and 

conflicting 

evidence may 

impact offspring 

neurodevelopm

ent. Severe 

maternal iodine 

deficiency, can 

cause cretinism.  

Thyroiditis Autoimmune, 

viral, post-

partum 

   Pain in thyroid 

region 

(subacute 

thyroiditis), 

possible 

symptoms of 

hypo- or 

hyperthyroidism 

Goitre Iodine 

deficiency, 

familial, 

multinodular, 

untreated 

hypothyroidism 

   Visible swelling 

in the neck, 

potential 

symptoms of 

hypo- or 

hyperthyroidism 
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Condition Causes Biochemistry Clinical signs 

TSH fT4 fT3 

Thyroid 

hormone 

resistance 

 

RTHß 

 
or 

N 

 

 

 

 

or N 

 

Tachycardia, 

goitre, increased 

risk ADHD 

 

 

RTHα 

N or 

slightly

 

N or  

slightly  

N or 

slightly

 

Growth and 

mental delay, 

constipation 

Abbreviations: TSH, thyroid stimulating hormone; fT4, free thyroxine; fT3, free T3; 

RTHß,or α, resistance to thyroid hormone caused by mutation in thyroid hormone 

receptor ß or α;  N, normal; , increased; , decreased; ADHD, attention deficit and 

hyperactivity disorder.  
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1.5 Pregnancy – a unique situation 

Thyroid function changes dynamically in the mother when she becomes 

pregnant. The foetus is dependent on the mother’s FT4 until the latter half of the 

first trimester when its own thyroid gland has developed and can start producing 

its own thyroid hormones (figure 1.4). However, the foetus cannot meet all of its 

demands and still depends to some degree on the supply of maternal thyroid 

hormone until birth. Figure 1.5 illustrates the interplay of pregnancy and thyroid 

hormones and DIO3 in the placenta, all coming together to provide adequate fT4 

supply for the foetus. Premature infants are often hypothyroxinaemic, but 

thyroxine supplementation in those less than 28 weeks was not found to affect 

brain volume (Ng et al., 2013). The effect on IQ or behaviour in this population 

has not been widely studied, but there are suggestions that thyroxine 

supplementation has a positive impact on neurodevelopmental outcomes (Ng et 

al., 2020). 

In the area of antenatal thyroid function, the term maternal hypothyroxinaemia 

describes the lack of an adequate rise in fT4 in response to the pregnancy. In 

hypothyroxinaemia, regardless of TSH level, fT4 concentration is low compared 

to values found in other pregnant women with adequate iodine intake at the same 

stage of pregnancy. The fT4 is often still in the so-called normal range for the 

general, non-pregnant population. However, thyroid hormone concentrations at 

the population level are a continuum, meaning that it can be difficult to define 

exactly what is meant by hypothyroxinaemia or suboptimal gestational thyroid 

function (SGTF). Studies have thus commonly used cut-offs, e.g. mothers with 

fT4 <5% centile in the Generation R study (Ghassabian et al., 2014) or in the 

CATS study, fT4 at or below the 2.5th percentile, and/or TSH >97.5th percentile, 

or both (Lazarus et al., 2012).  
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Figure 1.4. Approximate timing of thyroid gland maturation in the human foetus 

(Segni, 2017) 

 

Figure 1.5. Changes in thyroid physiology during pregnancy (Figure 1 Korevaar 

et al, 2017). It includes the effects mediated via increased thyroidal stimulation by 

human chorionic gonadotropin (hCG), which leads to a net increase in free T4 

concentration and a subsequent decrease in TSH concentration to counteract the 

increase in fT4 demand by the foetus via placental type 3 deiodinase expression.  
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1.6 Neurodevelopmental outcomes of thyroid disease 

in pregnancy and early life 

If maternal T3 was able to cross the placenta, it would be at much higher 

concentrations than the foetus needed. Free T4 is inactive, and is allowed across 

the placenta since foetal tissues can control the rate and timing of conversion to 

active FT3 when needed. In the mammalian foetal brain, different anatomical 

areas will activate deiodinaises at specific timepoints in gestation according to 

species. This is thought to allow the foetus to ensure optimal spatio-temporal 

genomic actions of T3 (Galton et al., 2014). The exact timings in defined areas 

right at the point they are undergoing key neurodevelopment illustrates the 

importance of thyroid action on the developing brain. 

Before the 1990s, it had been difficult to measure the small amounts of thyroid 

hormone in the foetus or access foetal compartments not in direct communication 

with the mother (Morreale de Escobar, 2000, 2004). The placenta was noted to 

have high level of DIO3 activity, which breaks down thyroid hormones and was 

thought to create a barrier to both thyroid hormones. Since both patients with 

neurological cretinism and untreated congenital hypothyroidism display severe 

learning disabilities, and before commercially available thyroid hormone assays 

were developed, these two conditions had sometimes been confused. The 

observation of normal neurodevelopmental outcomes in congenitally hypothyroid 

infants treated from birth with levothyroxine, led to a consensus for some time 

that the foetus did not receive a biologically meaningful amount of thyroid 

hormone during gestation. Therefore, the mother’s contribution was thought to be 

less directly relevant, as long as the foetus received adequate iodine.  

In the 1990s to mid-2000s, the group of de Escobar and Escobar del Rey 

published a series of manuscripts describing the distribution of thyroid hormones 

in the pregnant rat and foetus and the effect of iodine and hypothyroidism in 

pregnant rats on the offspring’s neocorticogenesis (Bernal, 2018). The 

observation of similar concentrations of fT4 in the foetus as the mother, but not of 

fT3, encouraged a reconsideration of the importance of maternal thyroid function 

on foetal outcomes during pregnancy (Calvo et al., 1990; Morreale de Escobar, 

2004).  
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Two of the iodothyronine deiodinaises, DIO2 and DIO3, have opposite actions 

and help modulate cellular exposure and response to thyroid hormones (Galton 

et al., 2014).  DIO2 is present in the endoplasmic reticulum, and converts T4 to 

T3 for nuclear import, so modulating activity (Arrojo e Drigo et al., 2011). DIO3 is 

present on the plasma membrane, and inactivates thyroid hormones, so is 

thought to protect tissues from excess T3 (Arrojo e Drigo and Bianco, 2011). 

Morreale de Escobar (2004) provides a detailed overview of the evidence for the 

changing dynamics within the thyroid axis over the course of pregnancy.  DIO2 

switches on at different points in different places in the developing foetal brain. 

This converts T4 to active T3, whether maternal or foetal origin. In iodine-

deficient mothers, the body will prioritise T3 production with available iodine; it is 

thought this is because T3 requires just 3 iodine atoms, not 4, and is the more 

biologically active. Therefore, TSH may stay in the normal range, but the rise in 

maternal T4 needed at the start of pregnancy cannot occur, and mothers can be 

hypothyroxinaemic. This is important for the foetus, as it is the maternal free T4 

(fT4), not T3, that is vital in the first half of gestation, with DIO3 breaking down T3 

and preventing maternal T3 crossing the placenta (Calvo et al., 1990; Bernal, 

2015). The majority of circulating thyroid hormones are bound to thyroglobulin 

binding protein, forming a preformed reservoir of thyroid hormones that can be 

utilised rapidly when required. The term T4 represents the total amount of 

thyroxine in the bloodstream, whilst fT4 specifically measures the active, 

unbound form of the hormone that is directly available for metabolic processes. 

 

1.7 Thyroid function and neurodevelopment 

Neurodevelopment involves the biological formation and development of the 

nervous system, manifesting in motor, sensory, cognitive, and emotional 

functions. Various factors, including genetics, environment (nutrition, chemical 

exposure, social, emotional), play a role. Cognition refers to mental processes 

such as acquiring, processing, storing, and using information. Assessments of 

cognition and executive functions cover memory, attention, language, problem-

solving, and perceptual-motor skills (Otterman et al., 2019).  
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Neurodevelopmental disorders encompass a broad range of clinical conditions 

resulting from disruptions in normal brain development. There are a wide range of 

clinical conditions resulting from a disruption of “normal” brain development, with 

the Diagnostic and Statistical Manual of Mental Disorders (5th ed.; DSM–5; 

American Psychiatric Association, 2013) defining them as conditions with onset 

during the developmental period, typically appearing before school entry and 

causing deficits affecting personal, social, academic, or occupational functioning. 

This term distinguishes disorders such as intellectual disability, communication 

and learning disorders, motor disorders, ADHD, and autism spectrum disorder 

(ASD) from later-onset neurocognitive and neuropsychiatric conditions. Recent 

more multi-dimensional approaches to measurement of symptoms demonstrate a 

range of severity rather than simple categories, with a blurred boundary with 

typical development. Diagnosis of a neurodevelopmental disorder therefore 

requires that both symptoms and impaired function are present (Thapar et al. 

2017). 

1.7.1 Preclinical models of role of thyroid hormones on nervous system 

development 

Pre-clinical models allow the manipulation of thyroid hormone levels in a research 

environment, often using cell culture or animal models. Preclinical models are 

especially useful to investigate actions during early neurodevelopment. 

Cellular/microscopic 

The term neocorticogenesis describes the process of the primitive neural tube, 

with as yet undifferentiated cells, developing into the cortical plate, and neurones 

differentiating and migrating into an organised pattern. It is spatially timed and an 

early process in the development of the central nervous system, beginning before 

the fifth week of human gestation, when the foetus is still dependent on maternal 

thyroid function (Bernal, 2015; Segni, 2017). Lavado-Autric and colleagues 

(2003) were the first to publish evidence that early maternal thyroid dysfunction in 

completely iodine-deficient rats could alter foetal brain histogenesis and 

cytoarchitecture. They extended their observations to demonstrate that even a 

transient three-day period of early maternal hypothroxinaemia, without overt 

hypothyroidism, was sufficient to alter neurogenesis (Auso et al., 2004). The 
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timing was at a comparable time to the period of mid-gestation in the human 

foetus. In the rat pup brain, there were alterations in cytoarchitecture of the 

somatosensory cortex and hippocampus. Neuronal migration in the neocortex 

was also disturbed, similar to the previous study with more extreme, sustained 

thyroid disruption. The goitrogen used in the Auso et al. (2004) study is not 

known to be teratogenic.   

Bernal’s 2015 review of the effect of thyroid function on the brain provides a 

broad overview of mechanisms by which maternal thyroid dysfunction can affect 

foetal neurodevelopment. Thyroid hormones affect the transcription of the gene 

Reln, whose product Reeln is important for neuronal migration and architecture 

(Del Rio et al., 1997). T3 receptor mRNA is detected in the first trimester (Maia et 

al., 2005). Total brain T3 receptor concentration increases ten times during the 

active neuroblast proliferation and massive expansion in brain volume and 

development which occurs between the 10th and 16-18th week of gestation 

(Dobbing and Sands, 1970; Wejaphikul et al., 2019).  

Neurogenesis 

Thyroid hormones have a role in proliferation and differentiation of neural 

precursors in embryonic neurogenic areas in tadpoles during metamorphosis 

(Denver et al., 2009). However, in humans, most thyroid hormone effects appear 

to influence the later events of neural development and migration, and the 

terminal differentiation of neurones and glial cells. Thyroid hormone has been 

found to regulate the expression of the sonic hedgehog signalling pathway in the 

embryonic and adult Mammalian brain (Desouza et al., 2011). Thyroid hormones 

continue to influence neurogenesis in the adult, with hypothyroidism reducing, 

and levothyroxine replacement stimulating neurogenesis in subventricular and 

sub-granular zones (Berbel et al., 1994; Desouza et al., 2005; Kapoor et al., 

2015; Lemkine et al., 2005). 

Cell migration 

Thyroid hormones have important actions in cell migration in the cerebral cortex, 

hippocampus, corpus callosum and cerebellum (Bernal, 2015; Cuevas et al., 

2005). Effects on radial glia cells are thought to be a possible mechanism for this 

since they have structural and supportive functions and generate neurons and 
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neuronal precursors (Hatten et al., 1990; Krigstein et al., 2009; Martinez-Galan et 

al., 1997a, b, 2004). Deficiency in thyroid hormones during cortical development 

in rats causes less defined cortical layers and abnormal cell migration (Berbel et 

al., 1994, 2001). Thyroid hormones regulate the expression of the gene Reln in 

Cajal-Retzins cells, which produce Reelin. Reelin is an extracellular matrix 

protein and contributes to orderly neuronal migration (Del Rio et al., 1997; 

Garcia-Fernandez et al., 1997).  

Myelination 

In the foetus, differentiation of oligodendrocytes, which produce myelin, is 

affected by thyroid function. Deficiency in thyroid hormone during gestation 

delays differentiation and myelin gene expression. However, in rats completely 

deficient in T3 or T4, the oligodendrocytes in the foetus will eventually 

differentiate and produce myelin. However, the delay in myelination causes 

permanent defects in the adult rat, who display a reduced number of myelinated 

axons in response to prolonged neonatal hypothyroidism. The thickness of the 

myelin sheath appears unaffected (Adamo et al., 1990), in contrast to axonal 

maturation. It is postulated that the lower diameter of axons in hypothyroid 

animals could prevent axons reaching the critical size to become myelinated.  

1.7.2 Clinical evidence of the impact of maternal thyroid dysfunction 

during gestation 

In 1995, de Zegher et al. reported the crucial role of maternal T4 as a rescue 

mechanism for congenital hypothyroidism (CH) via the case report of a mother 

and child with foetomaternal Pit-1 deficiency causing TSH deficiency. The case 

emphasised the thyroid hormone's potent role in foetal brain maturation. It 

illustrated how placental transfer of maternal T4 serves as a rescue mechanism 

for infants with CH, safeguarding developmental potential. The index case had a 

de novo mutation, and in utero, was able to use her mother’s fT4. Levothyroxine 

was initiated during childhood. 

During her first pregnancy, the mother’s levothyroxine was stopped during the 

second half of gestation, resulting in no fT4 supply for the foetus. The child, 

heterozygous for Pit-1, despite having a mother adequately replaced with 

thyroxine in the first half of gestation, and receiving treatment with thyroxine soon 
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after birth, still experienced severe neurodevelopmental damage due to the lack 

of T4 in the second half of gestation. Without foetal TSH stimulating endogenous 

T4 production, the developing foetus was completely reliant on maternal fT4. This 

case underscores the critical role of continuous T4 during gestation, including in 

the third trimester, in preventing irreversible damage in CH. The mother had 

adequate levothyroxine replacement during her second pregnancy, and her 

second child had normal neurodevelopment (Pine-Twaddell et al., 2013). 

Less severe maternal thyroid dysfunction 

Once severe maternal iodine deficiency and hypothyroidism had been mostly 

tackled, the research community moved on to consider if less severe forms of 

maternal thyroid function might also have a detrimental effect on offspring 

neurodevelopment. The non-cretin population in severely iodine-deficient areas, 

although born to mothers without severe hypothyroxinaemia, were found to have 

a statistically significant reduction in average IQ, together with increased rates of 

sensorineural hearing impairment compared to those living in similar, iodine-

sufficient areas (Querido et al., 1975; Gosling et al., 1975). 

Effect of maternal thyroid function on offspring IQ 

Maternal thyroid function is not routinely checked during pregnancy in the 

absence of a prior history of thyroid disease. Haddow et al. (1999) raised the 

question of whether it should be part of antenatal assessment. They reported a 

significant reduction in IQ in children of mothers who had untreated or only 

partially treated hypothyroidism in pregnancy (Haddow et al.,1999). The first 

randomised controlled trial using an intervention then followed: the Controlled 

Antenatal Thyroid Screening (CATS) study by Lazarus et al. (2012).  

The CATS trial was predominantly based in South Wales, with IQ and 

psychological assessment being conducted at age 3 years in the children of 

women found to have suboptimal gestational thyroid function (SGTF). When 

recruited at their 12 week antenatal review, participants were randomised to have 

thyroid function tested immediately or stored until they gave birth. Those 

randomised to have thyroid function tested during pregnancy were started on 

levothyroxine if were found to have SGTF (Lazarus et al., 2012). At 3 years of 

age, no difference in IQ between the offspring of the two groups, treated and 
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untreated SGTF, was found. However, no comparison was made with the normal 

GTF group, raising the question of whether the timing of starting levothyroxine 

could have been too late in gestation. The assessments were repeated in the 

CATS II study, where a proportion of the children were reassessed at age 9, this 

time also including the offspring of mothers who had had normal gestational 

thyroid function in the initial CATS study (Hales et al., 2018). CATS II confirmed 

the finding of the first CATS study, i.e. that there was no difference seen between 

the IQ of offspring of mothers who were treated or not for suboptimal gestational 

thyroid function, but also showed that these groups did not differ from normal 

GTF (Lazarus et al., 2012; Hales et al., 2018). In 2017, the American RCT study 

by Casey et al. (2017), which included an even larger number of pregnant 

mothers, also found no difference in IQ. The CATS studies are discussed in 

greater detail in chapter 3. 

1.7.3 Suboptimal maternal thyroid function and associations with ADHD 

Fetene et al.’s 2017 systematic review titled “maternal thyroid dysfunction during 

pregnancy and behavioural and psychiatric disorders of children” was the first 

systematic review on the subject. Thirteen articles met the inclusion criteria, with 

all based within Europe or the US.  A variety of associations with gestational 

thyroid dysfunction was found, with the majority of studies (8/13) concerning 

attention deficit hyperactivity disorder (ADHD) risk. Autism spectrum disorders, 

externalising behaviour and epilepsy/seizure risk were other disorders studied.  

In the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition, Text 

Revision (DSM-5-TR), ADHD is defined as “a neurodevelopmental disorder 

defined by impairing levels of inattention, disorganization, and/or hyperactivity-

impulsivity”. The key word is “impairing”, with symptoms that are deemed as 

excessive for age of developmental level (Koutsoklenis and Honkasilta, 2022).  It 

appears there is “atypical brain structure in ADHD, implicating multiple neural 

systems” are involved (Friedman & Rapoport, 2015). Structures known to be 

associated with attention, working memory and cognitive control- all of which can 

be impacted in ADHD (Arnsten et al., 2012; Valera et al., 2007) and are of 

growing interest for impact of thyroid function on neurodevelopment. 
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Table 1.2 summarises the ADHD studies included in Fetene and colleagues’ 

systematic review (2017), ranging from 1999 to 2015. The majority of the studies 

reported an association between low maternal thyroid function and ADHD traits. 

However, as hyperthyroidism is less common than hypothyroidism/ 

hypothyroxinaemia (Taylor et al., 2018), it was difficult to study the effects of 

gestational high FT4 on behavioural/psychiatric disorders in children.  

The two earliest studies investigating potential associated between maternal 

thyroid function and ADHD were published in 1999 (Haddow et al.) and 2004 

(Vermiglio et al.). The two studies had small study populations, but did report 

increased attentional deficits/ADHD prevalence in those children born to mothers 

with hypothyroidism or hypothyroxinaemia. 

Several of the more recent studies are part of the Generation R Biobank research 

group (Kruithof et al., 2014). Modesto et al. (2015) found an increased risk of 

ADHD at age 8 in children whose mothers had hypothyroxinaemia in the first 

trimester. The study consisted of a large number of mother-child pairs and was 

able to adjust for a large number of potential cofounders, including 

sociodemographic cofounders and maternal antenatal mental health. In the same 

cohort, an increased ADHD risk was also associated with maternal autoimmune 

thyroiditis at approximately 13.5 weeks (Ghassabian et al., 2012) and high TSH 

(Ghassabian et al., 2011). Generation R is a prospective, population-based 

cohort study following a cohort from the city of Rotterdam from when they were a 

foetus to young adulthood. As such, it provides a large cohort who have been 

followed-up and had a range of different assessments over the course of their 

childhood and has resulted in several studies examining a number of outcomes 

related to maternal thyroid function during pregnancy.  

A Danish register-based cohort study, consisting of just over 85000 mother-child 

pairs, found that a maternal diagnosis/treatment of hyperthyroidism soon after 

pregnancy was related to increased ADHD risk in the offspring (adjusted HR 

1.23; 95% CI 1.05-1.44) (Andersen et al., 2014).  This was not found in children 

of mothers treated for hyperthyroidism prior to pregnancy. One limitation is that 

the children were assessed for ADHD traits at a relatively young age of 3. In a 

French ADHD study, the mean age parents first identified symptoms of ADHD 
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was 4.03 years, with mean age of a formal diagnosis of ADHD at age 8.0 years of 

age (Caci et al., 2020). Andersen et al. (2014) also reported an association 

between maternal hypothyroidism and risk of autism spectrum disorder (ASD) in 

the offspring (adjusted HR 1.34; 95% CI 1.14-1.59). In contrast, the Generation R 

cohort study did not find an association between maternal TSH or fT4 in the 

normal range and ASD, but did report an increased risk of ASD in those children 

from the severe maternal hypothyroxinaemia group (fT4 <5% of the cohort) 

(Roman et al., 2013).  

A more focused study from the Danish register-based cohort study was published 

in 2018 (Andersen et al.). A sub-set of the population cohort was selected, 

including mother:child pairs whose children were diagnosed with epilepsy, ASD, 

ADHD or another developmental disorder (2276), compared with controls (7624). 

Maternal thyroid function was measured median 9 weeks’ gestation. Abnormal 

maternal thyroid function in early pregnancy was associated with a diagnosis of 

epilepsy, ASD, or ADHD in the child, but associations differed by subtypes of 

exposure and by child age and sex. The average age when an ADHD diagnosis 

was recorded was 8.4 years. A higher level than expected had abnormal 

maternal thyroid function results, 12.5% of the control group. This was 

significantly higher in the ASD group (17.9%; aHR = 1.5 [CI 1.1-2.1]), but not in 

the ADHD or epilepsy groups. Overt maternal hypo- or hyperthyroidism was 

associated with increased risk of ASD but not ADHD. Isolated maternal 

hypothyroxinaemia was associated with increased risk of an ADHD diagnosis 

(aHR = 2.3 [CI 1.2 – 4.3]) in girls but not boys. However, confidence intervals 

were wide due to the small number of cases in stratified analyses. 

A Finnish study reported no overall association between high maternal TSH 

during pregnancy and ADHD traits in the offspring. A secondary analysis found a 

weak but statistically significant increased risk of ADHD traits raised maternal 

TSH in female but not male offspring (Päkkilä et al., 2014).  

The CATS II study also included neurodevelopmental psychological assessments 

as well as IQ measurements. A proportion of the women randomised to treatment 

in CATS I were deemed to have been “over-treated”, as they became 

hyperthyroid after starting levothyroxine and needed their dose reduced, and they 
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were included in the secondary analysis. In the CATS II study, there was no 

overall association between SGTF at 12 weeks’ gestation and offspring 

neurodevelopment questionnaire scores at age 9, which included symptoms 

associated with ADHD. However, children of the ‘over-treated’ mothers displayed 

significantly more ADHD traits than those with normal gestational thyroid function 

(Hales et al., 2020). 

The majority of research suggesting an association between thyroid function and 

increased risk of ASD or ADHD traits’ or diagnosis has focused on maternal 

thyroid function in pregnancy. A small number of studies have reported increased 

risk of ADHD or ASD traits in children born with congenital hypothyroidism (Rovet 

et al., 1999; Álvarez et al., 2010), but others found no association (Kooistra et al., 

2001 & 2004). A prospective study following up children diagnosed with 

congenital hypothyroidism from birth found those who experienced under or over-

replacement of thyroxine during the first 6 months postnatally had increased risk 

at age 10 years of ADHD if one or more episodes of over-replacement or ASD 

traits if one or more episodes of undertreatment as infants (Bongers-Schokking et 

al., 2018). 
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Table 1.2 Studies examining the risk of ADHD in children exposed to maternal 

thyroid dysfunction during gestation. Adapted and expanded from Fetene et al. 

(2017). 

Author Title Main findings 

Haddow 

USA 

1999 

Maternal thyroid 

deficiency during 

pregnancy and 

subsequent 

neuropsychological 

development of the 

child 

Reported an association between 

maternal hypothyroidism & offspring’s 

attention at 7-9 years old. Did not adjust 

for cofounders. Included 62 mother-child 

pairs with gestational overt 

hypothyroidism based on TSH levels, 

with 124 matched control pairs. The 

same paper included data on IQ, as 

discussed in main text of this chapter. 

Vermiglio 

Italy 

2004 

ADHD in the 

offspring of mothers 

exposed to mild-

moderate iodine 

deficiency: a 

possible novel 

iodine deficiency 

disorder in 

developed countries 

Prospective study. Reported association 

between moderately iodine deficient (ID) 

areas and hypothyroxinaemic mothers 

and ADHD prevalence. Very small 

study- 16 mother-child pairs in moderate 

iodine-deficient area and 11 control 

pairs in mildly iodine-deficient area. 

Observed a higher rate of 

hypothyroxinaemic mothers in the 

moderately ID area, but the ADHD 

prevalence seemed extremely high 

(68.3% in the moderate ID area) and 

may be a reflection of the very small 

numbers. Not all of the 16 mothers from 

the moderately ID area were 

hypothyroxinaemic. Authors did not 

adjust for cofounders. 
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Author Title Main findings 

Chevrier 

USA 

2011 

Maternal thyroid 

function during the 

second half of 

pregnancy and child 

neurodevelopment 

at 6,12,24 & 60 

months of age 

In contrast to other studies, this study 

found a reduction in ADHD symptoms, 

as reported by mothers in 60-month-old 

children, in those exposed to higher 

TSH levels in gestation. However, the 

study authors found this was not 

supported by other measures of 

hyperactivity and/or inattention, and 

concluded no impact of maternal thyroid 

function in second half of pregnancy on 

offspring neurodevelopmental 

outcomes. Study size was small (287 

mother: child pairs). 

Ghassabian^ 

Netherlands 

2011 

Maternal thyroid 

function during 

pregnancy and 

behavioural 

problems in the 

offspring: 

Generation R study 

Association between high TSH during 

pregnancy at 13.3 weeks and ADHD. 

Ghassabian^ 

Netherlands 

2012 

 

Maternal thyroid 

autoimmunity during 

pregnancy and risk 

of ADHD problems 

in children: 

Generation R 

Association between maternal 

autoimmune thyroiditis at 13.5 weeks 

gestation and increased ADHD risk. 

Päkkilä 

Finland 

2014 

The impact of 

gestational thyroid 

hormone 

concentrations on 

No overall association, but increased 

risk of ADHD issues in female offspring 

of mothers with higher TSH. 

Prospective, population-based Northern 
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Author Title Main findings 

ADHD symptoms of 

the child 

Finland Birth Cohort 1986. ADHD 

assessed by teachers completing 

questionnaires for 5131 children at age 

8 years old. 

Andersen 

Denmark 

2014 

Attention deficit 

hyperactivity 

disorder and autism 

spectrum disorder in 

children born to 

mothers with thyroid 

dysfunction: a 

Danish nationwide 

cohort study 

Maternal hyperthyroidism only 

diagnosed after birth was associated 

with increased ADHD in the offspring at 

age 3 years. Not found in mothers 

already diagnosed and treated for 

thyroid disease before pregnancy. 

However, 3 years old may be too early 

an age to judge ADHD. A large register 

based, retrospective cohort, using ICD-

10 hospital codes. >85000 M-C pairs. 

Did not record gestational age when 

thyroid function was measured. 

Modesto^ 

Netherlands 

2015 

 

Maternal mild 

thyroid hormone 

insufficiency in early 

pregnancy and 

ADHD symptoms in 

children: Generation 

R 

Hypothyroxinaemic mothers at mean 

gestational age 13.6 weeks had 

progeny with increased ADHD rates at 8 

years old. Adjusted for a large number 

of cofounders, including 

sociodemographic factors and maternal 

antenatal mental health. 

Andersen 

Denmark 

2018 

Maternal Thyroid 

Function in Early 

Pregnancy and 

Child 

Neurodevelopmental 

Disorders: A Danish 

Maternal hypothyroxinaemia associated 

with ADHD diagnosis in girls but not 

boys.  
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Author Title Main findings 

Nationwide Case-

Cohort Study 

^ Studies resulting from Generation R Biobank study 

ASD: autism spectrum disorder; ADHD: attention deficit hyperactivity disorder. 

 

Neuroimaging studies 

The precise mechanism/ locations of alterations in the developing brain resulting 

from abnormal maternal or early childhood thyroid function remains uncertain. 

MRI neuroimaging offers an opportunity to investigate the underlying issues in 

brain development that underpin the clinical manifestation in a safe and non-

invasive approach, with greater detail and versality than computed tomography 

(CT) imaging. MRI has been used extensively for investigating ADHD in children, 

but so far, few neuroimaging studies investigating effect of maternal thyroid 

function have been published. However, MRI studies can be resource heavy and 

time-consuming, requiring greater logistical considerations for the study design 

than simply measuring serum levels or evaluating for presence of a goitre.  

The number of studies of thyroid function effects on neurodevelopment are much 

smaller than the field of ADHD research, but some studies investigating 

gestational thyroid function suggest potential associations with ADHD and other 

cognitive/executive function impacts. As MRI scanners have improved and a 

greater body of imaging data published regarding brain development, a small 

number of studies have been undertaken investigating the effects of thyroid 

hormones on the brain. However, modern MRI techniques have only emerged 

after the prevention of most cases of cretinism and the early detection and 

treatment for CH. MRI studies in thyroid dysfunction are thus predominantly in 

suboptimal/subclinical disease. To ensure that all relevant studies were found 

and reviewed, I undertook a systematic review (described in chapter 3) with a 

view to informing the analysis protocol I adopted in chapters 4.  
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1.8 Hypothesis and Aims 

Based on previous studies, including the CATS II study, which reported 

associations of maternal thyroid dysfunction with increased risk of ADHD traits, I 

hypothesised that abnormal thyroid hormone bioavailability during neonatal 

development could alter brain maturation with potential impact on brain 

morphology. The follow-up to the CATS II study has been the CATS III study, 

which focused on undertaking MRI neuroimaging of children involved in the 

CATS II study.  

To test this hypothesis I sought to:  

1. Undertake a systematic review of the current MRI neuroimaging literature 

concerning exposure to abnormal thyroid function during childhood, 

including gestation.  

2. Use MRI in the CATS III study to establish if altered maternal thyroid 

availability during gestation is associated with altered brain morphology.  
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2.1 Introduction 

Magnetic resonance imaging (MRI) is a non-invasive medical imaging technique 

used to visualize detailed internal structures of the body, especially soft tissues, 

with high clarity. The aim of this chapter is outline the essential principles of MRI 

and the main types of MRI techniques currently employed in neuroimaging 

research.  

Unlike X-rays and computed tomography (CT) scans, which use ionizing 

radiation, MRI employs powerful magnetic fields and radiofrequency waves to 

produce detailed images. MRI is of particular use for imaging the brain, providing 

contrast between different soft tissues. In addition to its use in diagnosing and 

monitoring a wide range of medical conditions, it has a significant place in 

neurology research. Advanced MRI modalities, such as functional MRI (fMRI), 

diffusion tensor imaging (DTI), and magnetic resonance spectroscopy (MRS), 

offer insights into brain activity, neural pathways, and biochemical changes, 

important for both research and increasingly clinical uses. 

2.1.1 The development of MRI 

Isidor Isaac Rabi was awarded the 1944 Nobel prize in physics for his “resonance 

method for recording the magnetic properties of atomic nuclei”. He developed the 

atomic and molecular beam magnetic resonance method of observing atomic 

spectra, measuring their magnetic properties. Purcell and Block won the 1952 

Nobel prize in physics for developing methods for studying the magnetic 

resonance properties in solids and liquids, not just individual atoms or molecules. 

In the 1970s, these principles were developed into the clinical imaging technique 

of MRI.  The first live human subject was imaged in 1977, with MRIs becoming 

commercially available for clinical use in the 1980s. The 2003 Nobel prize in 

physiology or medicine was awarded to Paul Lauterbur, who developed gradient 

fields to allow allocating signal spatiality and Peter Mansfield, who developed the 

mathematical methods needed to allow radiofrequency (RF) signals to be 

converted into image signals.   
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2.1.2 Key principles of MRI 

Structural MRI is the cornerstone of diagnostic neuroimaging used in the hospital 

setting. In recent years, an increasing variety of MRI techniques, first developed 

for research, are now being incorporated into medical use, e.g. planning 

neurosurgical approaches using functional MRI (fMRI) or diffusion tensor imaging 

(DTI).   

The simplistic explanation of how magnetic resonance images are acquired is as 

follows: the patient is placed within the bore of a large magnet. The magnetic field 

temporarily realigns hydrogen atoms in the body. Radiofrequency waves then 

cause these aligned atoms to produce faint signals, which are detected by the 

scanner and used to construct detailed images of the body's internal anatomy. 

Protons and neutrons are the building blocks of atomic nuclei. By applying a 

strong external magnetic field (B0), the nucelus of the atom attempts to align to 

be either parallel with or perpendicular to the external field. If parallel to the 

magnetic field, the nucleus is deemed to be in a high energy state, and if 

perpendicular, in a low energy state. Nuclei with spin properties can be excited 

within the static magnetic field (B0) by application of a second radiofrequency 

magnetic field (B1), When B1 is applied perpendicular to B0, the nucleus will 

absorb this energy, and will transition between the two energy states. The energy 

being absorbed and then released creates a voltage that can be detected by the 

coil of wire within the MRI scanner.  

In MRI, the fundamental measurement is the magnetism inherent in certain 

nuclear isotopes, particularly the hydrogen atom (1H), as it is present in water 

within the tissues of the body. This magnetism is referred to as spin. A strong, 

static magnetic field (B0) is used to align the spins of the nuclei, creating a 

magnetic density within the patient's body. When the magnetic field is aligned 

parallel with the external field, it causes a low-energy state. A high energy state is 

caused when B0 is aligned perpendicular to the external field. A second, rotating 

magnetic field (B1 or RF pulse) is applied for a short duration, which causes the 

nuclei to absorb this energy and transition between the two energy states. The 

second pulse rotates the nucleus, making it spin away from the direction of B0, a 

process called excitation. After the RF pulse is turned off, the spins rotate about 
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B0, termed precession. As long as the spins are aligned, i.e. in phase coherence, 

they create rapidly oscillating magnetic fields, detected by a receiver coil. 

However, this coherence decays rapidly over time, with a duration roughly given 

by the T2 time constant. During this decay in alignment, magnetisation reforms 

along the direction of B0. Small variations in the magnetic field experienced by 

the nuclei can lead to significant effects on the MRI image. These variations can 

be caused by factors like magnet design, tissue properties (susceptibility), and 

the nuclear environment within molecules.  

The energy and magnetic energy is created by supercooling coils of wire within a 

MRI scanner using liquid helium. By cooling the coils close to absolute zero (0K), 

it allows massive electrical currents to be conducted, creating cryogenic 

superconducting magnets. With the advent of MR field gradients, three sets of 

coils can apply gradients in different directions, enabling different MR signals to 

be detected at different positions in space, and allow images to be reconstructed 

in 3 dimensions. Higher field strength systems result in improved signal to noise 

ratios, leading to higher resolution images and improved quantifications. The unit 

of measurement of MRI field strength is a Tesla (T). The majority of clinical MRI 

scanners use 1.5T, but the newer generation are 3T scanners. 

2.2 Common MRI Techniques in Neuroimaging 

2.2.1 Structural MRI 

T1- and T2-weighted MRI is the cornerstone of clinical diagnosis and monitoring 

of disease. In structural MRI there are two different types of relaxation, i.e. the 

process by which a nuclear “spin” returns to thermal equilibrium after absorbing 

radiofrequency energy. T1-weighted MRI images are characterized by short 

repetition time (TR) and short echo time (TE), resulting in images where tissues 

with shorter T1 relaxation times appear bright, while those with longer T1 

relaxation times appear dark. This means that tissues like white matter appear 

bright, while fluids and cerebrospinal fluid (CSF) appear dark. T1-weighted 

images are particularly good at highlighting the contrast between grey and white 

matter in the brain. 
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T2-weighted MRI images, in contrast to T1-weighted, have longer TR and TE, 

resulting in images where tissues with longer T2 relaxation times appear bright, 

while those with shorter T2 relaxation times appear dark. This makes fluids and 

CSF appear bright, while white matter appears darker than in T1-weighted 

images. T2-weighted images are sensitive to differences in water content and are 

useful for detecting abnormalities such as oedema, inflammation, and lesions, as 

these conditions often involve changes in water content within tissues. 

Although T1-weighted MRI can be good to differentiate between white and grey 

matter in the brain, many of the white fibre tracts cross each other, making it hard 

to establish connections between different parts of the brain. Even in anatomical 

and histological studies, it is very hard to establish the specific white matter 

tracts. 

2.2.2 Diffusion MRI  

Diffusion MRI is concerned with functional connectivity of different structures, 

particularly white matter tracts, using the movement of water molecules. 

Diffusion-weighted imaging (DWI) and diffusion tensor imaging (DTI) are related 

but distinct MRI techniques. DWI measures the random motion of water 

molecules within tissues, providing qualitative information about tissue 

microstructure and aiding in the detection of conditions such as acute stroke. In 

contrast, DTI extends DWI by quantifying the directionality of water diffusion 

using multiple diffusion-weighted images, allowing for the visualization and 

quantification of white matter fibre tracts in the brain. DTI metrics offer 

quantitative measures of tissue integrity and can be used to study various 

neurological conditions affecting white matter. Figure 2.1 illustrates neurones and 

the distribution of water and macro- and micromolecular content that MRI can use 

to investigate. 
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Figure 2.1 Representation of characteristics relevant for MRI in the central nervous 

system, focus on intra-axonal water and myelin. Myelin is wrapped around the axon. 

Within the axon is intracellular water, and outside the myelin layer is extracellular water. 

The myelin sheath consists of myelin water and lipid bilayers that contain 

macromolecules. Figure from van der Weijden et al. (2023), based on Fig. 1 from 

Campbell et al. (2018). 

 

Fractional anisotropy and radial, axial and mean diffusivities are common metrics 

used in DTI. Diffusivities are scalar indices that describe the diffusion of water in 

specific voxels related to the structure of white matter tracts (Winklewski et al., 

2018). Voxels can be thought of as three dimensional version of pixels and are 

the smallest volumetric elements in an MRI image. In neuroimaging, fractional 

anisotropy (FA) quantifies the overall magnitude of water's directional movement 

along axonal fibres, while mean diffusivity measures the average diffusion in all 

directions. Other commonly reported metrics include axial diffusivity (AD), which 

represents the average diffusion of water molecules parallel to the tract within the 

voxel of interest, and radial diffusivity (RD), which measures the magnitude of 

water diffusion perpendicular to the tract. 
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In Diffusion Tensor Imaging (DTI) MRI studies of white matter, streamlines depict 

the main directions of water diffusion, helping visualise the pathways of white 

matter tracts. They enable tractography, which maps neural connections and 

helps deduce connectivity patterns between different brain regions. Streamlines 

also indicate the structural integrity of white matter, with disruptions potentially 

pointing to damage or abnormalities. Quantitative analysis of streamline 

characteristics aids in evaluating microstructural properties, offering valuable 

insights into both normal brain function and various neurological conditions. 

Tractography is a method to visualise white matter tracts and uses the scalar 

indices in individual voxels to project 3D trajectories of fibre pathways and 

connection between different brain systems in vivo.(Soares et al., 2013). Fibres 

and tracts will be crossing each other, making it difficult to accurately reconstruct 

a fibre tract. A range of different approaches and techniques and software can be 

used to try to generate the best estimate, but it will still be an estimate, and 

results have to be interpreted with a high degree of caution. 

 

A.       B. 

Figure 2.2. Tractography of corpus callosum using ExploreDTI; A) Tractography of 

cingulum (green) and corpus callosum (red) including connections to other parts of the 

brain and B) using hand drawn region of interest (ROI) to isolate the tracts of interest. 

Images from a CATS III study participant. 

2.2.3 Functional MRI (fMRI) 

For a hundred years prior to fMRI being developed, blood flow was known to 

increase in areas of the brain undergoing activation (Roy & Sherrington, 1890; 

Kety & Schmidt, 1948). Functional MRI was developed in the 1990s, based on 

the magnetic properties of paramagnetic deoxyhaemoglobin; blood oxygenation 



Chapter 2: Principles of MRI 
 

42 
 

level-dependent (BOLD) contrast follows blood oxygen changes (Ogawa et al., 

1990). 

fMRI offers high spatial resolution, allowing localisation of brain activity to specific 

regions or substructures. fMRI also provides whole-brain coverage, offering a 

comprehensive view of brain function. Although its temporal resolution is limited, 

fMRI still allows for the observation of changes in brain activity over time, typically 

seconds. This versatility enables the study of various cognitive functions, such as 

language, memory, and emotion. Clinically it is used in helping to plan 

neurosurgical approaches. 

2.2.4 Magnetic resonance spectroscopy (MRS) 

Magnetic resonance spectroscopy imaging measures chemical shift of certain 

atomic nuclei. As well as 1H, 31P, 13C, 23Na and 19F also have “spin” 

properties, allowing them to be measured during MRS investigation. Results are 

often reported as metabolic ratios to a stable metabolite naturally occurring in the 

tissue, such as creatine (Cr). It is difficult to provide absolute quantifications of 

metabolites, due to a variety of factors affecting the measurements, including T1 

and T2 signals (Grover et al., 2015). 

Cerebral proton spectroscopy – visible metabolites.    

• N-acetyl aspartate: 

In MRS, N-acetyl aspartate (NACC) is used as a marker of neuronal dysfunction 

and neuronal loss (Vion-Dury et al, 1994), although its exact physiological 

function is unknown (Birken et al., 1989; Grover et al., 2015). 

• Choline: 

Phosphocholine molecules are released during membrane breakdown, therefore 

can be a marker of membrane activity. They are also involved in phospholipid 

metabolism and osmotic regulation in glial cells. Elevated choline resonance 

occurs in inflammatory process and is thought to be a marker of myelin 

breakdown (Davie et al., 1993). 

• Creatine 
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The total peak from creatine and phosphocreatine is thought to be fairly constant 

in both the healthy and diseased brain, so is often used as an internal reference 

interval (Gadian, 1995) 

2.2.5 Quantitative Magnetisation Transfer (qMT) 

Quantitative Magnetisation Transfer (qMT) imaging is a specialised MRI 

technique used in neuroimaging research. It focuses on measuring the exchange 

of magnetisation between protons bound to free water molecules and protons 

bound to macromolecules (such as proteins and lipids) in biological tissues (van 

der Weijden et al., 2023), see figure 2.1 above. 

In qMT, two MRI scans are acquired, allowing the signal intensities in the two 

images to be compared. Typically, the scans are a standard proton density 

weighted (PDw) image and a magnetisation transfer weighted (MTw) image. The 

MTw image is acquired with an additional radiofrequency (RF) pulse that 

selectively saturates the macromolecular protons. By comparing the signal 

intensities in these two images, researchers can derive quantitative metrics 

related to the macromolecular content and their interaction with free water 

(Campbell et al., 2018). It can offer more information about myelin content, 

axonal density, and tissue integrity than conventional MRI. 

2.3 Pre-processing and analysis steps in neuroimaging 

Pre-processing prepares the data for analysis. The aim is ensure the different 

images acquired during the scan are correctly registered together and aligned 

with a brain atlas to help analysis of certain structures, minimise noise and 

correct for potential artifacts. The brain extraction tool (BET) removes non-brain 

structures, e.g. skull and scalp. These structures are not of interest to analysis 

and is also part of the process of anonymising participants. Removing the skull, 

otherwise termed skull stripping, also removes the ability to reconstruct the 

participant’s face, which is especially important in a time of increasingly open 

data and collaboration.  

Participants can move slightly during scanning, causing motion artifacts. Motion 

correction algorithms help to align images to reduce the impact of motion. 

Registration of images involves aligning different types of imaging sequences 
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taken at different times during the MRI scan of a participant. Registration corrects 

for differences in positioning, scaling, and orientation, ensuring accurate 

comparison and analysis. This allows comparison of images across subjects or 

across different modalities. There are several brain atlases that can be used to 

help allow automatic segmentation of brain structures for analysis, such as that 

used by the FreeSurfer software (Fischl, 2012). 

Pre-processing prepares the data for analysis by ensuring that the different 

images acquired during the scan are correctly registered and aligned with a brain 

atlas. This step is crucial for analysing specific structures, minimising noise, and 

correcting for potential artifacts. The Brain Extraction Tool (BET) removes non-

brain structures such as the skull and scalp. 

During scanning, even if participants stayed absolutely still, they will naturally 

move slightly, e.g. breathing. This will cause motion artifacts, but often there will 

be other types of participant movement too, as the scan time is at least several 

minutes or up to an hour or more depending on technique being used and aim of 

the scan. Motion correction algorithms align images to mitigate the impact of this 

movement. Registration of images involves aligning different imaging sequences 

taken at various times during the MRI scan, correcting for differences in 

positioning, scaling, and orientation. This alignment ensures accurate comparison 

and analysis across subjects or different modalities. 

Several brain atlases, such as those used by the FreeSurfer software, facilitate 

automatic segmentation of brain structures for analysis. These tools enhance the 

accuracy and efficiency of pre-processing, allowing for more precise and reliable 

analysis of neuroimaging data. An example of the automatic segmentation is 

below in figure 2.3. 
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Figure 2.3. Example of automatic segmentation of cortical grey matter using Freesurfer. 

In image, the brain extraction tool has not yet been applied. Image from a CATS III study 

participant.  

 

2.4 Applications and Challenges 

Applications 

The clinical applications of MRI range from diagnosing and monitoring 

neurological disorders such as multiple sclerosis, Alzheimer's disease and brain 

tumours to researching brain structure and function using functional MRI (fMRI), 

diffusion tensor imaging (DTI), and perfusion imaging. 

Challenges and Limitations 

MRI allows detailed analysis of the brain in human subjects, without invasive 

measures. It is an important clinical and research tool. However, there are 

challenges in data quality, methodology used, how to interpret results, high cost 

and tolerance to participants. Tolerance to the subject being scanned is 

important, as the bore of the scanner is narrow and can feel claustrophobic, 

coupled with having to lie very still and the movement of the magnets inside the 

scanner can be very loud.  

Achieving high spatial and temporal resolution simultaneously poses difficulties, 

since higher resolution improves image quality but extends scan time and 

heightens susceptibility to motion artifacts. Image artifacts such as motion, 

magnetic susceptibility, and radiofrequency interference can distort images, 

complicating interpretation. Participants with claustrophobia can struggle or be 

unable to tolerate the scan. The noise can also be distressing to some people, 
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despite ear plugs. Distraction measures have been developed, such as mirrors or 

television screens, which are especially helpful when scanning children.  

Data analysis can be complex, as MRI data requires specialised software and 

expertise for each stage of pre-processing, registration, segmentation, and 

statistical analysis. The cost and accessibility of MRI systems can present 

barriers, both for clinical and research use. MRI scanners are expensive both to 

procure and maintain, limiting availability in some regions and populations due to 

high scan costs. Additionally, interpretation challenges arise, as methodology of 

the scan, processing and analysis can affect the results. Furthermore, there is an 

ongoing debate about how brain structure and function interact, and how they 

influence one another. The key to building up a more robust idea of what different 

MRI technique results mean is to combine with other measures of brain function, 

such as executive functioning or motor tasks, other imaging techniques and/or 

histology from post-mortem or animal studies. 

2.5 Conclusion 

Overall, MRI plays an important role in both clinical practice and neuroscience 

research. MRI can provide non-invasive, detailed images of the brain's structure, 

function, and metabolism. It is a versatile tool, with the ability to capture multiple 

aspects of brain anatomy and physiology, both for research and clinical needs. 

MRI is an important tool in neuroimaging, providing increasingly high spatial 

resolution and soft tissue contrast without ionising radiation. Challenges exist, 

including the need to balance spatial and temporal resolution, addressing image 

artifacts, data analysis, and managing costs and accessibility. Future 

developments aim to enhance MRI capabilities through technologies such as 

ultra-high field MRI, multi-modal imaging, machine learning and artificial 

intelligence (AI), real-time imaging, and personalised medicine, with the aim to 

lead to improved understanding of brain development and function and diagnostic 

accuracy and treatment outcomes. 
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3.1 Introduction 

Severe thyroid hormone deficiency during early gestation causes permanent 

neurological disability. Although this is well-documented, neuroimaging was not 

available at the time of the majority of studies undertaken, and the areas of the brain 

that are affected are unclear. In the 21st century, focus has moved onto the milder 

forms of maternal thyroid hormone dysfunction. However, the impact of mild 

suboptimal gestational thyroid function (SGTF) on IQ is debateable. As discussed in 

chapter 1, epidemiological studies and our observations in the CATS II study 

suggest that there may be an increased risk of offspring having increased risk of 

ADHD in those with CH or born to mothers with overt or subclinical thyroid disease. 

This implies there may be associated adverse neurodevelopmental sequelae.   

The literature search for the introduction chapter of this thesis identified two main 

research groups focusing on maternal thyroid function (MTF) and congenital 

hypothyroidism (CH). While cretinism has been almost eradicated, some case 

reports persist in lower-income countries, suggesting the possibility of small studies 

from less well-known research groups. Childhood is a critical period for continuing 

neurodevelopment, and it remains unclear which brain regions might be most 

affected by thyroid issues. Therefore, a search was conducted to find any studies 

with neuroimaging results involving individuals exposed to thyroid dysfunction during 

the antenatal or childhood periods. The goal was to identify specific brain regions for 

further study in the CATS III analysis. Hyperthyroidism presents additional 

challenges for research, due to it being less common than hypothyroidism, and my 

initial literature search did not identify any neuroimaging studies related to it. 

The objective of this systematic review is to identify previous neuroimaging studies 

looking at associations between brain development and exposure to abnormal 

thyroid function during gestation and childhood. The MRI data will hopefully give 

further insight into the areas of the developing brain most sensitive to thyroid 

hormones. Identifying these areas will help to guide future imaging studies and build 

on the histological findings from animal models. Of interest are any type of exposure 

to abnormal thyroid function throughout gestation and childhood. The desired 

outcome is to identify which brain areas in human children appear most affected, and 
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potentially identify key timings in development, both to help identify mechanisms of 

TH action on the developing brain, but also to identify whether any potential 

interventions could be implemented. 

 

3.2 Methods 

Methodology broadly follows the Preferred Reporting Items for Systematic Reviews 

and Meta-analysis (PRISMA) criteria (Moher et al., 2009), see appendix 7.2 for the 

updated 2020 PRISMA checklist. It does not meet the PRISMA standards in that 

there only one reviewer, not two independent reviewers. 

3.2.1 Search criteria 

The search for studies was originally undertaken on 24th July 2019, with a focused 

search undertaken in March 2021 in case of further relevant publications. The MeSH 

terms (Medical Subject Headings) of “magnetic resonance imaging”, “neuroimaging”, 

“diffusion magnetic resonance imaging”, “thyroid hormones”, “thyroid gland” and 

“thyroid diseases” were used to search Medline, with free text keywords related to 

thyroid and/or brain, MRI, and maternal, gestation, foetus, congenital and childhood 

also employed. The searches were then repeated in EMBASE, SCOPUS and 

PsychInfo databases. Full search strategy is in Appendix 7.3, page 178.Reference 

lists of key journals in the field, citation lists of included studies and related reviews 

were hand searched.  

The aim of this systematic review was to provide the first comprehensive review of a 

relatively small field of thyroid-related neuroimaging studies in young people. The 

number of relevant studies was expected to be small, leading to the decision to 

create broad search criteria that would likely result in a large number of titles to 

screen, but ensure capture of all related sub-areas of related research. 

3.2.2 Study selection and eligibility criteria 

One author independently reviewed manuscript titles, identifying abstracts for further 

scrutiny. If the abstracts appeared to meet eligibility criteria, the full text article was 

then read, and if still meeting eligibility criteria, were put forward for inclusion in the 

review.  
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Inclusion criteria  

• Research subjects whose mothers’ thyroid function was evaluated during the 

pregnancy, OR subjects who were exposed to abnormal thyroid hormone 

levels during childhood, i.e. before 18 years of age. 

• MRI brain neuroimaging studies of above research subjects. 

• Case-control, cohort or interventional studies published in peer-reviewed 

journals. 

• Published in English. 

• Full-text articles. 

Exclusion criteria  

• Non-MRI neuroimaging studies. 

• Case reports. 

• Hashimoto’s encephalitis (autoimmune mediated encephalitis not thyroiditis). 

 

The search criteria did not include criteria related to age in order not to miss any 

participants exposed to thyroid dysfunction during gestation undergoing brain MRI 

when they were adults.  

Only full-text articles were included, but when a relevant conference abstract was 

found, every effort made to try to find any potential future publications related to it.  

No case-reports were included in the results, as there are too many unknown 

confounders, but if relevant, were included in the discussion, as were relevant non-

MRI imaging studies. 

Search results from each database were combined in EndNoteWeb, which de-

duplicated results. Any duplicated titles found during the title, abstract or full-text 

review stages were also removed. The titles were screened for relevance, and if 

relevant, their abstracts then reviewed. If the abstract appeared to meet the inclusion 

criteria, the next stage was review of the full text article. Data collection was started 

at the full text article stage, as described below, and any found to not meet the 

systematic review criteria were excluded, with reason recorded (Figure 3.1). 
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3.2.3 Data collection and analysis 

Title, type and size of study, first author, year published, country in which the study 

was undertaken, type of thyroid dysfunction participants were exposed to, sex of 

participants and age at time of scan and thyroid testing were recorded. Type of MRI 

imaging (e.g. fMRI, structural), field strength and regions of interest studied were 

also captured.  Data items were extracted from the published studies into a 

spreadsheet. A narrative analysis of the included studies was used. Meta-analysis 

was not conducted due to heterogeneity of the exposure and outcome variables.  

3.2.4 Quality scoring and risk of bias  

The methodological quality of each study was assessed for risk of bias using the 

Newcastle-Ottawa Scale (NOS) (Wells 2008). The NOS assesses the quality of 

design of non-randomised case-control and cohort studies. Scores are assigned for 

selection criteria, comparability and outcome (cohort) or exposure (case-control). A 

maximum score of 9 stars reflects highest quality.  
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3.3 Results  

After duplicates were removed, 7602 titles and abstracts were screened, as 

presented in the PRISMA diagram (Figure 3.1). A total of 78 full texts were 

assessed, with the majority being excluded as they concerned participants affected 

by thyroid dysfunction beginning in adulthood. The PRISMA flow diagram illustrates 

full reasons for exclusion (Figure 3.1).  An updated, focused search was undertaken 

in February 2021 to look for new studies published post the 2019 search. It used the 

keywords from the included studies from the initial systematic search. and found one 

new study that matched inclusion criteria (Cooper et al., 2019).  

All included studies are summarised in table 3.2 at the end of this chapter, including 

details of citation, country, title, type of study, MRI modality and field strength, age 

when scanned, age at thyroid sampling/diagnosis, size of exposed: non-exposed, 

study quality and underlying thyroid condition. 

Twenty-two studies were included, which naturally divided into three discrete sub-

groups: maternal thyroid dysfunction (MTDF), congenital hypothyroidism (CH) and 

thyroid hypothyroxinaemia of prematurity (THOP). Each condition affects children at 

different stages of their early development: during gestation, the early neonatal 

period and premature birth respectively. The majority of the studies scanned children 

of school-age, between the ages of 7 to 16 years old. Two CH (Siragusa et al., 1997; 

Akinci et al., 2006) and two THOP (Ng et al., 2014; Hung et al., 2018) studies 

scanned neonates. Biological sex was fairly equally distributed between the studies, 

although some neonatal studies did not include sex data. Eighteen of the included 

studies were of a case-control design, including one randomised controlled study 

(Ng et al., 2014). The case-control studies were relatively small in size, with a 

median of 19 cases per study, ranging between a total size of 10 and 83 participants. 

An exception was one study of 652 participants, but it had a small number of cases 

compared to the number of controls (27:625) (Ghassabian et al, 2014).  The two 

other Generation R studies were of a cohort design, with between 598 and 1981 

children scanned (Korevaar et al, 2016; Jansen et al., 2019). Two of the THOP 

studies were of cohort design, with between 8 (Hung et al., 2018) and 52 (Scratch et 

al., 2014) useable scans each.  
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Additional records identified 
through other sources 

(n = 7) 

Records after duplicates removed 
(n = 7603) 

Records screened 
(n = 7603) 

Records excluded 
(n =7525) 

Full-text articles assessed 
for eligibility 

(n = 78) 

Full-text articles excluded, 
with reasons 

(n = 57) 
51 not under 18 years at 
time of exposure 
2 case reports 
1 review/protocol article 
1 not full text article 
1 not separating MRI from 
CT results 
1 did not link thyroid 
results with scan data 
 
 

Studies included in 
qualitative synthesis 2019 

(n = 21) 

Studies included in 
quantitative synthesis 

(meta-analysis) 
(n = 0) 

Focused search February 
2021 searching for MRI 

studies in MTDF, CH and 
THOP. 

All studies found in 2019 
present. One new 
additional study 

published since initial 
search. 
(n = 1) 

Studies included in final 
qualitative synthesis 2021 

(n = 22) 

Figure 3.1 Adapted PRISMA (preferred reporting for systematic reviews and meta-analysis) diagram of July 2019 
systematic search results, with addition of a focused updated search undertaken in 2021 to identify any further 
published studies meeting inclusion criteria. MTDF, maternal thyroid dysfunction; CH, congenital hypothyroidism; 

THOP, transient hypothyroxinaemia of prematurity. 
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3.3.1 Maternal Thyroid Dysfunction 

MTDF is defined as any type of maternal thyroid dysfunction during pregnancy: 

hypothyroxinaemia, subclinical hypo- or hyperthyroidism or overt hypo- or 

hyperthyroidism. The effect of maternal thyroid function on offspring brain 

development was examined in seven studies between 2014 and 2019, from two 

research groups. All used structural MRI. One study included an additional group of 

children with congenital hypothyroidism (Willoughby, 2014a). Three studies 

originated from the Generation R cohort study in the Netherlands, using 3.0T 

structural MRI (Ghassabian et al., 2014; Korevaar et al., 2016; Jansen et al., 2019). 

The remaining four studies were from a Canadian group, using 1.5T MRI scan data 

(Willoughby, 2014 a & b; Samadi, 2015; Lischinsky, 2016). The majority of 

participants were scanned between the ages of 8 to 10 years (range 7 to 14 years).  

The group from the Netherlands analysed maternal thyroid function and offspring 

MRI data acquired as part of the Generation R cohort study based in Rotterdam 

(White et al., 2018). The Generation R cohort produced the three largest studies 

included in this systematic review, ranging from 597 to 1981 mother-child pairs. The 

earliest Generation R study created a case-control design by defining exposed and 

non-exposed to hypothyroxinaemia (Ghassabian et al., 2014). The later two 

Generation R studies were conducted as population cohort studies, examining fT4 

and TSH as continuous variables (Jansen et al., 2019; Korevaar et al., 2016).  

The research group based in Toronto, Canada, examined the effects of maternal 

hypothyroidism (HYPO) on children’s later brain development in four case-control 

studies (Willoughby et al., 2014a and 2014b; Samadi et al., 2015; Lischinsky et al., 

2016). Compared to the Generation R studies, these studies were much smaller, 

with a total of between 42 to 64 participants. The MTDF was more marked than in 

Generation R, comparing children born to mothers with a diagnosis of overt 

hypothyroidism that was poorly controlled during pregnancy with children born to 

mothers without a known thyroid issue.  

Two of the Generation R studies analysed the same archived MRI data of children 

who had undergone MRI at age 8 years. One study included only fT4 results 

(Ghassabian et al, 2014), the other undertaking a different analysis approach and 
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included the addition of TSH (Korevaar et al., 2016). Jansen et al. (2019) scanned 

10-year-old children, some of whom are likely to have participated in the earlier 

neuroimaging studies, but this was not specified. The scans from the first MTDF 

neuroimaging studies published by the Canadian group (Willoughby et al., 2014a, 

Willoughby et al., 2014b) were re-used in later studies (Samadi et al., 2015; 

Lichinsky et al., 2016). 

Quality assessment  

The Canadian studies were small, but had demographically well-matched controls. 

However, issues with lack of thyroid results available for the control group and vague 

description of the recruitment of controls resulted in lower quality Newcastle-Ottawa 

scores of 5 out of 9 stars. The three generation R studies scored full marks on 

quality assessment.  

Generation R Study 

The Generation R study is a prospective cohort study based in Rotterdam, recruiting 

prenatally to follow participants from foetal life through to young adulthood. The aim 

of the study is to research environmental and genetic influences on children’s 

growth, physical, cognitive and behavioural development, childhood diseases and 

healthcare for children and pregnant women. A total of 9778 mothers with a delivery 

date from April 2002 until January 2006 were enrolled in the study (>4000 children 

continue to be involved), with a subgroup invited for more detailed assessments 

(Jaddoe et al., 2006). 

 Ghassabian et al. (2014) compared children exposed to prenatal maternal 

hypothyroxinaemia, defined in their study as fT4 in the lowest 5% of the cohort’s 

results (27/652), with the remaining participants defined as non-exposed controls. No 

relationship was found between maternal hypothyroxinaemia and offspring global 

brain volume, cortical thickness or brain surface area. Although the exposed group 

was small in comparison to the non-exposed, the participant characteristics did not 

differ significantly, apart from lower household income in the exposed group. 

Korevaar et al. (2016) re-analysed the same data, but incorporated TSH as well as 

fT4 in the main analysis. Instead of dividing the participants into groups based on a 

fT4 cut-off, the authors plotted data as a continuous variable. Korevaar et al. (2016) 
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reported an inverted U-shaped relationship between fT4 and grey matter volume, 

with grey matter volume being smaller at either end of the fT4 spectrum. No 

associations with maternal TSH values were found, nor between fT4 or TSH with 

total cerebral white matter volume.  

Jansen et al. (2019) analysed a larger group of the Generation R cohort (1981 

mother-child pairs) at the older age of 10 years. Part of the analysis approach was 

similar to Korevaar et al. (2016), with fT4 and TSH studied as continuous variables. 

Maternal fT4 (p=0.023), but not TSH concentrations, had an inverted U-shaped 

association with total brain volume. An inverted U-shaped relationship was again 

found between fT4 concentrations and grey matter volume, but statistical 

significance was lost after adjusting for total intracranial volume. 

An additional analysis was undertaken in order to investigate the hypothesis of a 

time window where the foetal brain may be most vulnerable to maternal thyroid 

dysfunction (Jansen et al., 2019). When results were stratified by gestational age at 

time of maternal blood sampling (median 13.1 weeks, IQR 12.1-14.5 weeks), TSH 

but not fT4 was associated with significant differences in mean total grey matter 

volume (p=0.007) and mean cortical volume (p=0.022), both with an inverted U-

shaped association (Figure 3.2). A similar trend was again seen with fT4, but this did 

not reach statistical significance. Results were most marked the earlier in gestation 

the blood sampling was done. Association was lost if maternal TFT was taken at 

from 14 weeks’ gestation or later. Only one time point was available for each 

maternal thyroid function result, therefore no estimates can be made of potential 

trajectories over pregnancy.  

The correlation of grey matter volume with first-trimester TSH rather than fT4 

conflicted with the group’s previous findings (Korevaar et al., 2016), hence the 

authors re-analysed the previous data gathered from the eight-year-old subjects. 

Undertaking sensitivity analyses and only including those with both TSH and fT4 

results, Jansen et al. (2019) found that the earlier published data lost the statistically 

significant relationship with fT4, but did have a significant relationship with TSH, 

again in an inverted U-shaped pattern.  
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Figure 3.2 Relationship between maternal TSH and offspring grey matter volume in relation to timing of blood 

sample in gestation (Jansen et al., 2019).  

The association of maternal thyroid stimulating hormone with child grey matter volume (A) or cortical grey matter 

volume (B) stratified by gestational age at blood sampling. Analyses were adjusted for gestational age at blood 

sampling, maternal age, ethnicity, education level, smoking, thyroid peroxidase antibody positivity (>60 IU/mL), 

child sex, age at MRI, and total intracranial volume. 
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Canadian group 

The Canadian group studied a group of twenty children whose mothers were known 

to have had overt hypothyroidism (HYPO) inadequately treated or newly diagnosed 

during their pregnancy. Although the case-control studies were much smaller than 

those from the Generation R studies, the included HYPO group had been exposed to 

a greater degree of maternal thyroid hormone deficiency. The scans were initially 

undertaken to investigate differences in hippocampal structure (Willoughby et al. 

2014a, 2014b), but were re-analysed for corpus callosum (Samadi et al., 2015) and 

cortical thickness volumes (Lischinsky et al., 2016). Several mothers did not have 

TSH results available for the first trimester; in such cases their second-trimester 

values were used to replace missing data. The control group’s mothers did not have 

any thyroid function results. 

Hippocampal volumes 

Offspring of HYPO mothers had smaller hippocampal volumes bilaterally, the 

difference being most marked in the right posterior and left anterior segments 

(Willoughby et al., 2014b). These differences became non-statistically significant 

when one outlier result was removed, maintaining only a weak trend. In Willoughby 

et al. (2014a), which had the addition of a group of CH children, HYPO offspring had 

smaller hippocampal volumes when compared to both CH and controls, but the 

relationship did not maintain statistical significance when subject to mixed factor 

ANCOVA. There was no difference in intracranial volumes between children 

exposed to maternal hypothyroidism and controls. 

Corpus Callosum 

Children born to HYPO mothers had a smaller anterior corpus callosum (CC) (p 

0.019) and genu (p 0.059), and a larger posterior CC (p 0.018) and splenium (p 

0.045) (Samadi et al., 2015).  

Cortical Thickness 

Cortical thickness measurements were performed using a hypothesis-free approach, 

comparing HYPO offspring to controls, and mild versus severe HYPO subgroup 

analysis (Lischinsky et al., 2016). Maternal TSH values appeared to predict the 

degree of thinning and thickening within multiple brain regions. The association 
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between maternal TSH and cortical thickness is greatest when maternal 

hypothyroidism occurs earlier in gestation. Some of the correlations remained even 

when the two most severe cases of maternal hypothyroidism were removed. The 

authors stated they presented unsmoothed data, as all associations otherwise 

disappeared. The data analysis approach did try to reduce Type 1 errors by only 

reporting group-comparison results at p<0.001, with the significant results being 

presented in the table 3.1 below.  

 

Table 3.1 Effect of maternal hypothyroidism on cortical thickness (Adapted from 

Lischinsky et al. 2016).  

Cortical regions showing differences between HYPO (n = 20) and control (n = 24) 

groups, p<0.001. Adapted from Lischinsky et al. 2016. HYPO, mothers with overt 

hypothyroidism during gestation. 

Hemisphere Cortical thinning 

compared to 

controls 

Cortical 

Thickening 

compared to 

controls 

Cortical thinning 

in severe 

compared to mild 

HYPO 

Cortical 

thickening in 

severe compared 

to mild HYPO 

Left Insula, fusiform 

gyrus 

Rostral middle 

frontal gyrus, 

superior frontal 

gyrus, superior 

frontal gyrus, 

superior parietal 

gyrus, postcentral 

sulcus 

Medial, orbital 

sulcus, fusiform 

gyrus 

Precentral gyrus, 

precuneus gyrus, 

superior occipital 

sulcus 

Right Frontomarginal 

sulcus. Inferior 

parietal gyrus, 

Precuneus gyrus 

Temporal pole, 

inferior temporal 

gyrus, pericalcarine 

sulcus 

Orbital gyrus Precentral gyrus, 

lateral orbital sulcus 
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Summary of results for maternal thyroid dysfunction 

Seven studies on MTDF were included, all using T1-weighted MRI, divided between 

two research groups, with children aged 7 to 14. The Canadian group focused on 

children exposed to overt maternal hypothyroidism, while the Generation R cohort 

studied mostly normal thyroid function with a small proportion exposed to subtle 

dysfunction. Both groups found maternal thyroid function impacted offspring grey 

matter development, but results conflicted on whether TSH or fT4 was responsible. 

Interestingly, never both parts of the thyroid axis. In the Generation R cohort, the 

impact on grey matter volume occurred at either end of normal range of thyroid 

function, suggesting that there is narrow sweet spot for maternal thyroid function, as 

it mild excess of maternal thyroid hormones can have a similar impact as mild 

deficiency. Severe hypothyroidism had the greatest effect (Lischinsky et al., 2016), 

while in the Generation R cohort, deviations at either end of normal thyroid function 

also affected grey matter volume (Korevaar et al., 2016; Jansen et al., 2019). The 

earlier in gestation the exposure to MTDF, the greater the effect (Lischinsky et al., 

2016; Jansen et al., 2019). 
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3.3.2 Congenital Hypothyroidism 

Eleven studies examined the effects of congenital hypothyroidism (CH) on 

neuropsychological development. Five were structural MRI studies, three fMRI 

studies, three used Magnetic Resonance Spectroscopy (MRS) and one diffusion 

tensor imaging (dTI) (Cooper et al., 2019). Studies came from Canada, India, Italy, 

Turkey and the United Kingdom. The seven Canadian CH studies were from the 

same research group that had published the neuroimaging studies related to MTDF 

as outlined above, with six purely investigating CH, the seventh study comparing 

participants with CH to those exposed to maternal thyroid dysfunction and controls 

(Willoughby, 2014a). All were of a case-control design, with majority treated from the 

neonatal period. Quality assessment scores ranged between 4 and 8, mainly due to 

vague description of recruitment and definition of the control groups. It is likely that 

controls would have had normal thyroid function, as CH should have been detected 

at newborn screening, but not all countries have routine neonatal screening 

programmes for CH and thyroid function was often not rechecked when recruited, so 

thyroid dysfunction cannot entirely be ruled out.   

Congenital hypothyroidism: T1- weighted studies 

Structural abnormalities: 

The majority of the included CH structural studies are those from Canada. Brain MRI 

scans examined by paediatric radiologists reported no increased incidence of 

structural abnormalities in children with CH (30) compared to controls (38), mean 

age 12.5±1.6 years; most abnormalities found were deemed to be not clinically 

significant (Rachmiel et al., 2013). No morphological differences were reported in 

neonatal scans at the time of diagnosis with CH (Siragusa et al., 1997; Akinci et al., 

2006). Structural data was also available from MRS studies of subjects diagnosed 

late in childhood, or even adult life. These reported some atrophy in the frontal and 

parietal lobes (Gupta et al., 1995), or cerebellar atrophy (Jagannathan et al., 1998), 

although both studies were small, with a total of 10 participants each.  

Cortical thickness 

Clairman et al. (2015) compared cortical thickness with typically-developing controls, 

investigating whether there was any association with severity of initial 

hypothyroidism and/or neuropsychological function. It was the largest congenital 
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hypothyroidism study included (41 CH: 42 controls), combining archived MRI scans 

from previous studies (Wheeler et al. 2011 & 2012). Participants were scanned at a 

mean 12.4 (±1.8) years of age (range 9.3 to 16.8 years). Recognising the increased 

risk of Type 1 error, due to the number of regions compared, the authors tried to 

address this by setting a more stringent statistical significance threshold of p<0.001. 

Compared to controls, the children and adolescents with CH exhibited both cortical 

thinning and thickening in multiple regions of both hemispheres, with several regions 

showing significance (p<0.001). Some findings were bilateral and others observed in 

just one hemisphere. Some brain regions displayed a relationship between initial 

disease severity, based on T4 and TSH levels at time of initial diagnosis and/or the 

aetiology of CH. In relation to cognitive abilities, those children with CH and cortical 

thickening of frontal, temporal and occipital regions appeared to have reduced test 

scores.  

Areas of cortical thinning were predominantly found in the frontal, parietal and 

temporal lobes (Clairman et al., 2015). Areas of thickening were more widespread, 

occurring throughout the cortex, including the occipital lobes, and primarily within 

sulci. Bilaterally, the temporal poles were thinner in those born with CH compared to 

controls, as were the right middle and superior frontal sulci. The right middle frontal 

sulcus was thinner in those born with a higher TSH (i.e. more severe CH). The right 

superior frontal sulcus was thinner in those with lower T4 concentrations (i.e. more 

severe CH). In contrast, the left middle frontal sulcus was thicker in those born with 

lower T4. The cingulate sulcus was bilaterally thicker in those born with a higher TSH 

level. The left calcarine sulcus was thicker in children with CH and to those with less 

severe CH, i.e. higher T4 and lower TSH values.  

Additional subgroup analysis compared athyreosis (n=13) and ectopic (n=20) 

aetiologic subgroups. Those born with athyreosis have complete absence of a 

thyroid gland, whilst those born with an ectopic gland may have some residual 

thyroid hormone production. The authors found that the right occipital pole was 

significantly thinner in the athyreotic group (p=0.0002). The main difference found in 

the athyreotic group was a greater amount of thickening in both hemispheres relative 

to those with ectopic glands: in the left middle frontal gyrus (p=0.049), collateral 

transverse sulcus (p=0.026), right occipito-temporal gyrus (two regions, p=0.009 and 
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p=0.003), superior occipital gyrus (p=0.0002), intraparietal sulcus (p=0.0066) and 

inferior parietal gyrus (p=0.015).   

 

Hippocampal volumes 

Three studies examined the potential effect of CH on hippocampal volumes, one 

comparing CH and controls only (Wheeler et al., 2011), one comparing CH with both 

children born to mothers with hypothyroidism (HYPO) and a control group 

(Willoughby et al., 2014a), and one study investigating neuroplastic effects of music 

lessons in children with and without CH (Zendel et al., 2013).  Hippocampal size was 

not associated with early TH levels, age of starting treatment or aetiology of CH.   

Children with CH without music lessons had smaller hippocampi compared to 

controls, whereas CH with music lessons were similar to controls (p= 0.001), with the 

right hippocampus even being slightly larger than controls on average (p=0.04) 

(Zendel et al., 2013). Unlike in the control group, the age of children born with CH 

was not related to hippocampal size. No differences were found between the two 

control groups, i.e. with or without music lessons. Although the two CH groups were 

similar in other variables, there is a risk of substantial bias with those having music 

lessons self- or parent-selecting, which may be based on potentially confounding, 

but unrecorded, reasons. The authors suggest the reason that differences are seen 

between CH groups but not controls, in regards to the effect of music lessons, is that 

abnormally developed hippocampi are more sensitive to external factors, and a 

greater amount of music lessons may be needed before structural effects can be 

seen in controls.  

Congenital hypothyroidism: fMRI studies 

The three published case-control fMRI studies of children with treated CH were of 

similar sizes (28 to 29 total) and aged between 8 to 10 (Blasi et al., 2009) and 11 to 

15 years old (Wheeler et al., 2012, 2015).  TSH and fT4 levels were available for the 

CH subjects, but not the control groups. The two Canadian fMRI studies used the 

same subjects, with the two fMRI scans undertaken on the same day. One evaluated 

visuospatial memory tasks (VST) (Wheeler et al., 2012) and the other tested verbal 

associated memory tasks (VAM) (Wheeler et al., 2015). The two studies using fMRI 

to analyse response to VST found a greater amount of activation in adolescents with 
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CH compared to controls (Blasi et al., 2009; Wheeler et al., 2012). The memory 

recall results deviated, with one study reporting no differences (Wheeler et al., 2012) 

and the other reporting reduced correct recall in the CH group (Blasi et al., 2009). 

Visuospatial memory tasks 

In Blasi et al. (2009), the CH group had greater activation in response to VST of their 

bilateral supplementary motor area (SMA), bilateral opercular regions of the 

precentral gyrus, left adjacent insular and the left somatosensory parietal cortex to a 

significantly greater degree than controls (p <0.001). The controls had higher 

activation in the left inferior parietal cortex and the anterior intraparietal sulcus 

extending into the superior parietal cortex.  

Wheeler et al. (2012) reported higher TSH levels were associated with increased 

magnitude of hippocampal activation relative to the control group for recall of both 

object and place (p <0.01). In addition, whilst the control group mainly activated their 

left-sided hippocampus, the CH group had bilateral hippocampal activation. Those 

with the most severe hypothyroidism at diagnosis had the greatest activation, but this 

was of borderline statistical significance (p 0.05). Higher initial TSH correlated with 

greater bilateral activation for both Place and Object conditions, with lower fT4 

levels, signifying more severe hypothyroidism, related to the extent to which the left 

hippocampus was active during the object condition.  

Verbal associative memory tasks 

Minimal differences were found in verbal associative memory tasks, both in fMRI and 

behaviour (Wheeler et al., 2015), but controls appeared to recruit bilateral 

hippocampal activation in verbal tasks, whereas it was the CH group in the VST 

study that had bilateral hippocampal activation (Wheeler et al., 2012). 

 

Congenital hypothyroidism: MRS studies 

The three MRS studies were small, case-control studies, ranging from between 3 to 

8 CH cases with age-matched controls.  Two studies involved those diagnosed late 

with CH, ages ranging from 6 to 31 years old (Gupta et al., 1995; Jagannathan et al., 

1998). The cases were presumed to have CH rather than primary hypothyroidism 
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developing later in childhood, due to their very low IQ scores and growth restriction. 

Akinci et al. (2006) identified neonates with CH within the first few days of birth.  

Apart from age at time of diagnosis, the three studies are fairly consistent in their 

design and overall findings. Each study imaged participants newly diagnosed with 

CH just before levothyroxine was started, with follow-up imaging after 6 to 8 weeks 

of treatment. The two studies from India, with participants diagnosed very late (6-

31years), included additional follow-up imaging at 3 to 6 months post initial scan 

(Gupta et al., 1995; Jagannathan et al., 1998). Control subjects also underwent 

repeat imaging, but details were lacking regarding their thyroid function results, 

recruitment and demographic details. 

Two studies reported reduced NAA/Cr (N-acetyl aspartate/ creatinine) ratios in pre-

treated CH subjects: lower in the cerebellum in all 3 subjects in Jagannathan et al. (p 

<0.01), with similar findings in the thalamus, and in the parietal white matter (WM) 

and thalamus in Akinci et al. (2006) (p<0.05). No difference in metrics concerning 

NAA/Cr were found in the study of Gupta et al. (1995). Significantly raised Cho 

(choline) or Cho/Cr ratios pre-treatment were reported in two studies, Gupta et al. 

(1995) and Jagannathan et al. (1998) respectively, but did not reach statistical 

significance in Akinci et al. (2006). Any differences found in the studies disappeared 

on the post-treatment scans 6 to 8 weeks later. In the smallest study of only 3 

affected subjects (Jagannathan et al., 1998), one 14-year-old patient was found to 

have a high lipid peak on MRS pre-treatment. The scan was repeated to check the 

finding before treatment was started and found a similar result. By 6 weeks of 

treatment, the lipid peak had gone.  

 

Congenital Hypothyroidism: Diffusion Tensor Imaging studies 

One included study examined white matter microstructure MRI in children with 

severe CH, using 3.0T diffusion MRI (Cooper et al., 2019). Seventeen children with 

severe CH (i.e. undetectable fT4 at birth), but diagnosed and treated early with 

levothyroxine replacement, and twenty controls, underwent DTI scans and hearing 

and communication ability testing at a mean age of 9.66 years (SD 2.26, range 6.6-

15.4). Conventional DTI was used, together with a spherical mean technique (SMT) 
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method to reduce the interference of fibre orientation effects and produce a 

microscopic fractional anisotropy (µFA), intra-neurite volume fraction and transverse 

microscopic diffusivity.  

All analyses were controlled for age, gender and IQ. Significant differences were 

defined as p <0.05 with family wise error correction. In patients with CH, FA was 

significantly decreased in the cerebellum, bilateral thalami and right temporal lobe. 

Radial diffusivity (RD) was correspondingly increased in the cerebellum and thalami. 

No differences were found in MD (mean diffusivity) or AD (axial diffusivity). 

Correlations were also found between the FA and RD results and listening, language 

and communication difficulties found in children with severe CH, including in the 

posterior sections of the corpus callosum, the isthmus, genu and splenium.  

The SMT model found significantly lower microscopic FA, intra-neurite volume 

fraction and increased transverse microscopic diffusivity in CH children compared to 

controls. The areas affected were again the cerebellum and thalamus, and 

additionally in the occipital lobe, areas of the CC and white matter adjacent to the 

sensorimotor cortex, especially in the left hemisphere. Children with severe CH may 

have significant brain white matter microstructural differences despite early diagnosis 

and treatment initiation. These changes appear to correlate with difficulties in 

communication and hearing, although the CH group as a whole had results within 

normal limits.  

 

Summary of results for congenital hypothyroidism 

Children with treated congenital hypothyroidism (CH) showed no significant clinical 

structural abnormalities compared to controls (Siragusa et al, 1997; Akinci et al., 

2016; Rachmiel et al., 2013). In small studies of those diagnosed late in childhood, 

some had frontal or cerebellar atrophy (Gupta et al., 1995; Jagannathan et al., 

1998).  TSH appeared to have the greatest effect of degree of cortical thinning or 

thickness differences in those with CH, as did the aetiology of the CH (Clairman et 

al., 2015).  

Studies consistently report that children with congenital hypothyroidism (CH) perform 

worse on memory tasks than non-CH controls (Rovet, 1999). The included 
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neuroimaging studies did not consistently find hippocampal volume differences 

statistically significant. Children with CH who engaged in music lessons had larger 

hippocampal volumes, suggesting greater brain plasticity or the influence of 

environmental factors associated with musical training (Zendel et al., 2013). Children 

born to mothers with overt hypothyroidism during pregnancy showed the most 

significant reduction in hippocampal volume compared to children with CH and 

controls. In fMRI memory studies, there was greater activation of hippocampi in 

children with CH (Wheeler et al., 2012), and in some other brain areas (Blasi et al., 

2009), potentially reflecting compensatory mechanisms.  

The few, small MRS studies all reported significant differences compared to controls 

pre levothyroxine treatment, which resolved post treatment initiation (Akinci et al., 

2006; Gupta et al., 1995; Jagannathan et al., 1998). The one CH DTI study found 

significant white matter microstructural differences in several areas, including the 

corpus callosum, that correlated with difficulties in communication and hearing 

(Cooper et al., 2019). 

  



Chapter 3: Systematic review of brain MRI findings in children exposed to thyroid 
dysfunction during gestation or childhood 
 

68 
 

3.3.3 Thyroid function in premature infants 

Transient hypothyroxinaemia has been noted after birth in premature infants, and 

often referred to as THOP (transient hypothyroxinaemia of prematurity). The reasons 

behind the temporary fall in fT4 are not known, but are likely a combination of loss of 

the transfer of maternal thyroid hormones whilst the premature infant’s own thyroid 

gland is not fully mature, and that thyroid function is often suppressed during acute 

illness and stress. Premature infants often require significant medical interventions 

and support. Children who were born prematurely have increased risk of 

neurodevelopmental issues (Bhutta et al., 2002). Previous studies have reported 

thyroid function may influence some of these developmental measures (Ng et al., 

2004). 

Three THOP studies met the inclusion criteria of this review, two used dTI (Ng, 2014; 

Hung, 2018), one T1-weighted MRI (Scratch et al., 2014).  The quality of the studies 

was good, two scoring 9/9 stars (Ng 2014, Scratch 2014). The third study scored 8 

out of 9 stars, losing a point due to the high rate of attrition for imaging (Hung et al., 

2018). Comparison of results is complicated by the studies only measuring one part 

of the thyroid hormone axis:  fT4 was measured by Ng et al. (2014) and Scratch et 

al. (2014), and TSH measured by Hung et al. (2018).  

Thyroid function was checked in the first two weeks of life, with developmental 

assessments undertaken at pre-school age (Ng et al., 2014; Hung et al., 2018) or in 

primary school (Scratch et al., 2014). Two studies were able to acquire >40 useable 

scans each: one followed up children born prematurely with 3.0T structural scans 

undertaken at 7.5 years of age (Scratch, 2014), the other imaged a subset of 

premature babies included in the TIPIT trial using diffusion MRI (1.5T) (Ng, 2014). 

The TIPIT trial (Thyroxine supplementation In Preterm InfanTs) (Ng et al., 2013) 

randomised premature neonates born before 28 weeks’ gestation (mean 25.8 

weeks) with THOP to levothyroxine supplementation or placebo until 32 weeks’ 

gestational equivalence, with separate consent obtained to image a subset of 

neonates when they reached full term equivalence of 40 weeks’ (Ng et al., 2014).   
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The third THOP study was by Hung et al. (2018) using diffusion MRI to image 

premature neonates born between 23 and 35 weeks’ gestation, when they reached 

full term equivalence. The number of useable scans was small, with only 8 

participants included. Many parents did not consent to the neuroimaging component 

of the study due to use of sedation (Hung et al., 2018). The TIPIT trial was 

successful in their recruitment, as by using a swaddling technique and no sedation 

for scans, parents were happier to consent.  

No relationship was found between brain volumes at age 7.5 years and fT4 over the 

first 6 weeks of birth in children born less than 30 weeks (Scratch et al, 2014). 

Statistically significant associations were found between higher fT4 during the first 14 

days after birth and poorer cognition scores at age 7 years with reduced 

performance in verbal learning (p=0.02), verbal memory (p=0.03) and simple 

reaction tasks (p<0.001). The authors estimated that thyroid function accounted for 

6.5 to 13% of variability in these tasks. The study had the longest follow-up period 

out of the three studies, together with the most time points for measured fT4 levels.  

The dTi imaging used in two of the THOP studies both reported correlations between 

thyroid hormone levels and markers of white matter microstructural integrity and 

organisation, such as axial diffusivity (AD) and fractional anisotrophy (FA), at both 

extremes of the thyroid function range (Ng et al., 2014; Hung et al., 2018).  Hung et 

al. (2018) found that TSH at birth was inversely correlated to AD (λ1) in the splenium 

of the corpus callosum (p <0.05) and positively correlated to FA in the anterior limb 

of the internal capsule (p <0.01), but once an outlier was removed, any relationship 

was lost. No adjustment was made for gestational age, despite a lower gestational 

age being associated with higher TSH levels. 

In the TIPIT trial, no significant differences were found in the primary analysis 

between the treated and placebo group dTI results (Ng et al., 2014). However, when 

comparing the highest quartile of fT4 in supplemented babies with the lowest quartile 

of fT4 results in the placebo group, statistically significant differences were found in 

several brain regions. LT4 treated babies with fT4 in the highest quartile had 

evidence of greater white matter organisation than those with very low plasma fT4 

concentrations in the placebo group.   
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DTI metrics within the TIPIT trial group found babies with the fT4 in the lowest 

quartile compared to those in the upper 3 quartiles of the placebo group (9:10) 

demonstrated lower FA values in all eight brain regions, but none reached statistical 

significance. The opposite was seen with ADC values (apparent diffusion 

coefficient), with babies in the lowest fT4 quartile having higher ADC values in the 

posterior CC (p 0.05). Streamlines through all brain regions were reduced in both 

length and number, reaching statistical significance in the right posterior limb of the 

internal capsule (p 0.02). The treated group in the highest quartile of fT4, compared 

to the lower three quartiles in the treated group, had lower ADC values in seven out 

of eight brain regions, with higher FA in six out of eight brain regions. This was again 

reflected in the number and length of streamlines being greater in those with fT4 in 

the highest quartile of the LT4-supplemented group. The only area to reach 

statistical significance for both ADC and FA was the anterior CC. 

 

Summary of results for THOP 

Three studies of children born prematurely, with THOP. Two scanned whilst 

neonates, one when 7.5 years old. None included both fT4 and TSH values. Two 

studies measured fT4 during the neonatal period. One found no relationship between 

fT4 and brain volumes (Scratch et al., 2014), but did report associations with 

neurodevelopmental assessments. In the TIPIT RCT, there was no difference 

between the levothyroxine-treatment and placebo group neuroimaging results. 

However, there was a higher degree of white matter organisation in those in the 

highest quartile of fT4 in the treated group compared to those with lowest fT4 levels 

in the placebo group (Ng et al., 2014). The third reported correlations of MRI metrics 

with TSH, but none reached significance (Hung et al., 2018). The three studies 

conflicted on the association between thyroid function and neurodevelopmental 

outcomes. 
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Table 3.2  Included studies in systematic review. 

Study 

(Author, 

Year, 

Country)  

Type of 

study  

MRI  

modality & 

Field 

strength 

(Tesla)  

Exposure Age when 

scanned*: 

mean (SD), 

range   

Age at thyroid 

sampling/diagno

sis: mean (SD), 

range 

 Size (useable 

scans): if case-

control 

exposed : non-

exposed  

Male sex 

(percentage)  

split into 

case:control if 

appropriate) 

Study 

quality 

using 

NOS 

 Maternal thyroid dysfunction 

Ghassabian 

et al. 

2014, 

Netherlands 

Case control Structural 

MRI 

3.0T 

Population cohort 

study. Lowest 5% 

maternal fT4 

defined as 

hypothyroxinaemic. 

7.9 (1.0), NA 13.5 (2.0) 

gestational wk, 

5.1-17.9 

gestational wk 

27 : 625 50:50 9 

Willoughby et 

al. 

2014a, 

Canada 

Case control Structural 

MRI 

1.5T 

HYPO 10.1 (0.52),  

9-12 years 

First/second 

trimester 

19 : 30 63:48 5 

Samadi et al.  

2015, 

Canada 

Case control Structural 

MRI 

1.5T 

HYPO  10.6 (0.78),  

9-14 years 

During trimester 1, 

2 & 3 

20:22 68:68 5 

Korevaar et 

al.  

2016, 

Netherlands 

Cohort Structural 

MRI 

3.0T 

Population cohort,  8.0^,  

95% range 6.2-

10.0 years 

13.^2 wk, 95% 

range 9.8-17.5 wk 

598 49 9 

Lischinsky et 

al.  

2016, 

Canada 

Case control Structural 

MRI 

1.5T 

HYPO 10.3 (0.65),  

10 – 12 years 

First/second 

trimester+ 

20 : 24 64:63 5 
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Study 

(Author, 

Year, 

Country)  

Type of 

study  

MRI  

modality & 

Field 

strength 

(Tesla)  

Exposure Age when 

scanned*: 

mean (SD), 

range   

Age at thyroid 

sampling/diagno

sis: mean (SD), 

range 

 Size (useable 

scans): if case-

control 

exposed : non-

exposed  

Male sex 

(percentage)  

split into 

case:control if 

appropriate) 

Study 

quality 

using 

NOS 

Jansen et al. 

2019, 

Netherlands 

Cohort Structural 

MRI 

3.0T 

Population cohort 9.9^,  

IQR 9.7-10.2 

years 

13.1^ wk 

(gestation), IQR 

12.1-14.5 

1981 49 9 

 Maternal thyroid dysfunction and children born with congenital hypothyroidism 

Willoughby et 

al. 

2014b, 

Canada 

Case control Structural 

MRI 

1.5T 

HYPO, CH and 

those with no 

known thyroid 

dysfunction 

10.7 (1.71), 

10-14 

First/second 

trimester+ 

16 HYPO : 22 

CH : 26 controls 

65:44:35 5 

 Congenital hypothyroidism 

Blasi et al.   

2009, Italy  

Case control fMRI  CH : no CH 9.3 (0.73), 

8 - 10 years 

Neonatal  15 : 13  No data 7 

Clairman et 

al. 

2015, 

Canada  

Case control Structural 

1.5T  

CH : no CH 12.4 (1.8), 

9 - 16 years       

Neonatal  41 : 42  48:48 6 

Jagannathan 

et al. 

1998, India  

Case control Structural & 

MRS 1.5T 

CH* : no CH 8, 14, 31 years 8,14,31 years  3 : 7  No data 4 

Rachmiel et 

al. 

2013, 

Canada  

Case control Structural 

1.5T  

CH : no CH 12.5 (1.6), 

10-15 years 

Neonatal  30 : 38  47:46 6 

Wheeler et al. Case control Structural 

1.5T  

CH : no CH 12.1 (1.7),  

9-15 years 

Neonatal  35 : 44  40:57 6 
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Study 

(Author, 

Year, 

Country)  

Type of 

study  

MRI  

modality & 

Field 

strength 

(Tesla)  

Exposure Age when 

scanned*: 

mean (SD), 

range   

Age at thyroid 

sampling/diagno

sis: mean (SD), 

range 

 Size (useable 

scans): if case-

control 

exposed : non-

exposed  

Male sex 

(percentage)  

split into 

case:control if 

appropriate) 

Study 

quality 

using 

NOS 

2011, 

Canada  

  

Wheeler et al. 

2012, 

Canada  

Case control fMRI  CH : no CH 13.4 (0.99), 

11 -15.5 years 

Neonatal  14 : 15  57:53 6 

Wheeler et al.  

2015, 

Canada 

Case control fMRI CH : no CH 13.4 (1.0), 

11.5-14.7 years 

Neonatal 14 : 12  57:57 6 

Zendel et al. 

2013, 

Canada  

 Case control Structural 

1.5T  

  

CH : no CH  11.36 (1.5), 

No range data 

Neonatal  15 : 15 48:48 6 

Siragusa et 

al. 

1997,  Italy  

Case control  Structural 

1.5T  

CH : no CH 22 days  Neonatal 11 : 22  

 

18:no data 8 

Akinci et al.  

2006, Turkey  

  

Case control  Proton MRS  CH : no CH 5-7days and 8 

weeks (post 

thyroxine in 

CH)  

  

Neonatal 8 : 8   

  

No data 5 

Gupta et al. 

1995, India 

Case control  MRS CH* : no CH 6-15 years 6-15 years 5  : 5  No data 7 

Cooper et al. 

2019, UK 

Case control DTI CH : no CH 9.7 years (2.3), 

6.2–15.4 

Neonatal 17  : 20  39:48 7 

 Premature infants 
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*Mean age of the group exposed to abnormal thyroid function. ^indicates median value. * delayed diagnosis and treatment initation. 

Abbreviations: wk, week; DTI, diffusion tensor imaging; fMRI, functional magnetic resonance imaging; MRS, magnetic resonance imaging; IQR, 

interquartile range; HYPO, maternal hypothyroidism; NOS, Newcastle-Ottawa Scale; TFTs, thyroid function tests.

Study 

(Author, 

Year, 

Country)  

Type of 

study  

MRI  

modality & 

Field 

strength 

(Tesla)  

Exposure Age when 

scanned*: 

mean (SD), 

range   

Age at thyroid 

sampling/diagno

sis: mean (SD), 

range 

 Size (useable 

scans): if case-

control 

exposed : non-

exposed  

Male sex 

(percentage)  

split into 

case:control if 

appropriate) 

Study 

quality 

using 

NOS 

Ng et al. 

2014, UK  

  

Randomised 

case control 

trial 

DTI 

1.5T 

 

THOP : randomized 

to levothyroxine 

treatment or 

placebo. 

Full-term 

equivalence. 

  

Born prematurely 

before 28 weeks. 

Median 25.8 

weeks (24 – 

27+1) 

23 : 19  

 

No data 9 

Scratch et al. 

2014, 

Australia  

Cohort Structural 

3.0T 

Cohort 7.5, 6.8–8.3  

years  

Birth  52  

 

37 8 

Hung et al. 

2018 Taiwan  

  

Cohort DTI 

1.5T 

Cohort Full-term 

equivalence.  

  

Born at 23 to 35 

weeks’ gestation, 

with TFTs in first 

24 hours of birth, 

scanned at full-

term 

8 

  

48 (no data for 

subgroup 

imaged) 

8 
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3.4 Discussion 

The aim of this review was to identify all published, peer-reviewed human MRI 

neuroimaging studies of participants that had been exposed to abnormal thyroid 

function during gestation or childhood. The hope was to identify structures within the 

brain that may be most sensitive to abnormal thyroid function and any neuroimaging 

evidence for key timepoints during neurodevelopment. 

The search terms were broad, but did identify several studies not found during my 

initial literature review, including all three THOP studies. The twenty-two included 

studies naturally divided into three types of childhood exposure to abnormal thyroid 

function: MTDF, CH and THOP. However, the majority of the studies were from the 

just two research groups, often re-analysing the same participants’ scans, risking 

increasing any potential recruitment bias. Structural T1-weighted MRI was the most 

commonly used MRI modality, and was the sole modality used in the MTDF studies. 

The remaining included studies used other MRI techniques: fMRI, MRS or DTI. 

Almost all studies scanned children of school age, with the exception of four that 

scanned neonates (Siragusa et al., 1997; Akinici et al., 2006; Ng et al., 2014; Hung 

et al., 2018) and a CH study including MRI data of an adult with a very late diagnosis 

of CH (Jagannathan et al., 1998). Included studies varied in their measurement of 

thyroid hormones, with some including both TSH and fT4 values, others fT4 or TSH 

alone. 

Although the included studies differed in brain regions examined and type of MRI 

imaging used, several studies in all three sub-groups reported neuroimaging 

differences related to thyroid hormone exposure in brain structures such as total grey 

matter volume, hippocampal volume and activity, corpus callosum, cerebellum and 

thalamic metrics. There were conflicting results of either TSH or fT4 reported as 

having correlation with neuroimaging or cognitive measures, usually without a 

reciprocal relationship with the other. 

No significant gross structural brain abnormalities were reported, including a study 

that had paediatric neuroradiologists examine the scans of children with CH and 

controls (Rachmiel et al., 2013). The two very small studies of late-diagnosed CH 

reported mild atrophy in cortical (Gupta et al., 1995) or cerebellar (Jagannathan et 
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al., 1998) regions compared to controls.  MTDF and CH studies reported differences 

in grey matter volumes, but varied in brain regions reported and conflicted as to 

whether TSH or fT4 was associated. Interestingly, despite TSH and fT4 being part of 

the same axis, in studies that measured both hormones only one parameter was 

significant. Corpus callosum volumes were the most commonly reported white matter 

volume, but other white matter regions were often not included. Similar to previous 

animal studies, there did appear to be effects of thyroid function on hippocampal 

volumes or in functional MRI, but the number of studies were small.  There were 

metabolic changes pre- and post-treatment of those diagnosed late with CH, 

including signals that can be associated with myelination. Diffusion tensor imaging 

allows a more detailed assessment of white matter structure, but only three dTI 

studies were found, one in children with CH and two in THOP.  

Gross structural 

The majority of studies did not expressly evaluate for the presence of gross 

structural abnormalities. It was only evaluated in a few CH studies. The lack of 

significant abnormalities, even in the few cases of late diagnosis of CH, should not 

be surprising. In the early 1990s, two imaging studies of people with cretinism 

causing severe neurological disabilities found few differences compared to controls. 

There were some abnormalities in the basal ganglia in both studies. The first was a 

CT imaging study including cases of neurological and myxoedematous (now called 

CH) cretinism (Halpern et al., 1991), the second comprising three case reports of 

neurological cretinism with MRI imaging (Ma et al., 1993). Neither met the inclusion 

criteria of this review, but offer interesting findings, especially the CT imaging study, 

as it included 50 scans of severe cases. Calcification of basal ganglia was found in 

15 out of the 50 subjects, but only in those with severe hypothyroidism and did not 

correlate with severity of neurodevelopmental abnormalities (Halper et al., 1991). 

The Ma et al. (1993) study reported T1 hyperintensities and T2 hypointensities in the 

globus pallidum and substantia nigra of the three affected cases. Both studies’ 

subjects had motor abnormalities that were similar to other extrapyramidal disorders, 

but the clinical findings were the same as those with normal appearing basal ganglia.  



Chapter 3: Systematic review of brain MRI findings in children exposed to thyroid 
dysfunction during gestation or childhood 
 

77 
 

Effects on grey matter 

Grey matter and cortical regions were examined in all three subgroups of study. 

Thyroid function did appear to have effects on grey matter in those studied. 

However, there were conflicting results about whether TSH or fT4 had an effect, 

complicated by fact that several studies did not include data on both parts of the 

axis. Interestingly, in those that did report both TSH and fT4, only one half of the axis 

appeared to have an effect. The cerebral cortex specifically refers to the outer 6 cell 

layers of grey matter on the outer surface of the brain. Grey matter contains the 

neuronal bodies, but in contrast to the cortex, can include various structures that 

include some fibre tracts, and subcortical structures (Stiles & Jernigan, 2010). 

Because both the cerebral cortex and the subcortical nuclei contain the cell bodies of 

neurons they are grey in appearance, thus giving rise to the term “grey matter”. The 

cerebral cortex is a 2–5 mm thick layer of cells that lies on the surface of the brain 

(the word cortex comes from the Latin term meaning bark, as in the bark of a tree). 

In cross-sections of the brain, the cortex is a thin, grey strip following the surface of 

the brain. The subcortical structures are deeper and are termed nuclei; they are 

formed by clusters of neurons that form centres that relay signals between different 

areas of the cortex and body.   

Only two research groups investigated MTDF. The Generation R studies were the 

largest included MTDF studies, with the majority of maternal thyroid function results 

in the normal range. The Canadian studies were much smaller than the Generation 

R studies, but the group of controls were larger and cases had a greater degree of 

MTDF as they had been exposed to overt maternal hypothyroidism in utero. The 

initial Generation R study compared offspring born to mothers with 

hypothyroxinaemia to the rest of the cohort (Ghassabian et al., 2014). The definition 

used for hypothyroxinaemia was arguably too broad, defined as fT4 in the lowest 5% 

of the cohort, and still resulted in a small number of cases (27/625). In an earlier 

study reporting reduced IQ in children born to mothers with overt hypothyroidism, it 

was only those in the highest 0.3% of TSH that demonstrated any effect (Haddow et 

al., 1999). No significant effect on IQ was found in much larger studies with stricter 

definitions of suboptimal gestational thyroid function (Lazarus et al., 2012; Casey et 

al., 2017; Hales et al., 2018).  
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To address the potential issue of the artificial lowest 5% of fT4 cut-off, Korevaar et al. 

(2016) reanalysed with thyroid function as a continuous variable, including TSH as 

well as fT4. Initially it was fT4, not TSH, that demonstrated an effect on grey matter 

volume at either end of the normal range of maternal thyroid function. However, 

when only including participants with both fT4 and TSH results available, this 

changed to have TSH, not fT4, as having a significant association with grey matter 

volumes, forming an inverted U-shaped curve (Jansen et al., 2019). Repeating this 

analysis with a larger group of slightly older children, again an inverted U-shaped 

relationship was found between grey matter volume and fT4 (Jansen et al., 2019). 

The relationship was lost once corrected for total intracranial volume. However, it is 

debatable whether correcting for intracranial volume is needed or could indeed 

obscure correlations, as it is potentially a related variable to grey matter volume. Low 

birth weight and increased risk of premature delivery is a recognised complication of 

both hypo- and hyperthyroidism (Millar et al., 1994; Blazer et al., 2004). There are 

conflicting results regarding head size, with some studies reporting smaller infant 

head circumference in those born to mothers with an element of thyroid hormone 

deficiency (Shields et al., 2011; Su et al., 2011), and others reporting CH children 

have larger head circumference (Ng et al., 2004).  

Using archived scans of children with CH and controls, cortical thinning was mainly 

confined to areas in the frontal, parietal and temporal lobes, with cortical thickening 

occurring throughout the cortex and primarily within sulci (Clairman et al., 2015). The 

study also included sub-group analysis between children with different aetiologies of 

CH; those with no thyroid gland had a greater amount of cortical thickening in both 

hemispheres, compared to others with TH deficiency but still some intrinsic 

production. A similar technique was used by Lischinsky et al. (2016), although they 

compared exposure to mild and severe maternal hypothyroidism in utero. Similar to 

observations in CH, children born to mothers with poorly controlled hypothyroidism 

had the greatest differences in cortical thickness (Lischinsky et al., 2016). The 

difficulty is interpreting what these differences represent clinically. 

Timing of thyroid hormone deficiency 

Sub-analysis looked at the potential effect of gestational timing of when the MTF 

results were taken (Jansen et al., 2019). Those with TSH at either end of normal 
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range at week 8 had the greatest statistical relationship with grey matter volume, 

gradually decreasing with each gestational week until significance was lost from 

week 14 onwards. There were no serial MTF measurements, hence the study was 

limited by availability of only one time point for each participant and thus no option to 

consider potential trajectories over pregnancy. It highlights that if future studies 

provide evidence that intervention is required, any potential intervention would be 

difficult, as effects seem to be greatest early in pregnancy, before usual antenatal 

care has begun. 

The peri-natal period also appears to be a vulnerable time for exposure to other 

types of thyroid dysfunction. CH studies suggest that permanent brain development 

can still be affected by TH deficiency towards the end of pregnancy. Those born with 

the most severe form of CH, i.e. no functioning thyroid gland, despite early detection 

and treatment and the supply of maternal fT4 in utero, have an increased risk of 

lower scores in several areas of executive function (Razón-Hernández et al., 2022). 

  

Specific brain regional effects 

Due to the hippocampi and corpus callosum being common brain structures affected 

by thyroid deficiency in animal studies (Desouza et al., 2005), and reported issues 

with memory in CH (Rovet, 1999) and MTDF (Pharoah and Connelly, 1991), the 

Canadian group focused on these areas in both MTDF and CH. The corpus callosum 

findings are discussed in the white matter section below. 

Hippocampal volumes 

As predicted, children with CH had smaller hippocampal volumes. One study 

compared the effects of three groups on hippocampal volume: children exposed to 

maternal hypothyroidism had the smallest hippocampi compared to CH or controls 

(Willoughby et al., 2014a). The greater impact on hippocampal volumes in MTDF 

could potentially be because, unlike the CH children, the children exposed to 

maternal overt hypothyroidism were exposed from the very start of the first trimester, 

rather than peri-natal period.  

Another CH study found that CH children who had regular music lessons had 

normalisation of hippocampal size (Zendel et al., 2013). No such difference was 
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found between controls without CH who did or did not have music lessons. The 

authors suggest that abnormally developed hippocampi in children with CH may be 

more sensitive to external factors. The length and amount of music lessons were not 

reported, so it is unknown if children with CH may find learning an instrument harder, 

and so have to practice a greater amount to achieve similar results to controls, and 

therefore stimulating more neuroplasticity, i.e. the brain’s ability to adapt and modify 

(Voss et al., 2017). Another explanation could be that children with less severe CH, 

which may have less effect on hippocampal size, find music lessons easier than 

those with severe CH, and are therefore more likely to continue with lessons. The 

study did not assess for hearing impairment (Zendel et al., 2013), which is common 

in children with CH.  

In untreated cretinism, 50% had hearing loss to varying degrees, some severe 

(Halpern et al., 1991). In patients with CH who were treated early, almost a quarter 

of children studied still had hearing impairment (Cooper et al., 2019). This confirms 

that thyroid function later in gestation is still important for later neurodevelopment. 

The human foetus starts to respond to auditory stimuli in utero around 24-25 weeks’, 

mirroring the time cochlear myelination begins to develop. The impact of hearing 

impairment on brain development/ MRI findings, is still not fully understood 

(Ratnanather, 2020). With early hearing loss, it has been postulated that decreased 

input from the thalamus to the auditory cortex in hearing impairment can manifest in 

diverted inputs to other cortical areas (Ratnanather, 2020). 

 

Effects on white matter 

Few of the MTDF studies included results of white matter tracts outside of the corpus 

callosum.  The anterior corpus callosum was found to be smaller in children exposed 

to maternal hypothyroidism, with the posterior corpus callosum larger (Samadi et al., 

2015). White matter and myelination changes are found in foetal rats exposed to TH 

deficiency (Morte et al., 2002).  It is unclear whether the lack of white matter 

volumetric data is due to study design or lack of significant results resulting in less 

reporting. Any white matter changes in humans may be on the microstructural level, 

and difficult to appreciate/detect on standard structural MRI scans. Another 
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explanation is that greater differences are found in grey matter than white matter. 

The TH receptor alpha is expressed in grey matter earlier in foetal development than 

the beta TH receptor which is involved in myelination from the second trimester 

onwards (Bernal et al., 2005).  

Three DTI studies did examine white matter and white matter microstructure in cases 

of CH (Cooper et al., 2019) or THOP (Hung et al., 2018; Ng et al., 2014). As metrics 

of DTI can be impacted by a variety of factors, they are difficult to interpret, 

especially as statistical significance was lost once an outlier was removed. Further 

studies examining the corpus callosum are needed, as it is a key area of myelination 

and animal models have demonstrated changes in size and architecture in those 

exposed to TH deficiency (Bernal et al. 2015). 

In children with the most severe forms of CH, but receiving prompt treatment whilst 

neonates, there were significant reductions in FA and a corresponding increase in 

RD in the cerebellum and bilateral thalami (Cooper et al., 2019). Further modelling 

found a similar pattern in the white matter in the occipital lobe, areas of the CC and 

white matter adjacent to the sensorimotor cortex, mostly in the left hemisphere. 

These results could indicate a decreased density and/or increase in orientation 

dispersion of white matter fibres, creating a disturbance in the white matter 

microstructure of participants with CH. The neuroimaging findings correlated with 

difficulties in hearing and communication assessments, albeit the CH group as a 

whole had communication results within normal range.  

The two THOP studies using DTI presented data from the corpus callosum in 

premature babies (Ng et al., 2014; Hung et al., 2018): The small study by Hung et al. 

(2018) found TSH at birth was negatively correlated with AD (λ1) in the splenium of 

the corpus callosum (p <0.05) and positively correlated with FA in the anterior limb of 

the internal capsule (ALIC) (p <0.01). Lower AD can suggest axonal damage or 

reduced white matter integrity, with higher FA indicating the opposite. In the larger 

study, the TIPIT trial, babies in the supplemented group with highest quartile of fT4 

had higher FA values and longer and more numerous streamlines in the anterior CC. 

The length and number of streamlines in the lowest quartile of fT4 in the placebo 

group were lower in the majority of brain regions, suggesting poorer white matter 



Chapter 3: Systematic review of brain MRI findings in children exposed to thyroid 
dysfunction during gestation or childhood 
 

82 
 

organisation, but did not reach statistical significance. In DTI studies of white matter, 

streamlines visualise the predominant directions of water diffusion, reflecting the 

pathways of white matter tracts. They facilitate tractography, mapping neural 

connections, and help infer connectivity patterns between brain regions. Streamlines 

also indicate the structural integrity of white matter, with disruptions suggesting 

possible damage or abnormalities. 

In the THOP studies, there are multiple factors present in prematurity affecting brain 

development. Therefore, evaluating the contribution of thyroid function is difficult, 

especially as thyroid hormone levels are often a barometer for illness or stress. An 

earlier THOP study utilising cranial ultrasound in premature infants found twice the 

increased risk of echolucency in cerebral white matter in those with the lowest 

quartile of fT4 (Leviton et al., 1999). The study adjusted for body size and degree of 

prematurity and found the association remained between lower fT4 and greater risk 

of echolucency, a marker of white matter damage. The exact link to causation or 

mechanism was not confirmed, but the authors postulated that THs could be 

neurologically protective against the insults premature infants are exposed to, e.g. 

poor cerebral blood flow or hypotension. The finding that foetal fT4 increased with 

the gestational age at which the baby was born, lends support to the hypothesis that 

children with CH are exposed to TH deficiency in the last half of gestation, as they 

are unable to start producing their own fT4. 

The TIPIT trial paper included in this systematic review was the nested neuroimaging 

component (Ng et al., 2014). A later paper included some of these participants as 

well as non-imaged subjects, who were later followed-up at 42 months of age with 

neurodevelopmental assessments (Ng et al., 2020). It was not included in the 

systematic review results, as it although it included secondary analysis of MRI 

metrics, it did not meet quality criteria based on the NOS. No information was 

included how many participants had scan results, if they were representative of the 

group etc. The study reported that a secondary analysis found FA at term 

significantly correlated with cognitive scores at 42 months’ of age in the corpus 

callosum (p 0.027) and frontal right lobe (p 0.045), but only presented three brain 

regions, and did not include details of the number of regions analysed, making it 

difficult to assess the risk of type 1 error. 
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The differences in DTI metrics at the extremes of fT4 in the interventional TIPIT 

imaging study suggests that thyroid hormone levels are having an effect on white 

matter development, but effect of clinical intervention with thyroxine supplementation 

may be limited, or need a much larger number to treat to see significant effects in 

DTI measures between the treatment and placebo group. The conflicting 

developmental outcomes between the three THOP studies sounds a cautionary 

note, with one finding no difference based on TSH at 2 years of age (Hung et al., 

2018), one finding improved developmental outcomes at 42 months in those with 

higher fT4 as a neonate (Ng et al., 2020) and one finding poorer developmental 

outcomes in those with higher fT4 (Scratch et al., 2014). The conclusion is that not 

only are larger studies needed, but that supplementing with thyroxine is not 

necessarily associated with no harm. 

Myelination and hearing loss 

One study included hearing assessments (Cooper et al., 2019). Sensorineural 

hearing loss is well documented in both iodine deficiency related endemic cretinism 

and in CH. The impact on hearing loss on brain development, especially white 

matter, raises the question about potential cause or effect. Certain auditory 

experiences can promote and maintain myelin levels in both developing and aging 

brains (Deoni et al., 2012). Auditory enrichment, such as musical training, correlates 

with increased white matter connectivity in the corpus callosum, especially in 

individuals who start musical training in childhood (Bengtsson et al., 2005; Steele et 

al., 2013). Auditory training, even in aged rats, partially reverses age-related decline 

in myelin gene expression in the primary auditory cortex (de Villers-Sidani et al., 

2010).  

Extremely few studies have included hearing assessments for children born to 

mothers with MTDF. The children of mothers positive for anti-TPO antibodies during 

pregnancy had significantly higher rate of sensorineural hearing loss (22.7% 

compared to 4.3%), but thyroid function was not tested for due to lack of sample 

volumes available (Wasserman et al., 2008). One published study of maternal 

gestational thyroid function included data about the offsprings’ hearing obtained 

during routine childhood follow-up in Finland, together with parent-rated 

questionnaires at age 7 years (Päkkilä et al., 2018). No linguistic or sensory 
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developmental issues were found using parental questionnaires and no statistically 

significant association between hearing impairment and maternal thyroid function 

during pregnancy. However, it is unclear what routine examination of hearing 

included, as no audiometry data was presented. A small study of 9 mothers with 

subclinical or overt hypothyroidism detected in pregnancy did have audiometry 

brainstem responses measured compared to controls, and found no significant 

differences (Radetti et al., 2000).  

Brain activity and metabolism 

The fMRI and MRS studies were only undertaken in the CH group, not MTDF or 

THOP. The fMRI studies were conducted in those detected through neonatal 

screening and started on replacement promptly. The MRS studies were mostly 

undertaken in those diagnosed late with CH and compared pre- and post-treatment 

markers of metabolism.  

Previous non-imaging studies reported visuospatial task (VST) deficits in children 

with treated CH (Rovet et al., 1999). Unfortunately, the two studies of VST did not 

overlap in brain regions studied, but both found children with CH required additional 

neural resources to perform VS tasks correctly compared to controls and suggest 

that even a short period of TH deficiency early in life can affect functioning in 

adolescence (Blasi et al., 2009; Wheeler et al., 2012). Greater severity of thyroid 

hormone deficiency predicted greater hippocampal activation in the CH group, as 

well as bilateral hippocampal recruitment (Wheeler et al., 2012). The additional 

neural activation may help to reduce detectable differences in VST performance. 

Minimal differences were reported in VAM tasks (Wheeler et al., 2015).  

All three CH MRS studies found significant metabolic differences in newly diagnosed 

CH brains compared to controls before treatment was initiated. Six to eight weeks 

after starting thyroxine replacement, the differences had resolved. In the included 

studies, levels of NAA, a marker of neuronal integrity and myelination, increased with 

thyroxine therapy. NAA is involved in lipid synthesis during myelination, and its 

deficiency is associated with Canavan disease, a leukodystrophy characterized by 

impaired myelination due to a deficiency of the enzyme N-acetyl aspartoacylase 

(Shaag et al., 1995).  
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Cho/Cr ratios were elevated pre-treatment compared to controls, and rapidly 

normalised post-therapy in two studies (Gupta et al., 1995; Jagannathan et al., 

1998). A similar trend was seen in the third MRS study, but did not reach 

significance (Akinici et al., 2006), which could reflect the lower age and myelination 

maturation stage of the participants, as the children were scanned as neonates. 

Choline is part of the polar head of membranes including myelin. The reduction in 

Cho post-treatment, in an opposite manner to NAA, may also reflect myelin 

maturation, with the choline molecule less able to move (Miller, 1991). 

Myelin contains lipids, but is usually a highly organised structure, with little lipid 

signal seen on MRS imaging. However, if myelin is broken down or disrupted, the 

lipids it contains can be detected. Of the total 16 CH subjects with MRS results, only 

one participant had a lipid peak. It is therefore difficult to determine its significance. 

The researchers repeated the pre-treatment scan to confirm the lipid peak 

(Jagannathan et al., 1998). THs are known to be involved in myelinogenesis (Amur 

et al., 1984), hence the resolution in the subject’s lipid peak post levothyroxine 

treatment may reflect an effect of thyroxine on the promotion of myelin maturation. In 

animal studies, experimental hypothyroidism can cause abnormalities in 

myelinogenesis, but can be reversed by thyroxine replacement in the first 20 days of 

life (Noguchi et al., 1985).  

A retrospective analysis of the largest international cohort of children diagnosed with 

MCT8 deficiency reported on neurodevelopmental phenotypes and included details 

of MRI scans of 13 patients (Groenweg et al., 2020). The study, published after the 

initial systematic review, would not have met the inclusion criteria of this systematic 

review. The scans, acquired as part of routine care, were assessed retrospectively 

by a pediatric neuroradiologist, with varying protocols, scanners, ages, and without 

controls.  

The scans, performed at a median age of 8.0 months (range: 5.0-187.0 months), 

revealed a consistent finding of a global delay in myelination. While myelination 

improved with age, it had not fully normalised in the oldest patient (15 years). Most 

cases demonstrated diffuse cortical and subcortical atrophy, dilated ventricles, and 

widened subarachnoid spaces. Seven patients also had MRS imaging available. In 6 
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out of 7 patients (85.7%), magnetic resonance spectroscopy (MRS) indicated an 

increased choline peak and a decreased N-acetyl aspartate (NAA) peak, suggesting 

aberrant myelination and general atrophy. These findings were corroborated by 

postmortem examination of an 8-year-old, which showed a global reduction in brain 

volume and myelination. The effects on myelination appear to be a delayed 

trajectory of myelination and the reported MRS findings match those of the late 

diagnosed CH patients pre-treatment reported in the included MRS studies. 

 

Strength and limitations 

The strength of this review is that a broad search was undertaken to ensure all 

appropriate studies of different thyroid hormone abnormalities on the developing 

brain. The number of titles screened was very large, but it did find several papers I 

had not found during my comprehensive literature search and makes me confident 

that no other relevant studies have been missed. Studies were of good quality, but 

heterogeneous in areas of the brain studied and thyroid hormones measured. 

Twenty-two studies at first appears to be a relatively good number, but once the 

results are divided into the three different conditions, the exposed population size for 

each condition is relatively small. Few studies overlapped in the brain regions being 

studied. The total number of participants is also smaller than first appears, as more 

than one study included analysis of the same archived neuroimaging data; this 

occurred in the majority of the MTDF and CH studies from Canada, and with two of 

the three Generation R studies (Ghassabian et al, 2014; Korevaar et al, 2016). The 

number of children imaged that were deemed exposed to thyroid hormone 

dysfunction during early life is relatively small and increases the risk that any bias in 

initial recruitment could be propagated. 

The majority of children studied had a mean age between 8 to 12 years old, so 

allows for some comparison between studies. However, puberty scores were often 

missing, and puberty is a key point in myelination and white matter development 

(Genc et al., 2020). Controls in the Canadian MTDF and CH were not always clearly 

established to have had no exposure to abnormal thyroid levels. However, it can be 
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presumed that controls in the CH studies had been screened at birth for CH, due to 

many countries having national screening programmes.  

There were disparities between whether TSH, fT4 or both were measured. Due to a 

wide variety of focus and design between the included studies, no meta-analysis 

could be undertaken. The majority of structural imaging was undertaken using 1.5T 

MRI scans, which captures less detail compared to higher strength MRI scanners. It 

may be when similar studies are undertaken in the future, with higher resolution 

scans, more significant structural differences could be detected. The majority of the 

studies focused on thyroid hormone deficiency rather than excess. Three studies did 

suggest that exposure to thyroid hormones towards the upper end of normal range 

could have a potentially detrimental effect on neurodevelopment (Korevaar et al., 

2016; Jansen et al., 2019; Scratch et al., 2014), with one study finding the opposite 

for those supplemented with levothyroxine (Ng et al., 2014; Ng et al., 2020).  

Future studies 

Future studies should measure both TSH and fT4. Although several of the included 

studies reported associations with fT4 or TSH, often only one was found significant 

and it was difficult to compare between studies as many only measured one 

hormone, fT4 or TSH. Including hearing assessments would also be of interest, as 

non-imaging studies in CH have established significantly increased risk of hearing 

impairment, as have DIO 2 and 3 deficient mouse models (Ng et al., 2017). Very few 

studies have looked for potential impacts of MTDF on offspring hearing.  

Longitudinal neuroimaging studies could provide insight into potential effects on 

brain development and trajectories. For children with CH, by including thyroid 

function results measured at several time points during gestation and during 

childhood, it could help answer questions about effect of childhood thyroid function 

and/or replacement targets during childhood. No imaging studies of adults or young 

adults affected by exposure to abnormal thyroid function during gestation or 

childhood were found in the searches undertaken for this systematic review. Imaging 

adults would reduce the variables associated with age, growth and pubertal 

development during rapid time of neurodevelopmental changes during childhood and 

adolescence.  
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Due to differences in brain structure appearing to be relatively subtle, even in those 

exposed to severe and prolonged thyroid deficiency since childhood, more detailed 

structural MRI results and increased use of functional and diffusion MRI could help 

explore differences at a microstructural level. Future diffusion tensor MRI analysing 

white matter tracts using both hypothesis-free approaches and those based on a 

priori knowledge from animal and human data could help build on current 

understanding of pathways implicated in neurodevelopmental disorders.  

There are hints that excess thyroid function as well as thyroid hormone deficiency 

could affect child development. Investigating the effects of high fT4/low TSH on 

neuroimaging findings would be of interest. Investigating hyperthyroidism is more 

difficult, as it is much less common than hypothyroidism, but potential future studies 

could attempt to recruit women of childbearing age who are treated for thyroid 

cancer who are purposely over-treated with levothyroxine in order to suppress TSH 

and follow them prospectively.  

3.5 Conclusion 

This systematic review is the first of its kind in this topic area. By design, its search 

criteria were broad to identify all types of thyroid dysfunction that a study participant 

could have been exposed to during childhood or gestation. The systematic search 

identified three types of thyroid dysfunction: MTDF, CH, and THOP. In all three 

groups of included studies, several papers reported some differences related to 

thyroid hormone function. Results were conflicting, as some studies reported 

relationships between neuroimaging findings and TSH levels, while in others, the 

association was stronger with fT4. In studies including both TSH and fT4 data, often 

only one of the two was significantly associated with imaging findings, although one 

would expect that any associations observed would be reciprocal. 

The first trimester appears to be the most sensitive to MTDF. However, deficiencies 

in thyroid hormones later in gestation or during the neonatal period still have long-

term behavioural and cognitive impacts, as seen in children born with CH and begun 

early on treatment in previous non-imaging studies (Rovet and Hepworth, 2001). 

Due to many of the included studies’ results not yet being replicated by other 

research groups, and with many trends losing statistical significance once adjusted 
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for potential confounders or outliers, this review cannot confidently conclude any 

specific effects of TH on neuroimaging findings. However, the trends appear 

consistent between similar studies, and there are strong indications that the first 

trimester is when the foetus is most sensitive to derangements in maternal thyroid 

function. 

A small number of the included studies suggest that exposure to excess thyroid 

hormone may also cause deleterious effects (Korevaar et al., 2016; Jansen et al., 

2019; Scratch et al., 2014), mirroring previous associations between excess TH and 

increased risk of ADHD in large behavioural, non-imaging studies (Andersen et al., 

2014), and increased hearing dysplasia in neonates exposed to higher maternal fT4 

(Su et al., 2011).  

Future studies on the potential effects of abnormal thyroid function exposure during 

gestation or childhood should include both TSH and fT4 measurements. Follow-up 

imaging in adulthood, along with longitudinal imaging during childhood, could help 

determine if thyroid function affects developmental trajectories or causes permanent 

neuroimaging changes. The heterogeneity of MRI methods and the brain regions 

studied in the included research limits confidence in interpreting the results. Future 

studies should aim to address this variability in their design. 
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4.1 Introduction 

The current chapter focuses on the effects of maternal thyroid dysfunction during 

gestation on offspring morphological brain development in adolescence. 

Neuroimaging was undertaken as part of the CATS III study, recruiting a subset of 

the original CATS II (controlled antenatal thyroid screening) study cohort (Hales et 

al., 2018). The CATS II study was a follow-up of the original CATS cohort (Lazarus 

et al., 2012). The CATS study was the first randomised control trial looking at the 

effect on the IQ of offspring at age 3 post intervention of treating or not treating 

maternal suboptimal gestational thyroid function (SGTF) with levothyroxine. The 

CATS II study followed a subset up at age 9 with a wider range of assessments and 

included children exposed to normal GTF or SGTF (untreated or treated) (Hales et 

al, 2018 & 2020).  

4.1.1 Suboptimal gestational thyroid function 

As outlined in Chapter 1, thyroid function is critical for neurodevelopment. During 

gestation, maternal free T4 is the only thyroid hormone able to cross the placenta 

(Calvo et al., 1990; Arrojo e Drigo, 2011). Suboptimal gestational thyroid function 

(SGTF) is an umbrella term referring to any abnormality in maternal thyroid function 

during pregnancy. SGTF includes both overt and subclinical hypothyroidism or 

hyperthyroidism (although much less common than hypothyroidism), as well as 

isolated maternal hypothyroxinaemia, i.e. low free T4 but normal TSH. 

It is still unknown which specific areas of the brain are most affected by SGTF. 

Animal studies suggest potential micro- and macro-structural effects, but little human 

data are available. Several observational studies have reported detrimental effects 

on offspring neurodevelopment of a lack of maternal T4, including reduced IQ, 

hearing loss, memory and motor disorders (Pop et al., 2003, Pharoah et al., 1976, 

Korevaar et al., 2016). Studies of potential effects of maternal thyroid function on 

offspring behaviour suggests that there may be subtle effects on neurodevelopment 

even with relatively minor changes in maternal thyroid function, for both hypo- and 

hyperthyroidism (Fetene et al., 2017). 

Modern MRI techniques allow us to examine morphological changes in the human 

brain in unprecedented detail. The previous chapter (chapter 3) provided a 
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systematic review of the current published MRI neuroimaging studies which had 

investigated the effect of exposure to abnormal gestational thyroid hormone levels 

on neurodevelopment. Only a small number of neuroimaging studies investigated 

effects of either MTDF (maternal thyroid dysfunction), congenital hypothyroidism 

(CH) or transient hypothyroxinaemia of pregnancy (THOP). There was heterogeneity 

in design and focus of the studies. There were conflicting results across studies, with 

some showing associations between neuroimaging findings and TSH levels, while 

others found stronger links with fT4. Notably, the first trimester appears to be the 

most sensitive period for MTDF, although deficiencies in thyroid hormones later in 

gestation or during the neonatal period also appear to have long-term behavioural 

and cognitive impacts, with majority of evidence from children with CH. A few studies 

indicated that excess thyroid hormone exposure may also have harmful effects 

(Jansen et al., 2019; Scratch et al., 2014), aligning with previous findings linking high 

TH levels to increased risk of a ADHD diagnosis or traits (Andersen et al., 2014 and 

2018; Fetene et al., 2017; Hales et al. 2020) 

4.1.2 Maternal thyroid function and effect on offspring IQ: origin of the 

controlled antenatal thyroid screening (CATS) study 

The published studies on the effect of maternal thyroid dysfunction on offspring IQ 

are conflicting. A study published in 1999 found children born to mothers with severe 

hypothyroidism (i.e. TSH at or above the 99.7% centile) had a reduction in IQ of 4 

points compared to the control group, but the p value was borderline significant at p 

0.06 (Haddow et al., 1999). When the hypothyroid group was subdivided into those 

on levothyroxine treatment (14/62), albeit suboptimal in view of high TSH, and those 

on no treatment (48/62), there was a significant difference in IQ, with children in the 

untreated group having a mean IQ score 11 points lower (p 0.005), but IQ was still in 

normal range. It provoked increased discussion in the field about whether there 

should be routine, universal antenatal screening of pregnant women for thyroid 

dysfunction. Chapter 1 illustrates how varied the type and degree of thyroid 

abnormalities can be, as well as the physiological changes that occur during 

pregnancy.  

To investigate the effect of SGTF on IQ, two very large RCTs were undertaken 

(Lazarus et al., 2012; Casey et al., 2017). They both used the lowest 2.5% of fT4 

and TSH above the 97.5% centile as their cut offs for defining SGTF. Neither found 
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significant differences in IQ between children born to mothers with SGTF treated or 

untreated with levothyroxine supplementation (Lazarus et al., 2012, Casey et al., 

2017).  

4.1.3 Evidence for impact of maternal thyroid function on other aspects of 

neurodevelopment 

There are only a small number of MRI studies to have examined the association 

between maternal thyroid status and offspring brain structure. Two MRI studies 

examining the effect of maternal thyroid function on offspring brain development 

found an inverted U-shaped relationship between grey matter volume and either end 

of normal range of fT4 (Korevaar et al., 2016) or TSH (Jansen et al., 2019). Jansen 

et al. (2019) hypothesised that there would be a greater difference earlier in 

gestation. After creating subgroups based on the gestational age at which the 

mothers’ bloods were tested, an inverted U-shaped association of maternal TSH with 

child total grey matter volume and cortical grey matter volume was demonstrated. 

This pattern was most apparent at week 8 and gradually decreased at each 

gestational week until it lost significance from week 14 onwards. Jansen et al. (2019) 

re-analysed the earlier data in Korevaar et al.’s study (2016), only including subjects 

with both fT4 and TSH values. They found that the previous relationship between 

grey matter volume and fT4 was no longer significant, with the TSH correlation 

reaching statistical significance instead.  

In addition to effects on brain morphology, human population studies have observed 

an increased risk of ADHD following in utero exposure to either subclinical or overt 

hypo- or hyperthyroidism (Andersen et al., 2014, Modesto et al., 2015). Attention 

deficit hyperactivity disorder (ADHD) is a common neurobehavioral disorder 

characterised by overactivity, inattention and impulsivity. The origins of this disorder 

are unclear but the intrauterine environment, including maternal thyroid status, may 

play an important role. Gestational hypothyroidism in rats leads to altered offspring 

behaviour and abnormal flow of information to the hippocampus and somatosensory 

cortex (Navarro et al., 2015), potentially mediated via hypomyelination of white 

matter tracts (Morreale de Escobar et al., 2004, Friesema et al., 2004). Thyroid 

hormone receptor β-deficient mice show significantly higher exploratory activity and 

reduced habituation compared with their wild-type counterparts (Ookubo et al., 

2015), whilst transgenic mice harbouring a human mutant thyroid hormone receptor 
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(TRbeta1), who are euthyroid except for a short period postnatally, also manifest the 

core features of ADHD (Siesser et al., 2006), suggesting that even temporary 

disturbances in thyroid balance can elicit sustained neurobehavioral effects. These 

observations mirror the high prevalence of ADHD reported in patients with resistance 

to thyroid hormone due to TR beta mutations (Brucker-Davis et al., 1995).. 

4.1.4 Controlled Antenatal Thyroid Screening (CATS) study 

The current study follows on from the original Controlled Antenatal Thyroid 

Screening (CATS) studies, CATS (Lazarus et al., 2012) and CATS II (Hales et al., 

2018, Hales et al., 2020). The CATS (Controlled Antenatal Thyroid Screening) study 

was a large (>15,000 pregnant women in South Wales) randomised controlled trial 

which studied the effect of thyroid hormone replacement on offspring IQ, initially at 

age 3. The randomisation was on whether the TFTs taken when recruited into the 

study at their 12 week antenatal appointment were processed immediately, or stored 

to be analysed post birth. If randomised to immediate analysis and found to have 

SGTF, mothers were started on levothyroxine.  

At the time of publication of both RCT studies, CATS I (Lazarus et al., 2012) and 

Casey et al. (2017), the lack of difference in IQ results between the untreated and 

treated SGTF groups were thought to be that mild SGTF may have had an effect on 

IQ, but the intervention may have occurred too late in gestation to cause a difference 

between untreated and treated groups.  The CATS II study aimed to address this by 

following up children at age 9, this time including those from the normal GTF group 

as well as the SGTF treated and untreated groups (Hales et al., 2018 & 2020). A 

wider range of cognitive assessments were undertaken, looking at both IQ and a 

wider range of neurodevelopmental markers, including ADHD traits.  

The CATS II study had 452 participants, split into three groups: untreated SGTF, 

treated SGTF and normal GTF (Hales et al., 2014). There was no difference in 

offspring IQ between the groups, with the addition of no significant difference 

confirmed between the normal or SGTF groups. Another difference to the CATS I 

analysis is that in CATS II, in secondary analysis, the treated group was subdivided 

into optimally treated and overtreated. No difference was found in IQ in this 

subanalysis, but differences were found on ADHD traits. 
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The overtreated group was an inadvertent result of starting a relatively high dose of 

levothyroxine in the original CATS trial. The levothyroxine treatment dose was not 

based on maternal weight, rather the starting dose was the same for all participants 

in the treatment group, starting at a comparatively high dose (150 micrograms). The 

mothers started on levothyroxine had repeat TFTs at approximately 20 and 30 

weeks’ gestation, and doses adjusted as indicated. However, the relatively high 

starting dose of levothyroxine resulted in almost one-third of treated women 

developing free T4 levels >97.5th percentile of the entire CATS cohort when results 

were repeated at 20 and/or 30 weeks’ gestation. Application of three validated 

instruments to assess child behaviour (strengths and difficulties questionnaire [SDQ], 

child ADHD questionnaire, social communication questionnaire [SCQ]) (Goodman, 

1997, Thapar et al., 2000, Lord and Rutter, 2003) showed that scores above 

clinically relevant thresholds for conduct and hyperactivity were significantly more 

prevalent in children exposed to both over-treatment or overt hypothyroidism (Hales 

et al., 2020).  

4.2 Hypothesis 

In this thesis, I hypothesised that abnormal thyroid hormone bioavailability during 

neonatal development alters brain maturation and morphology. The main objective of 

the CATS III study was to investigate this by applying novel neuroimaging readouts 

and technologies to a subgroup of the CATS cohort. Part of the imaging protocol 

included acquisition of T1 data, in addition to DTI and qMT. I have analysed the T1 

data for this thesis.  

This chapter explores whether abnormal TH bioavailability during foetal development 

affects brain maturation on a macrostructural level. The microstructural component 

of the CATS III study is not included and is an ongoing piece of work. The CATS III 

study is the first imaging study to include a significant number of children whose 

mothers had SGTF, some of whom were treated with levothyroxine during gestation, 

including a subset with exposure to excess T4.  
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4.3 Methods 

4.3.1 Study design and participants 

The current study is a follow-up of the Controlled Antenatal Thyroid Screening 

(CATS) studies, CATS I (Lazarus et al., 2012) and CATS II (Hales et al., 2018, Hales 

et al., 2020, Muller et al., 2020). The original CATS study recruited approximately 

22,000 women in the UK and Italy between June 2002 and May 2006 (Lazarus et al., 

2012). Women were screened at a median of 12 weeks 3 days of gestation and 

randomised to either screen or control groups; both provided serum samples at 

recruitment with the screen group having their thyroid function tested immediately 

and the controls after their child was born. Women with a fT4 concentration < 2.5th 

percentile and/or TSH > 97.5th percentile were classified as having suboptimal 

gestational thyroid function (SGTF); percentiles were calculated from the CATS 

cohort. Women in the screening group with SGTF were treated with levothyroxine 

(starting dosage 150 µg) for the remainder of their pregnancies. Dosages were 

adjusted where necessary, to maintain a serum TSH of 0.1 to 1.0 mIU/L, following 

measurement of TSH and FT4 at 6 weeks post-treatment initiation and at 30 weeks’ 

gestation. Treated mothers whose TSH became suppressed, were defined as the 

overtreated, whilst those whose TSH stayed at 0.1 or above were deemed optimally 

treated. SGTF women diagnosed after delivery were advised to visit their general 

practitioner for further management.  

The primary outcome of CATS I was the children’s IQ at 3 years of age, among 390 

(303 in the UK) treated (screen) and 404 (306 in the UK) untreated (control) mothers 

(assessors were blinded to treatment group). A further 20 789 (15 593 in the UK) 

women made up the normal-GTF group. The CATS II study revisited >400 of the 

CATS children for testing of IQ, behaviour, anthropometric and cardiometabolic 

status at 9 years of age (Hales et al., 2018, Hales et al., 2020, Muller et al., 2020).  

For the current study, mothers who had previously provided consent to be contacted 

about future research studies were recruited from the CATS II database. We sought 

to recruit mother-child pairs from each of the 4 study groups (normal gestational 

thyroid function [normal GTF]: untreated SGTF; optimally-treated SGTF [fT4 and 

TSH within reference range at 20 and 30 weeks’ gestation]; over-treated SGTF [fT4 

>17.7 pmol/l at either 20 or 30 weeks’ gestation as defined by the top 2.5th percentile 
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in the entire CATS UK cohort at consent into the trial])  (Hales et al., 2020). To avoid 

selective recruitment and the potential for bias, we initially sought to identify all 

potentially eligible individuals and randomly selected subjects to be approached to 

take part, adjusting for any imbalance between groups with respect to age and sex 

as recruitment progressed. Subjects were recruited between November 2016 and 

February 2020.  Charlie Hales and Raghav Bhargava both contributed to the initial 

recruitment and scanning before I joined the CATS III trial. I recruited and scanned 

the majority of the included participants. Full research governance approval was 

received from Cardiff University (reference SPON 1502-16) and Wales Research 

Ethics Committee 1 (16/WA/0237). Written and informed consent was obtained from 

the parents, and assent from the children. Information sheets and consent and 

assent paperwork are available in the appendix.  

4.3.2 Eligibility and investigational measurements  

Adolescents were eligible for inclusion if they were aged between 10-16 years and if 

they lived sufficiently close to enable travel to and from the Cardiff University Brain 

Research Imaging Centre (CUBRIC) within one day. Subjects with metalwork with 

the potential to affect MRI scans, including non-removable metal dental braces or 

piercings, a pacemaker or other implanted devices, were excluded from participation. 

After informed consent, a safety screening questionnaire was completed before they 

entered an initial ‘mock’ MRI scanner to allow for acclimatisation. One subject 

decided against proceeding with the study after this. Since pubertal status was a 

potentially important confounder on brain maturation, all participants completed a 

validated pubertal self-assessment questionnaire based on the Tanner classification 

(Taylor et al., 2001). This gives a combined score from a two-part pictorial 

questionnaire, rated 1 to 5 for each relevant body area; higher scores correlate with 

more advanced pubertal development.   

4.3.3 Imaging 

Images were collected on a Siemens Healthineers PRISMA 3T scanner using a 32-

channel receive-only radiofrequency head coil, using an inversion recovery fast 

spoiled gradient recalled sequence (repetition time = 2300 ms, echo time = 3.06 ms, 

inversion time = 850 ms, flip angle = 9O , pixel bandwith = 230 kHz, matrix 288 x 256, 

isotropic resolution 1mm3).  
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4.3.4 Image processing and quality assurance 

T1-weighted images were processed and analysed using the FreeSurfer (Fischl, 

2012) pipeline and automated segmentation (FreeSurfer Version 6.0; 

https://surfer.nmr.mgh.harvard.edu/). The FreeSurfer image analysis suite constructs 

a representation of the cortical surface through automated segmentation using the 

Desikan Killany atlas and produces global and regional measures (area and volume) 

of cortical and subcortical areas (Fischl, 2012) (see figure 2.3 in chapter 2). To 

account for possible movement artefact and processing error, image quality 

assessment was performed using two approaches: 1) after images were processed, 

I visually assessed the cortical surface images, with all deemed useable; 2) the 

ENIGMA Cortical Quality Control Protocol 2.0 (April 2017) (Stein et al., 2012) 

(http://enigma.ini.usc.edu/) was used to objectively assess the quality of the 

FreeSurfer outputs, with all rated as “good”.   

4.3.5 Statistical analysis 

Statistical analyses were performed using R statistical software, version 4.3.1 

(Team, 2021). The analysis scripts are included in the appendix, and are available 

online on the Open Science Framework (DOI 10.17605/OSF.IO/PRKU8). 

Age, sex and pubertal status have all been shown to affect brain maturation during 

adolescence (Genc et al., 2020, Herting and Sowell, 2017). Consequently, analyses 

were adjusted for child sex, child age at time of MRI scan and self-rated Tanner 

pubertal score. For completeness, I have presented results both with (partial 

correlation) and without (full correlation) adjustment of covariates. 

Data were inspected to establish whether they met assumptions for parametric 

testing; where assumptions were violated, non-parametric tests were used. Missing 

data were treated in one of two ways: 1) where a variable was treated as a covariate 

(e.g., total Tanner [pubertal] score), missing data were replaced with the median 

score for the rest of the cohort (note that the ages of participants with missing 

Tanner scores were close to the median age of the cohort, hence replacing missing 

puberty score data with the median of the whole cohort was deemed appropriate); 2) 

where a variable was a variable of interest (dependent or independent variable), 

participants with missing data were excluded from the analysis for that test only. 
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Outliers were identified using the interquartile range criterion; observations > IQ.75 + 

1.5*IQR or < IQ.25 - 1.5*IQR were deemed outliers. Where outliers were detected, we 

present results excluding these observations.  

Primary analyses: effects of SGTF and treatment on global brain structure 

The effect of group (normal GTF; untreated SGTF; optimally-treated SGTF; and 

over-treated SGTF) on global measures of brain volume (including total grey matter 

volume, cortex volume, cerebral white matter volume, subcortical grey matter volume 

and estimated total intracranial volume) was assessed using a one-way analysis of 

variance (ANOVA) where data met assumptions of normality and heteroscedasticity, 

or the Kruskal-Wallis test where these assumptions were violated (i.e., for subcortical 

grey matter data). To account for potential confounders of sex, age and pubertal 

status, we employed multiple regression. 

Secondary analyses: effects of maternal thyroid stimulating hormone (TSH) 

and free thyroxine (FT4) on global brain structure 

The effects of baseline TSH and FT4 levels (measured at entry into CATS I; 12 

weeks’ gestation) on global measures of brain structure, (including total grey matter 

volume, cortex volume, cerebral white matter volume, subcortical grey matter volume 

and estimated total intracranial volume) was assessed using full and partial 

(accounting for sex, age and pubertal status) correlations. Since TSH and FT4 

violated assumptions of normality, non-parametric correlation tests were used. 

Kendall’s Tau was employed for its increased rigidity, beneficial in small samples 

and when dealing with tied observations in the data.   

For those in the treated and overtreated SGTF groups, we also explored full and 

partial correlations between FT4/TSH levels at 20 and 30 weeks’ gestation and the 

same global measures of brain volume. Values of p<.05 were considered statistically 

significant for all primary and secondary analyses. Given the non-independence of 

total, cortical and subcortical brain volumes, we did not perform corrections for 

multiple comparisons on these results; this should be considered when interpreting p 

values close to the alpha threshold of 0.05. 
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Exploratory analyses: effects of maternal thyroid stimulating hormone (TSH) 

and free thyroxine (fT4) on regional brain structure 

In exploratory analyses, we investigated the effects of maternal TSH and fT4 levels 

at baseline on subregional cortical and subcortical grey matter volumes using full 

and partial (accounting for sex, age and pubertal status) correlations. As this 

analysis was exploratory, no outliers were removed from the dataset. Bonferroni 

correction was used to correct for the many multiple comparisons associated with 

analysing each sub-region of the brain independently. 

4.3.6 Sample size 

The structural T1 data presented here were acquired as part of a longer scanning 

protocol that included diffusion tensor imaging (DTI) and quantitative magnetisation 

transfer (qMT) protocols. The sample size for the study was calculated based on the 

planned DTI analysis and is not immediately transferable to the T1 section of the 

CATS III study. Instead, a sensitivity analysis to establish the minimum effect size (f) 

we would have 80% power to detect, given our sample size of ≥20 participants per 

group (for our primary analysis). Our sample size provided 80% power to detect 

medium to large effect sizes (f ≥ .38) in an ANOVA comparing four groups. 

Thanks and acknowledgement 

Carolyn McNabb provided substantial guidance and support with the approach to 

statistical analysis and writing the R code used for statistical analysis. Laura 

Bloomfield and Sonya Foley provided guidance with the pre-processing steps, and 

Laura Bloomfield assisted in the quality assessment process. 
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4.4 Results 

4.4.1 Demographic characteristics 

Figure 4.1 summarises the number of participants at each stage of the CATS 

studies. A total of 86 adolescents were recruited as part of the CATS III study. One 

participant was excluded after failing to acclimatise to the mock scanner, leaving 85 

participants whose image data were available for analysis (normal GTF = 24, 

untreated SGTF = 21, optimally treated SGTF = 20, over-treated SGTF = 20), all of 

whom passed quality assessment for their T1-weighted images.  

Demographic characteristics are presented in Table 4.1. Thyroid function test results 

at time of consent into CATS are presented per group, as well as additional test 

results at later timepoints for the optimally-treated and over-treated SGTF groups. As 

expected, median maternal TSH concentrations were higher, and median maternal 

fT4 concentrations lower, in the three SGTF groups compared to the normal GTF 

group. Child age, sex and pubertal status were not significantly different between 

groups. Thyroid function results for each group were similar to those in the CATS II 

study. Mirroring the CATS II cohort, 95.3% self-reported as white. No statistically 

significant differences between the four groups were found in the overall IQ 

measurement of FSIQ (0.95), or in the sub-domains (VMIQ, PRIQ, WMIQ, PSIQ). 

Of the 20 women who were over-treated with levothyroxine (fT4 concentration in top 

2.5% of the cohort, defined as fT4 >17.7 pmol/l at 20 or 30 weeks’ gestation), five 

had sustained over-treatment throughout the second and third trimesters. The 

median (IQR) fT4 concentrations at 20 weeks and 30 weeks for the over-treated 

group were 18.9 pmol/L (17.9, 19.6) and 17.3 pmol/L (16.6, 18.5), respectively, while 

median (IQR) TSH values at these times were 0.11 mIU/L (0.02, 0.33) and 0.16 

mIU/L (0.02, 0.33), respectively. In the optimally-treated SGTF group, the median 

(IQR) fT4 concentrations at 20 and 30 weeks’ gestation were 15.6 pmol/l (13.8, 15.8) 

and 17.3 pmol/l (16.6, 18.5) respectively, with median (IQR) TSH values of 0.36 

mIU/L (0.17, 1.20) and 0.27 mIU/L (0.12, 0.65). 
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Figure 4.1 Flow of participants through the CATS studies. Illustrates the initial recruitment in South Wales, UK, for CATS-I, when 

mothers were randomized to screening and treatment for SGTF or not. In CATS-I child IQ was assessed at 3 years of age, the 

follow-up study, CATS-II, in which child IQ and behaviour was assessed at 9 years of age, and CATS-III when children underwent 

MRI scans. Abbreviations: CATS, controlled antenatal thyroid screening study; TFT, thyroid function tests; GTF: gestational thyroid 

function ; SGTF, suboptimal GTF. CATS I (Lazarus et al., 2012) and CATS II (Hales et al., 2020). 



Chapter 4: Controlled Antenatal Thyroid Screening Study III: Effects of gestational 
thyroid status on adolescent brain morphology 
 

103 
 

Table 4.1. Baseline characteristics of the CATS III study cohort. Abbreviations: GTF= 

gestational thyroid function, SGTF= suboptimal gestational thyroid function, TSH=thyroid 

stimulating hormone, fT4=free thyroxine  

   

Characteristic  Normal 
GTF  

Untreated 
SGTF   

Optimally 
treated 
SGTF  

Over-
treated 
SGTF  

Test statistic;   

P value  

  N=24  N=21  N=20  N=20    

TSH at 12 
weeks* (study 
entry; mlU/L)  

0.96   

(0.49, 1.40)  

3.65a   

(0.83, 5.20)  

3.71b   

(1.63, 4.53)  

4.35b  

(3.87, 5.04)  

H=32.0; p<0.001  

TSH at 20 
weeks  

(mlU/L)  

-  -  0.37  

(0.17, 1.20)  

0.11  

(0.02, 0.42)  

W=277.5; 
p=0.037  

TSH at 30 
weeks^ 

(mlU/L)  

-  -  0.28  

(0.12, 0.65)  

0.16  

(0.02, 0.33)  

W=228; p= 
0.161  

fT4 at 12 
weeks* (study 
entry; pmol/L)  

14.1   

(13.7, 14.6)  

10.8b  

(10.7, 12.8)  

10.7a   

(10.0, 13.6)  

12.5  

(10.6, 12.8)  

H=19.7; p<0.001  

fT4 at 20 weeks 
(pmol/L) 

-  -  15.6   

(14.6, 16.3)  

18.9  

(17.9, 19.6)  

W=37.5; 
p<0.001  

fT4 at 30 
weeks^ (pmol/L)  

-  -  14.6  

(13.8, 15.8)  

17.3  

(16.6, 18.5)  

W=46.5; 
p<0.001  

Male children, 
(%)  

41.7  52.4  50.0  50.0  H=0.602; 
p=0.896  

Age of children  

(years)  

13.4   

(12.4, 15.0)  

 13.9 

(13.1, 14.8)  

14.6   

(12.9, 15.5)  

12.9   

(12.5, 13.7)  

H=7.52; p=0.057  

Pubertal scoreτ 6.0   

(5.8, 8.0)  

8.0   

(5.0, 8.0)  

7.0   

(6.8, 8.0)  

6.5   

(5.8, 7.0)  

H=5.81; p=0.121  

 Values are medians (1st and 3rd quartile) unless stated otherwise.  
*missing thyroid function tests, n=1  
^missing thyroid function tests, n=2 
τ 4 participants missing total Tanner scores. Data shown here are excluding these 
participants.  
ap<.01 vs normal GTF; bp<.001 vs normal GTF (posthoc pairwise Wilcoxon test) 
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4.4.2 Primary analyses: effects of SGTF and treatment on global brain 

structure 

Global brain tissue volumes are presented in Figure 4.2. There were no significant 

differences between the four groups in total grey matter volume (F(3,81)=1.055, 

p=0.373), cortical volume (F(3,81)=1.084, p=0.361), cerebral white matter volume 

(F(3,81)=0.402, p=0.752), subcortical grey matter volume (H(3)=1.63, p=0.652) or 

total intracranial volume (F(3,81)=0.752, p=0.525). Accounting for potential 

confounders (sex, age and pubertal status) using multiple regression did not reveal 

any differences in global tissue volume between groups (data not presented).   

4.4.3 Secondary analyses: effects of maternal thyroid stimulating hormone 

(TSH) and free thyroxine (fT4) on global brain structure. 

Baseline levels of TSH (measured at 12 weeks’ gestation) were significantly 

positively correlated with global measures of brain volume (see Table 4.2); however, 

this effect was not robust to the inclusion of age, sex, and pubertal status in the 

model (see partial correlation estimates in Table 4.2). No statistically significant 

effects of baseline fT4 on global measures of brain volume were observed.  

Among those whose mothers were randomised to receive treatment with 

levothyroxine (optimally-treated and over-treated SGTF), no effects of 20 or 30 

weeks’ gestation levels of maternal TSH or FT4 on global measures of brain volume 

were observed (table 4.3). Only total grey matter volume was shown to correlate with 

TSH at 30 weeks’ gestation in those who were optimally-treated, but this did not 

survive correction for multiple comparisons. One participant had overt 

hypothyroidism, with a TSH of 38 mIU/L, almost four times the next highest TSH 

result. This participant was excluded from analysis, along with any participant whose 

brain volumetric measurements met criteria for outlier-based exclusion (see methods 

section). Results were similar when all data were included.  

Although groups were well matched for sex, it was a statistically significant variant in 

partial correlation calculations. In a previous observational population cohort study, 

an association between maternal thyroid function and ADHD traits was found in girls, 

but not in boys (Päkkilä et al., 2014). Therefore, an exploratory analysis was 

performed to examine if any interaction was found between treatment group and sex. 
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There was no significant effect of sex on the effect of treatment group on any global 

brain volume (p>0.05). 
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Figure 4.2. Global brain tissue volumes within each treatment group. Boxplots 

represent medians and interquartile ranges. Abbreviations: GTF= gestational thyroid 

function, SGTF= suboptimal gestational thyroid function.  
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Table  4.2. Global tissue effects of baseline (12 weeks’ gestation) maternal TSH and 

fT4 levels. 

 Full 
correlation 
estimate 
(Kendall’s 
tau) 

Full 
correlation 
p value 

Partial 
correlation 
estimate 
(Kendall’s 
tau) 

Partial 
correlation 
p value 

Baseline TSH (N= 84)     

Total grey matter volume 0.191 0.011 0.148 0.054 

Cortical volume 0.183 0.015 0.140 0.068 

Cerebral white matter 
volume 

0.178 0.017 0.137 0.073 

Subcortical grey matter 
volume 

0.150 0.046 0.102 0.183 

Total intracranial volume 0.172 0.021 0.131 0.085 

     

Baseline fT4 (N= 84)     

Total grey matter volume 0.013 0.862 -0.044 0.560 

Cortical volume 0.024 0.753 -0.034 0.652 

Cerebral white matter 
volume 

0.039 0.607 -0.004 0.962 

Subcortical grey matter 
volume 

0.020 0.789 -0.022 0.776 

Total intracranial volume 0.036 0.634 -0.002 0.983 

Partial correlation models accounted for sex, age and pubertal status at the time of 

imaging. Statistically significant correlation estimates are presented in bold. Note that 

no corrections for multiple comparisons were used for this analysis. Abbreviations: 

TSH=thyroid stimulating hormone, fT4=free thyroxine. 
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4.4.4 Exploratory analyses: effects of maternal thyroid stimulating hormone 

(TSH) and free thyroxine (fT4) on regional brain structures 

Exploratory analyses revealed positive correlations between TSH but not FT4 levels 

at 12 weeks’ gestation (baseline) and regional brain volume across several regions, 

even after accounting for age, sex and pubertal status (table 4.4 & 4.5). However, 

none survived correction for multiple comparisons using the Bonferroni method 

(α=0.00008) and so results should be interpreted with care.  

The areas with the strongest significant partial correlations were with TSH in the 

bilateral ventral diencephalon and accumbens regions (table 4.4). Other regions 

having positive correlation with TSH that survived partial correlation, were the left 

cortex, bilateral caudate nuclei, and the mid-posterior section of the corpus callosum. 

In contrast, the only significant negative association with maternal baseline fT4 was 

only observed with third ventricle volume (-0.177, p=0.019) (table 4.5).  
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Table 4.3  Global tissue effects of 20 and 30 weeks’ gestation maternal TSH and fT4 

levels in those whose mothers were randomized to receive levothyroxine. 

 Full 
correlation 
estimate 
(Kendall’s 
tau) 

Full 
correlation 
p value 

Partial 
correlation 
estimate 
(Kendall’s 
tau) 

Partial 
correlation 
p value 

20 weeks’ gestation TSH (N=35) 

Total grey matter volume 
(N=33) 

0.085 0.493 0.063 0.623 

Cortical volume (N=33) 0.070 0.575 0.048 0.712 

Cerebral white matter 
volume 

0.204 0.090 0.186 0.134 

Subcortical grey matter 
volume 

0.087 0.467 0.058 0.642 

Total intracranial volume 0.173 0.150 0.139 0.263 

     

Optimally-treated 
patients only (N=18) 

    

Total grey matter volume 0.197 0.255 0.091 0.637 

Cortical volume 0.223 0.197 0.125 0.515 

Cerebral white matter 
volume 

0.249 0.150 0.186 0.334 

Subcortical grey matter 
volume 

0.144 0.404 0.017 0.930 

Total intracranial volume 0.236 0.172 0.179 0.353 

     

Over-treated patients 
only (N=16) 

    

Total grey matter volume  0.201 0.292 0.307 0.144 

Cortical volume (N=15) 0.161 0.418 0.287 0.194 

Cerebral white matter 
volume  

0.289 0.130 0.366 0.082 

Subcortical grey matter 
volume 

0.236 0.216 0.310 0.140 

Total intracranial volume 0.341 0.074 0.393 0.062 
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 Full 
correlation 
estimate 
(Kendall’s 
tau) 

Full 
correlation 
p value 

Partial 
correlation 
estimate 
(Kendall’s 
tau) 

Partial 
correlation 
p value 

     

20 weeks’ gestation fT4 (N=40) 

Total grey matter volume 
(N=39) 

-0.121 0.281 -0.156 0.180 

Cortical volume (N=39) -0.091 0.417 -0.132 0.258 

Cerebral white matter 
volume 

-0.134 0.225 -0.128 0.266 

Subcortical grey matter 
volume 

-0.170 0.124 -0.187 0.104 

Total intracranial volume -0.167 0.130 -0.139 0.224 

     

Optimally-treated 
patients only (N=20) 

    

Total grey matter volume -0.159 0.330 -0.203 0.255 

Cortical volume -0.180 0.269 -0.221 0.217 

Cerebral white matter 
volume 

0.000 1.000 -0.070 0.695 

Subcortical grey matter 
volume 

-0.063 0.697 -0.131 0.462 

Total intracranial volume -0.021 0.897 -0.095 0.595 

     

Over-treated patients 
only (N=19) 

    

Total grey matter volume 
(N=17) 

-0.245 0.173 -0.292 0.146 

Cortical volume (N=17) -0.186 0.302 -0.216 0.282 

Cerebral white matter 
volume 

-0.248 0.141 -0.243 0.189 

Subcortical grey matter 
volume 

-0.260 0.123 -0.303 0.101 

Total intracranial volume -0.271 0.107 -0.278 0.133 
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 Full 
correlation 
estimate 
(Kendall’s 
tau) 

Full 
correlation 
p value 

Partial 
correlation 
estimate 
(Kendall’s 
tau) 

Partial 
correlation 
p value 

     

30 weeks’ gestation TSH (N=33) 

Total grey matter volume 0.137 0.278 0.123 0.339 

Cortical volume (N=31) 0.174 0.182 0.157 0.240 

Cerebral white matter 
volume 

0.177 0.161 0.189 0.143 

Subcortical grey matter 
volume 

0.065 0.604 0.059 0.647 

Total intracranial volume 0.157 0.214 0.183 0.156  

     

Optimally-treated 
patients only (N=17) 

    

Total grey matter volume 
(N=14) 

0.483 0.018† 0.558 0.017† 

Cortical volume  0.313 0.082 0.317 0.114 

Cerebral white matter 
volume 

0.164 0.363 0.216 0.282 

Subcortical grey matter 
volume 

0.149 0.408 0.148 0.460 

Total intracranial volume 0.149 0.408 0.229 0.254 

     

Over-treated patients 
only (N=16) 

    

Total grey matter volume 0.229 0.238 0.259 0.217 

Cortical volume 0.174 0.370 0.184 0.380 

Cerebral white matter 
volume 

0.321 0.099 0.350 0.096 

Subcortical grey matter 
volume 

0.174 0.370 0.188 0.370 

Total intracranial volume 0.284 0.143 0.286 0.173 
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 Full 
correlation 
estimate 
(Kendall’s 
tau) 

Full 
correlation 
p value 

Partial 
correlation 
estimate 
(Kendall’s 
tau) 

Partial 
correlation 
p value 

30 weeks’ gestation fT4 (N=38) 

Total grey matter volume 0.039 0.734 -0.009 0.937 

Cortical volume 0.039 0.734 -0.014 0.908 

Cerebral white matter 
volume 

-0.001 0.990 0.014 0.909 

Subcortical grey matter 
volume 

0.087 0.443 0.074 0.533 

Total intracranial volume -0.059 0.606 -0.033 0.783 

     

Optimally-treated 
patients only (N=20) 

    

Total grey matter volume -0.054 0.744 -0.071 0.691 

Cortical volume -0.065 0.695 -0.079 0.657 

Cerebral white matter 
volume 

0.000 1.000 0.056 0.753 

Subcortical grey matter 
volume 

0.043 0.794 0.078 0.662 

Total intracranial volume 0.054 0.744 0.120 0.501 

     

Over-treated patients 
only (N=18) 

    

Total grey matter volume 0.026 0.879 0.004 0.983 

Cortical volume 0.026 0.879 0.009 0.961 

Cerebral white matter 
volume 

-0.026 0.879 -0.033 0.863 

Subcortical grey matter 
volume 

0.092 0.596 0.079 0.682 

Total intracranial volume -0.157 0.363 -0.178 0.355 

† Effect did not survive correction for multiple comparisons using the Bonferroni 

method. 
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Partial correlation models accounted for sex, age and pubertal status at the time of 

imaging. Statistically significant correlation estimates are presented in bold. Note I 

did not perform corrections for multiple comparisons. Abbreviations: TSH=thyroid 

stimulating hormone, fT4=free thyroxine. 

 

  



Chapter 4: Controlled Antenatal Thyroid Screening Study III: Effects of gestational 
thyroid status on adolescent brain morphology 
 

114 
 

Table 4.4. Region-specific effects of maternal thyroid stimulating hormone  

Region volume Full 
Correlation 
Estimate  

Full 
Correlation P 
value  

Partial 
Correlation 
Estimate  

Partial 
Correlation P 
value  

Left hemisphere     

Cortex 0.215 0.005 0.162 0.037* 

Cerebral white matter 0.176 0.018 0.134 0.078 

Lateral ventricle 0.019 0.809 -0.010 0.896 

Inferior lateral ventricle -0.014 0.858 -0.049 0.532 

Cerebellum white 
matter 

0.098 0.190 0.072 0.342 

Cerebellum cortex 0.173 0.021 0.134 0.078 

Thalamus 0.103 0.170 0.060 0.437 

Caudate 0.196 0.009 0.164 0.033* 

Putamen 0.051 0.504 0.002 0.976 

Pallidum 0.046 0.540 0.003 0.973 

Hippocampus 0.093 0.215 0.052 0.496 

Amygdala 0.097 0.193 0.064 0.399 

Accumbens area 0.233 0.002 0.224 0.003* 

Ventral diencephalon 0.217 0.004 0.183 0.018* 

Choroid plexus 0.042 0.578 0.029 0.704 

Right hemisphere     

Cortex 0.192 0.011 0.150 0.051 

Cerebral white matter 0.186 0.013 0.145 0.057 

Lateral ventricle 0.157 0.048 0.146 0.072 

Inferior lateral ventricle 0.032 0.671 0.026 0.738 

Cerebellum white 
matter 

0.081 0.287 0.065 0.400 

Cerebellum cortex 0.186 0.013 0.150 0.049 

Thalamus 0.102 0.172 0.053 0.490 
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Region volume Full 
Correlation 
Estimate  

Full 
Correlation P 
value  

Partial 
Correlation 
Estimate  

Partial 
Correlation P 
value  

Caudate 0.202 0.008 0.176 0.023* 

Putamen 0.073 0.332 0.022 0.774 

Pallidum 0.160 0.036 0.128 0.101 

Hippocampus 0.115 0.127 0.072 0.350 

Amygdala 0.131 0.083 0.090 0.242 

Accumbens area 0.236 0.002 0.218 0.004* 

Ventral diencephelon 0.259 6.313e-04 0.231 0.003* 

Choroid-plexus 0.016 0.832 -0.017 0.826 

White matter 
hypointensities 

0.142 0.067 0.116 0.139 

Global and central 
structures 

    

Brain (minus 
ventricles) 

0.188 0.013 0.145 0.061 

Supra-tentorial(minus 
ventricles) 

0.194 0.010 0.151 0.049 

Brain-Stem 0.159 0.033 0.122 0.108 

3rd-Ventricle 0.019 0.801 -0.025 0.739 

4th-Ventricle 0.079 0.303 0.056 0.470 

CSF 0.015 0.848 -0.006 0.934 

Optic chiasm 0.081 0.281 0.070 0.362 

Corpus callosum     

Posterior 0.124 0.099 0.109 0.157 

Mid-posterior 0.194 0.009 0.186 0.015* 

Central 0.083 0.267 0.059 0.441 

Mid-anterior 0.091 0.230 0.068 0.381 

Anterior 0.092 0.235 0.080 0.316 

Partial correlation models were adjusted for child's sex, age and self-rated pubertal 
status at the time of imaging. Regions with a p value <0.05 highlighted in bold*. 
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Region volume Full 
Correlation 
Estimate  

Full 
Correlation P 
value  

Partial 
Correlation 
Estimate  

Partial 
Correlation P 
value  

None survived Bonferroni’s correction. Abbreviations: TSH=thyroid stimulating 
hormone; CSF, cerebrospinal fluid. 
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Table 4.5. Region-specific effects of maternal free T4  

Region volume Full 
Correlation 
Estimate  

Full 
Correlation P 
value  

Partial 
Correlation 
Estimate  

Partial 
Correlation P 
value  

Left hemisphere     

Cortex 0.015 0.841 -0.039 0.615 

Cerebral white matter 0.040 0.591 -0.001 0.988 

Lateral ventricle -0.065 0.401 -0.072 0.357 

Inferior lateral ventricle 0.046 0.551 0.025 0.748 

Cerebellum white 
matter 

0.004 0.954 -0.014 0.849 

Cerebellum cortex 0.015 0.844 -0.023 0.762 

Thalamus 0.008 0.918 -0.023 0.765 

Caudate -0.076 0.315 -0.117 0.124 

Putamen -0.049 0.519 -0.091 0.236 

Pallidum 0.062 0.415 0.030 0.698 

Hippocampus 0.028 0.713 -6.492e-04 0.993 

Amygdala 0.079 0.295 0.063 0.408 

Accumbens area 0.076 0.309 0.072 0.344 

Ventral diencephalon 0.046 0.548 0.011 0.885 

Choroid plexus -0.063 0.402 -0.066 0.385 

Right hemisphere     

Cortex 0.026 0.735 -0.031 0.689 

Cerebral white matter 0.040 0.591 -0.002 0.981 

Lateral ventricle -0.141 0.070 -0.141 0.073 

Inferior lateral ventricle 0.105 0.165 0.110 0.152 

Cerebellum white 
matter 

0.036 0.639 0.020 0.798 

Cerebellum cortex 0.018 0.808 -0.016 0.830 

Thalamus 0.061 0.419 0.019 0.800 
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Caudate -0.075 0.329 -0.110 0.155 

Putamen -0.060 0.424 -0.109 0.153 

Pallidum -0.018 0.810 -0.050 0.516 

Hippocampus 0.078 0.299 0.056 0.463 

Amygdala 0.065 0.393 0.032 0.681 

Accumbens area 0.013 0.862 -0.002 0.974 

Ventral diencephelon -0.002 0.978 -0.033 0.663 

Choroid plexus 0.028 0.710 0.003 0.970 

White matter 
hypointensities 

0.071 0.360 0.046 0.558 

Global and central 
structures 

    

Brain Volume (minus 
ventricles) 

0.032 0.676 -0.020 0.793 

Supra-tentorial (minus 
ventricles) 

0.031 0.679 -0.022 0.769 

Brain-Stem 0.017 0.826 -0.018 0.809 

3rd-Ventricle -0.136 0.069 -0.177 0.019* 

4th-Ventricle 0.080 0.294 0.059 0.443 

CSF 0.050 0.508 0.036 0.632 

Optic chiasm 0.107 0.156 0.096 0.210 

Corpus callosum     

Posterior 0.018 0.810 0.007 0.924 

Mid-posterior 0.046 0.544 0.040 0.597 

Central 0.133 0.077 0.109 0.151 

Mid-anterior 0.050 0.511 0.022 0.772 

Anterior -0.005 0.952 -0.016 0.843 

Partial correlation models were adjusted for child's sex, age and self-rated pubertal 
status at the time of imaging. Regions with a p value <0.05 highlighted in bold*. 
None survived Bonferroni’s correction. Abbreviations: fT4=free thyroxine; CSF, 
cerebrospinal fluid. 
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4.5 Discussion 

In this prospective follow-up analysis of adolescents from the CATS study, I found no 

differences in brain morphology among adolescents born to mothers with normal or 

SGTF, nor an effect of treatment with thyroxine (whether optimally- or over-

replaced). There were weak positive associations between maternal TSH at 12 

weeks’ gestation and total grey matter, cortical and cerebral white matter volumes, 

but these became insignificant after adjustment for age, sex and pubertal status. In 

exploratory analysis, several brain region volumes were correlated with TSH at 12 

weeks’ gestation, even after multivariate adjustment, but none survived correction for 

multiple comparisons. My findings suggest that any effects of excess maternal 

thyroid function after 12 weeks’ gestation on child neurodevelopment (Hales et al., 

2020) are not accompanied by altered brain macrostructural morphology in 

adolescents. There was a trend of maternal TSH being correlated with some brain 

regions, but nil conclusive. 

In contrast to animal model data, human studies of the effects of altered gestational 

thyroid function on offspring neurodevelopment are more limited and largely 

observational in nature (Panagiotou et al., 2022). Some studies have observed an 

association between mild-to-moderate maternal thyroid dysfunction and several child 

developmental outcomes, including intelligence, reaction time, verbal development 

and motor function, particularly when thyroid status is altered in early pregnancy 

(Haddow et al., 1999, Klein et al., 2001, Li et al., 2010, Ghassabian et al., 2014, 

Julvez et al., 2013, Finken et al., 2013, Henrichs et al., 2010, Kooistra et al., 2006, 

Pop et al., 2003). Some of these associations have been significant in several meta-

analyses (Thompson et al., 2018, Levie et al., 2018), but interpretation is difficult due 

to heterogeneity in study design, including differences in ethnicity, iodine status, 

definitions of hypothyroidism, timing of sampling in pregnancy, and timing of 

assessment of the childhood neurodevelopmental outcomes.  

In contrast with previous, smaller studies measuring IQ, the original CATS study 

children assessed at age 3 (Lazarus et al., 2012) and re-assessed at age 9 (Hales et 
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al., 2018) found no effect of maternal SGTF on IQ, nor an effect on cognition of 

thyroid hormone replacement. Casey et al, the other randomised controlled trial of 

thyroxine supplementation in maternal SGTF, similarly found no benefit on IQ or 

other neurodevelopmental indices in early childhood (Casey et al., 2017). In contrast 

to IQ, however, the CATS II study did find an effect of maternal thyroxine 

supplementation on child behaviour (conduct and hyperactivity) in the CATS cohort 

at age 9, an observation that was confined to inadvertent hyperthyroidism in the 

subgroup of mothers who had been over-replaced with thyroxine during pregnancy 

(Hales et al., 2020). These findings are consistent with observational studies and a 

meta-analysis which confirmed an association between maternal thyroid dysfunction 

(both hypo- and hyperthyroidism) and childhood ADHD (Modesto et al., 2015, 

Andersen et al., 2014). However, the mechanisms in operation in humans are 

unknown.  

Whilst other studies have examined the associations between childhood brain 

morphology and maternal thyroid status (Ghassabian et al., 2014, Korevaar et al., 

2016, Jansen et al., 2019), to date, the CATS III study is the largest study of 

adolescent brain morphology undertaken predominantly in offspring born to mothers 

with SGTF, and the CATS study was the first interventional trial to consider the 

effects of maternal thyroxine supplementation on neurodevelopmental trajectories.  

In their sub-analysis of 652 eight-year-old children from the Generation R cohort who 

underwent MRI assessment, Ghassabian et al. (2014) found no association between 

maternal hypothyroxinaemia in early gestation and brain volume, cortical thickness 

or surface area despite a 4.3 point reduction in IQ. However, the definition of 

maternal hypothyroxinaemia was broad, defined as the lowest 5% rather than 2.5% 

of the cohort’s fT4 results, a total of 27 cases. Korevaar et al. (2016) later 

demonstrated an inverse U-shaped association between maternal free T4 

concentrations and child IQ, child grey matter volume and cortical volume in this 

cohort, a relationship which persisted even after exclusion of mothers with overt 

thyroid disease. The relationship with TSH lost statistical significance after correction 

for total intracranial volume; however, intracranial volume and total grey matter 

volume are strongly linked, hence this may be an unnecessary over-correction. 

When the same data were later re-analysed by Jansen et al. (2019), excluding 
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participants in whom only one of fT4 or TSH was available, the relationship of grey 

matter volume with TSH but not fT4 became significant.  

The CATS III results found a weak positive association between maternal TSH at 12 

weeks’ gestation and child grey matter volume, using a similar methodological 

imaging approach (3T MRI and automated segmentation by Freesurfer image 

analysis), but statistical significance was lost after adjustment for potential 

confounders. The lack of statistically significant differences in CATS III compared to 

the Generation R studies, despite a greater number of participants exposed to 

maternal thyroid dysfunction in our study, may be attributable at least in part to the 

smaller sample size in our study. Other potential explanations may lie in the older 

adolescent population in CATS III needing adjustment for the potential confounding 

influences of puberty and its effects on grey matter maturation (Bramen et al., 2011) 

and the later sampling time of maternal TSH compared to Generation R cohort. 

Jansen et al. (2019) found that the inverse U-shaped association of maternal TSH 

with grey matter volume in their study was only evident in early gestation, 

disappearing entirely after 14 weeks (Jansen et al., 2019). A more significant effect 

of maternal thyroid status on child brain volume may therefore have been missed in 

the CATS III study due to the slightly later thyroid sampling. The statistical approach 

used in this chapter also differed by design, as most participants in the CATS III 

study were from mothers with SGTF and TSH values were therefore skewed. 

Furthermore, there was no trend in the raw data that suggested that a non-linear 

analysis was more appropriate than a linear model, hence I did not undertake cubic 

spline analysis to examine for non-linear associations.  

No evidence in this study was found of an effect of maternal supplementation with 

levothyroxine on offspring brain macrostructure, even in over-treated mothers in 

whom offspring conduct and hyperactivity scores above clinically relevant thresholds 

were more prevalent at age 9 (Hales et al., 2020). This may reflect a lack of power 

due to the smaller sample size or could be that any neurobehavioral differences are 

not accompanied by significant changes in brain macrostructure. Alternatively, it is 

possible that any effects of maternal thyroid function on neurodevelopment are 

transient: ADHD is often considered as a disorder of delayed brain maturation 

(Hoogman et al., 2017) associated with amelioration of the phenotype with age 

(Thapar and Cooper, 2016). 



Chapter 4: Controlled Antenatal Thyroid Screening Study III: Effects of gestational 
thyroid status on adolescent brain morphology 
 

122 
 

In a previous study of over 18,000 image-derived phenotypes in the UK, a recorded 

diagnosis of hypothyroidism in adults was associated with a reduction in cerebellar 

and pallidum grey matter volume (Chambers et al., 2021). Additionally, polygenic risk 

scores for thyroid traits in the Biobank study demonstrated opposing patterns of 

association between hypo- and hyperthyroidism at level of pallidum. Recognising 

that an effect of maternal thyroid status might thus only be apparent at a regional 

brain level, I undertook additional analyses to examine for associations with 

subcortical volumes. As with the more global measures, weak positive correlations of 

baseline maternal TSH with several brain regions were identified, although these are 

presented uncorrected for possible type 1 error and are therefore purely exploratory 

in nature.  

Other subcortical structures were identified as having weak to modest correlations 

with TSH, and survived adjustment for puberty, sex and age. However, this was 

done as part of exploratory analysis and are presented for information only, as I did 

not adjust for multiple testing, hence there needs to be some caution in interpreting 

these data. The regions identified were the nucleus accumbens, caudate nuclei and 

ventral diencephalon in both hemispheres, and mid-posterior corpus callosum (CC). 

For fT4, only the third ventricle was found to have a statistically significant correlation 

after adjustments for variables.  

The nucleus accumbens (NAcc) in both hemispheres both had a weak to moderate 

positive correlation with TSH. The NAcc are part of the basal forebrain and are a 

motor-limbic interface as part of the mesolimbic dopamine pathway. It is involved in 

the cognitive processing of motor function in relation to reward and motivation 

pathways (Volkow et al., 2011). Damage to the NAcc has been linked to reduced 

motivation/ ambition, reduced social behaviour and could contribute to addictive 

traits (Yael et al., 2019). Disruption in motivation traits have been found in children 

and adults with ADHD. In both human and animal studies, there are correlations with 

reduced NAcc volumes and increased ADHD traits (Volkow et al., 2011).  

The ventral diencephalon is part of the forebrain and consists of several structures 

either side of the third ventricle, including the thalamus and hypothalamus (ten 

Donkelaar et al., 2015). The thalamus is known to have a modulatory role in both 

afferent and efferent signalling between the cortex and subcortical structures. The 
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thalamus is the source of waking-state EEG rhythms, and is key in regulating 

consciousness, arousal and volition (Bailey and Joyce, 2015). A common component 

of the diagnostic criteria for ADHD are a disturbance in sleep modulation and 

daytime under arousal (Stephens et al., 2013).   

Both caudate nuclei had a statistically significant correlation with maternal TSH at 12 

weeks’ gestation. Even after adjusting for variables, but strength of the correlation 

was weak. It is a subcortical structure that forms part of the basal ganglia. It receives 

afferent projections from almost all regions of the cerebral cortex, with extensive 

connections to the frontal lobes. The caudate nucleus is, important in coordinating 

movement and several aspects of cognition and emotion. The caudate nucleus is 

involved in various cognitive functions, including attention, memory, and learning, as 

well as emotional regulation (Driscoll, Bollu and Tadi, 2024). Clinically, smaller 

caudate volumes have been linked to several neurological and psychiatric 

conditions. For instance, reduced caudate size is associated with lower intelligence 

quotient (IQ) in children born preterm and impairments in cognitive control and verbal 

learning/recall in youths exposed to alcohol in utero (Kennedy et al., 2022). 

Structural and functional MRI abnormalities have also been observed in studies of 

obsessive compulsive disorder (OCD), Parkinson disease and ADHD (Dang et al., 

2016; Driscoll, Bollu and Tadi, 2024). The significance of this weak correlation is 

unclear, especially as none of the other basal ganglia structures appeared 

associated with maternal TSH or fT4, but could be an area of interest. In the small 

number of brain scans of people with cretinism, there was a high proportion with 

basal ganglia calcification on CT scan (Halpern et al., 1991) and MRI changes in the 

basal ganglia in a case series of three (Ma et al., 1993). 

The corpus callosum is divided into seven regions by FreeSurfer software, as 

illustrated in Figure 4.3. Only the mid-posterior region had a significant p-value for a 

weak to moderate correlation with maternal TSH at 12 weeks’. In a previous 

neuroimaging study looking at effects of maternal hypothyroidism during gestation, 

the posterior midbody part of the corpus callosum was also larger in those exposed 

compared to controls (Samadi et al., 2015). Some differences in the corpus callosum 

have been found in DTI studies, again in the more posterior sections such as 

isthmus and splenium (Hung et al, 2018; Ng et al., 2014; Copper et al., 2019), but 

evidence is still limited.  
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Figure 4.3. Regional subdivisions of the corpus callosum Subregions: (1) rostrum, (2) genu, 

(3) rostral body, (4) anterior midbody, (5) posterior midbody, (6) isthmus, (7) 

splenium. Figure taken from Tanaka-Arakawa et al. (2015). 

Strengths and limitations 

The CATS III study has a number of strengths, including a unique study population 

from the first RCT examining effect of levothyroxine supplementation during 

gestation, that also included a subgroup inadvertently exposed to excess thyroid 

hormones. Other strengths include the increased signal-to-noise ratio offered by 3T 

MRI and being careful to adjust for the potential confounding influences of puberty as 

well as age and sex on brain maturation. However, the study also has several 

limitations, include the lack of repeat neurobehavioral assessment and an evaluation 

of pubertal status by self-assessment rather than clinician rating. The self-

assessment of pubertal status approach is nevertheless valid (Taylor et al., 2001). 

The participants were predominantly white, reflecting the population of Wales during 

recruitment, as recorded by the 2011 UK census, but potentially limits the 

generalisability of the findings to other populations. Another limitation is that 

participants were each scanned only once, so unable to offer insight into any 

potential effect of maternal thyroid status on the trajectory of brain development. 

Although groups were well matched for age, the age range was wider than desired, 

as adolescence is a time of significant developmental change. Hopefully using 

pubertal status as a variable will have helped compensate for this. Finally, the 

sample size is relatively small. A sensitivity analysis performed in R using the pwr 

package (https://cran.r-project.org/web/packages/pwr/vignettes/pwr-vignette.html) 

shows the study would have 80% power to detect a medium to large effect size 

https://cran.r-project.org/web/packages/pwr/vignettes/pwr-vignette.html
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based on our sample of 20 participants per group. Sample size was limited by the 

size of the over-treated group in the CATS II study. I invited all 40 subjects from 

CATS II in the overtreated group, of whom 20 agreed to participate in CATS III. 

Despite the small group sizes, the CATS III study includes the largest collection, to 

date, of MRI imaging of children exposed in utero to maternal suboptimal gestational 

thyroid function (61 SGTF: 24 controls).  

4.6 Conclusion 

In conclusion, I found no evidence of a significant effect of treating mild maternal 

thyroid dysfunction on adolescent brain morphology in this follow-up of participants 

from the Controlled Antenatal Thyroid Screening study. Secondary analysis found 

maternal TSH in the first trimester to have a weak correlation with several grey 

matter regional volumes, which also have been implicated in other imaging studies 

with ADHD. They survived adjustment for variables, but none survived correction for 

multiple testing. Further studies are needed to investigate the mechanisms by which 

gestational thyroid function affects human brain development. Other MRI modalities, 

such as diffusion tensor imaging, or serial imaging may offer a more comprehensive 

evaluation of the influences of gestational thyroid function on neurodevelopment. 
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5.1 Introduction 

In this thesis I have investigated the hypothesis that abnormal thyroid hormone 

bioavailability in gestation alters brain morphology. I conducted a systematic review 

of the current MRI neuroimaging literature concerning exposure to abnormal thyroid 

function during childhood or gestation, and analysed the MRI data from the CATS III 

study, looking at the effect of suboptimal maternal thyroid dysfunction and effect of 

levothyroxine replacement during gestation. The current published literature 

concerning mild suboptimal gestational thyroid function is limited, with conflicting 

results of whether any significant differences in brain macrostructure are found. 

Those exposed to a greater degree of maternal thyroid hormone deficiency had 

more significant results, and overall the earlier the thyroid abnormalities occurred in 

gestation, the greater the effect on brain morphology measures. The CATS III T1-

weighted results found only weak to moderate correlations to maternal TSH at 12 

weeks’ gestation in regards to grey matter volumes in secondary and exploratory 

analyses. The intervention with levothyroxine supplementation did not lead to 

significant differences between the four groups included in the study. The issue with 

structural MRI studies is the issue of multiple testing due to the large amount of 

results generated, which impacts on overall confidence in the statistical significance 

of potentially small differences. It may be that the effect of SGTF is at a more micro- 

rather than macrostructural level within the brain, for which T1-weighted MRI is not 

the best modality. 

It is irrefutable that neurological cretinism, the most severe form of maternal thyroid 

dysfunction in pregnancy, has permanent and serious life-long effects on offspring, 

including significant growth, motor, hearing and cognitive abnormalities. However, it 

remains unclear about the underlying mechanisms of how and where in the brain this 

deficiency of available fT4 during the first half of gestation impacts 

neurodevelopment. Extremely few neuroimaging studies or reports have been 

published regarding people with cretinism (Halpern et al., 1991; Ma et al ., 1993), as 

thankfully, with iodine supplementation, it is now very rare. There is a growing body 

of evidence that less severe thyroid abnormalities during gestation or early life can 

impact offspring’s future neurodevelopment, with an increasing interest in traits of 

ADHD and autism spectrum disorders. Again, mechanisms of potential action are 
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still unknown. It continues to be hotly debated in clinical circles, especially whether or 

not universal antenatal screening of maternal thyroid function should be 

implemented. The effect of over replacement of T4 is less well known; a small but 

increasing body of evidence suggests even mild to moderate excess of thyroid 

hormones during gestation and early childhood is not benign.   

5.2 Summary of main findings 

Systematic review 

I have conducted the first systematic review to date of the effects of various types of 

thyroid dysfunction on MRI neuroimaging results. I intentionally designed the search 

criteria to be comprehensive, to allow capture of all relevant studies relating to effect 

of thyroid hormone abnormalities on the developing brain in childhood, not only 

during gestation. The included studies consisted of three different types of exposure 

to thyroid dysfunction: maternal thyroid dysfunction (MTDF), congenital 

hypothyroidism (CH), and transient hypothyroxinaemia of prematurity (THOP). No 

neuroimaging studies meeting the inclusion criteria were found for other types of 

thyroid dysfunction during childhood, e.g. non congenital hypothyroidism causes of 

hypothyroidism (e.g. autoimmune), childhood hyperthyroidism or genetic causes 

(e.g. thyroid hormone resistance). All included studies were in neonates of children, 

with no participants followed up to adulthood. 

The included studies were heterogeneous in their design and regions of the brain 

studied. Those areas that did overlap had conflicting results: some showed 

associations between neuroimaging findings and TSH levels, while others found 

stronger correlations with fT4 levels. Notably, in studies with both TSH and fT4 data, 

often only one hormone showed significant associations with imaging findings, 

contrary to expectations of reciprocal relationship. 

The included MTDF studies did provide evidence that in the first trimester the foetal 

brain is particularly sensitive to thyroid abnormalities (Lischinsky et al., 2016; Jansen 

et al., 2019); this finding fits with the developmental timeline of the foetal thyroid 

gland beginning to produce thyroid hormones of its own during the second half of 

pregnancy. It also highlights the difficulty with meaningful clinical intervention in early 

pregnancy to identify and treat asymptomatic mothers with abnormal thyroid 

function. Unexpectedly, Korevaar et al., (2016) and Jansen et al. (2019) found a 
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similar effect of fT4 at upper end of normal range and TSH at lower normal range 

(i.e. borderline subclinical hyperthyroidism) on grey matter volumes as that seen with 

borderline subclinical hypothyroidism or hypothyroxinaemia. This lends more weight 

to the association of SGTF with neurodevelopmental issues such as ADHD being 

found at both ends of the thyroid hormone range, not with subclinical hypothyroidism 

alone (Andersen et al., 2014 and 2018; Thompson et al., 2018 and MD thesis). 

I found several of the CH and THOP neuroimaging studies also reported 

macrostructural and microstructural brain differences compared to controls, 

indicating that thyroid hormone deficiencies later in gestation or during the neonatal 

period can also have long-term impacts on brain morphology. These findings fit with 

previous studies of the cognitive and behavioural impacts of these conditions. 

Despite these observations, the lack of replication and the adjustment for 

confounders or multiple testing in many studies prevent definitive conclusions.  

CATS and T1-weighted MRI 

I found no evidence of a significant effect of maternal thyroid dysfunction on 

adolescent brain morphology compared to adolescents born to euthyroid mothers or 

effects of levothyroxine treatment in this follow-up of participants from the Controlled 

Antenatal Thyroid Screening study (Lazarus et al., 2012). Secondary analysis 

combining the four groups did find maternal TSH in the first trimester to have a weak, 

statistically significant correlation with several grey matter regional volumes, but 

none survived correction for multiple testing. 

The CATS II study found no difference between IQ measures at age 9 in untreated 

or treated MTDF or born to euthyroid mothers. This addressed the outstanding 

question from CATS I that the lack of statistically significant results from the original 

study may have been that levothyroxine supplementation had been started too late 

in foetal development. The recognition that a subgroup of the treated group were 

inadvertently over-replaced with levothyroxine led to the secondary analysis in CATS 

II of an overtreated and optimally treated group. The over-treated group had 

increased traits of ADHD as reported by parental questionnaires (Hales et al., 2020). 

This led to the addition of over-replaced as a fourth group in the CATS III study 

design.  
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The CATS III study is the first neuroimaging study to date to include a group of 

children known to have been exposed to a maternal hyperthyroid state in utero after 

the first trimester. Only two of the Generation R imaging studies included specific 

consideration of effect of higher fT4 or lower TSH on brain morphology (Korevaar et 

al, 2016; Jansen et al., 2019), but these were all still within normal ranges of thyroid 

function. The over-replaced group was limited in size by the nature of the CATS II 

cohort, with only ~40 subjects available to be invited to take part, with an 

approximately half agreeing to taking part in CATS III. Therefore, power was an 

issue, especially when assessing the effect of treatment at weeks 20 and 30 or 

gestation, as results only available for those whose mothers received levothyroxine 

replacement.  

5.2.1 Strengths and limitations 

This thesis has several key strengths. A broad and thorough systematic review 

ensured comprehensive coverage of studies on thyroid hormone abnormalities and 

their impact on the developing brain, minimizing the risk of missing significant 

studies. The quality of the included studies was generally high, despite some 

heterogeneity in the brain regions examined and thyroid hormones measured. The 

CATS III study also contributed significantly, using 3T MRI technology, a unique, 

prospective cohort including a group exposed to a mildly hyperthyroid state, well 

matched groups and analyses adjusted for confounding factors like puberty, age, 

and sex, as well as multiple testing. 

However, the thesis also has limitations. The total number of participants in the 

included studies in chapter 3 initially appeared substantial. However, when divided 

among the different thyroid abnormalities, and taking into account that the same 

participant scan data was often used in two or more of the studies, the sample sizes 

for each became relatively small. Disparities in the specific thyroid hormones 

measured (TSH, fT4, or both) and variations in study designs prevented a meta-

analysis. The majority of studies focused on thyroid hormone deficiency rather than 

excess, though a few indicated potential neurodevelopmental impacts from high-

normal thyroid hormone levels or levothyroxine supplementation (Jansen et al., 

2019; Scratch et al., 2014). 
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The predominance of 1.5T MRI scans in the reviewed studies, compared to higher 

resolution scanners available today, may have limited the detection of structural 

brain differences. Neurological or untreated myxoedematous (CH) cretinism is now 

rare, and the handful of cases with published imaging data in the literature have 

been in rural populations (Halpern et al., 1991; Ma et al., 1993; Gupta et al., 1995; 

Jagannathan et al., 1998), in countries with areas of significant poverty, presumably 

with the families affected having poor access to adequate nutrition or medical care. 

The use of MRI for clinical or research use is a specialised and expensive resource, 

further limiting access to populations most at risk of cretinism. 

The CATS III study faced limitations such as group size and the lack of repeated 

neurobehavioral assessments. The homogeneity of the study population 

(predominantly white, reflecting the Welsh recruitment base) potentially limits the 

generalisability of findings. Participants were scanned only once, precluding insights 

into the effects of maternal thyroid status on brain development trajectories. The 

relatively small sample size, especially in the over-treated group, posed power 

limitations, although the study still represents the largest cohort of children exposed 

to suboptimal gestational thyroid function to date with MRI imaging data (66/85 

participants). 

5.2.2 Wider literature and implications for future neuroimaging studies 

The findings from the CATS III study, although mostly negative, still has suggestions 

that thyroid function may have some weak correlations with grey matter volumes in 

certain brain regions. When added to the growing body of evidence that maternal 

thyroid function during pregnancy significantly influences offspring 

neurodevelopment and similar trends in other neuroimaging studies, there is an 

argument for further studies using other MRI techniques.  

Secondary analyses suggest that TSH, rather than maternal fT4, is the most 

sensitive marker of thyroid status. The mild degree of MTDF in CATS III and the 

Generation R studies, with no IQ differences in CATS participants, aligns with the 

lack of significant morphological differences. However, differences in ADHD traits in 

CATS II, alongside consistent findings of neurodevelopmental differences in children 

exposed to subclinical gestational thyroid dysfunction (SGTF), indicate underlying 
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brain development differences. This underscores the need for further research to 

elucidate specific mechanisms and outcomes. 

T1-weighted structural MRI has been the primary modality used to investigate 

MTDF, giving useful insight into macrostructural brain morphology. The main data 

reported has been on grey matter volumes and anatomically well-defined white 

matter structures such as the corpus callosum. With increasing interest in white 

matter microstructure and increasing availability of DTI as a clinical research tool, the 

CATS III MRI scanning protocol included DTI and qMT modalities as well as T1-

weighted MRI. DTI offers a promising avenue to explore white matter integrity and 

connectivity (Winklewski et al., 2018; Grover et al., 2015). DTI metrics can indicate 

myelin integrity but may be influenced by other microstructural changes. Including 

quantitative magnetisation transfer imaging (qMT) to the CATS III scan protocol is 

unique and provides a direct assessment of myelin, helping to determine if DTI 

changes relate to myelination (van der Weijden et al., 2023) No DTI studies of MTDF 

were included in Chapter 3, making the next stage of CATS III study an exciting 

opportunity to be the first to investigate white matter microstructure in MTDF. 

To effectively analyse DTI and qMT data, it is important to focus on key areas of 

interest to minimise the issue with multiple testing. In the next stage of CATS III, the 

analysis plans of which white matter tracts to analyse will be based on tracts with 

clinical and/or neuroimaging evidence suggesting involvement in thyroid-related 

neurodevelopmental outcomes. Previous animal and human studies have 

highlighted critical brain regions affected by thyroid hormones. For instance, MCT8 

deficiency shows significant myelination abnormalities and MRS results similar to 

untreated congenital hypothyroidism (Gupta et al., 1995; Jagannathan et al., 1998; 

Groenweg et al., 2020), suggesting a global delay in myelination that improves over 

time, although the disease phenotype remains unchanged. A recent murine study of 

TRIAC, an experimental thyroid hormone analogue, shows potential therapeutic 

benefits in cortical myelination and neuronal development (Reinweld et al., 2022), 

and case reports of improved clinical symptoms in human subjects (van Geest et al., 

2021). 

CT and MRI studies of neurological cretinism report increased basal ganglia 

abnormalities, with common extrapyramidal motor disorders not directly correlated 
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with motor abnormalities. Motor issues are also seen in CH but may be less 

significant in MTDF (Rovet, 1999). The THOP study could provide further insights. 

Sensorineural hearing loss, common in iodine-deficient areas before 

supplementation (Gosling et al., 1975) and in children with CH (Cooper et al., 2019), 

raises questions about the broader impact of thyroid dysfunction on brain 

development, suggesting hearing loss could be a confounding factor (Armstrong et 

al., 2020). The extent of hearing impairment in MTDF, whether due to 

hypothyroidism, subclinical hypothyroidism, or hypothyroxinaemia, remains unclear 

and warrants further study. 

The impact of thyroid dysfunction on myelination and white matter development 

highlights the future utility of DTI in this research area. The association between 

SGTF, at either end of the normal spectrum of maternal thyroid function, and ADHD 

in offspring (Modesto et al., 2015; Andersen et al., 2014; Fetene et al., 2017) could 

help guide white matter tracts to focus on, given the extensive neuroimaging 

research in ADHD.  

To effectively analyse the DTI data in the upcoming phase of the CATS III study, it is 

crucial to identify and focus on key regions of interest (ROIs) that have been 

implicated in thyroid-related neurodevelopmental outcomes and/ or ADHD. Thyroid 

function studies highlight the importance of regions such as the corpus callosum, 

hippocampus, thalami, and cerebellum (Morreale de Escobar, 2004; Zendel et al., 

2013; Clairman et al., 2015; Navarro et al., 2015; Bernal 2018; Cooper et al., 2019). 

ADHD has been associated with deficits in white matter integrity across several brain 

regions, including the cingulum bundle (Amico et al., 2011), corpus callosum, inferior 

and superior longitudinal fasciculus (Makris et al., 2008), internal capsule, middle 

cerebellar peduncle, and corticospinal tract (Hyde et al. 2021). By focusing on these 

regions and tracts, we aim to uncover the specific ways in which maternal thyroid 

function influences offspring white matter integrity and connectivity. This targeted 

approach will provide valuable insights into the neurodevelopmental pathways 

affected by thyroid dysfunction, potentially informing early intervention strategies and 

improving neurodevelopmental outcomes for children at risk. 
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5.2.3 Wider literature and implications for effect of gestational thyroid 

function 

In the CATS III study, no significant differences were detected between the four 

groups, including the group receiving over-replacement of levothyroxine. The CATS 

III study did not repeat the parental questionnaires, therefore it remains unknown if 

ADHD traits at age 9 were still present in adolescence. Symptoms of ADHD often 

reduce over the course of childhood (de Rossi et al., 2023), and there is ongoing 

debate on definitions and investigations of ADHD (Drechsler et al., 2020). Whilst I 

cannot conclusively determine the long-term impact on ADHD traits in the CATS 

cohort, the lack of significant adverse effects on brain macrostructure from the 

inadvertent over-replacement of levothyroxine is a reassuring outcome. 

There are indications that both excess thyroid function and thyroid hormone 

deficiency can impact child development. Investigating the effects of high fT4 and 

low TSH on neuroimaging findings remains of significant interest. Elucidating 

potential negative effects of over-replacing thyroxine is especially important in the 

wider debate about whether to offer universal screening of maternal thyroid function 

in pregnancy. 

Subclinical hypothyroidism (SCH) has been of interest in obstetric outcome studies 

as well as in studies investigating longer term neurodevelopmental effects. Several 

meta-analyses of observational studies have found an association between SCH and 

several adverse obstetric outcomes, such as pre-eclampsia (Toloza et al., 2022), 

small for gestational age at birth (Derakhshan et al., 2020), preterm birth (Korevaar 

et al., 2019) and pregnancy loss (Liu et al., 2014). See Table 5.1 for types and 

prevalence in pregnancy of different maternal thyroid function abnormalities (Chan et 

al, 2023). Effect of intervention with levothyroxine has been variable, but appears to 

be of benefit if started early, well within the first trimester. The effect of isolated 

hypothyroxinaemia is unclear.  

There is ongoing debate on whether there should be universal of thyroid function 

during early antenatal care, or only targeted screening of women with risk factors of 

thyroid disease, e.g. age, family history, other autoimmune diseases (Vaidya et al., 

2007; Stagnaro-Green et al, 2020). National guidelines exist in several countries, but 

approaches vary significantly (Stagnaro-Green et al., 2020). There is clear evidence 
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of overt hypothyroidism being bad for both obstetric and neurodevelopmental 

outcomes. Although prevalence of underdiagnosed overt hypothyroidism in 

pregnancy is low, the test and treatment are safe, simple and affordable, but overall 

benefit and cost effectiveness of universal screening is debated. Concern regarding 

universal screening antenatally is that there will be many more women who are 

found to have much more borderline, subclinical thyroid hormone abnormalities, the 

clinical importance of intervening with remaining unclear, and risks overdiagnosis, 

associated concern to the mother and potential unneeded treatment leading to 

iatrogenic harm. The concerns balancing potential gains with potential adverse 

effects of overtreatment with levothyroxine is well illustrated in Figure 5.1 (Korevaar 

et al., 2017). 

Table 5.1: Common thyroid function disorders in pregnancy and prevalence (Chan et al., 2023) 
Condition Definition by thyroid function testing  Reported prevalence  

in pregnanciesa 
TSH concentration  fT4 concentration  

Overt hypothyroidism 
(OH)  

Increased  Decreased  0.2–1% (including 
undiagnosed, partially-
treated and 
adequately-treated 
hypothyroidism)  

Subclinical 
hypothyroidism (SCH)  

Increased  Normal  2.2–10%  

Isolated 
hypothyroxinaemia 
(IH)  

Normal  Decreased  1.3–8%  

Thyrotoxicosisb 

(including gestational 
transient 
thyrotoxicosis)  

Decreased  Increased  1–5%  

Overt 
hyperthyroidismb 

(Graves’ disease and 
toxic nodular 
hyperthyroidism)  

Decreased  Increased  0.05–1.3%  

Subclinical 
hyperthyroidism  

Decreased  Normal  1.5–2.0%  

aUsing trimester-specific reference ranges in iodine replete and mild-moderately iodine deficient populations. 
Excludes populations with severe iodine deficiency.  
bHyperthyroidism is the increased production and secretion of thyroid hormones whereas thyrotoxicosis refers 
to the clinical symptoms and signs of excess circulating thyroid hormones, which may not be due to excess 158 
thyroid hormone production or hyperthyroidism. Hence, hyperthyroidism comprises a subset of thyrotoxic 
cases. 
Abbreviations: TSH, thyroid stimulating hormone; fT4, free thyroxine 

  



Chapter 5: Conclusions 
 

136 
 

 

 

Figure 5.1 Association between maternal free T4 concentrations during early pregnancy and 

child IQ and cortical volume as well as postulated treatment strategies. Taken from Korevaar 

et al., 2017.  Graphs showing the association between maternal free T4 concentrations 

during early pregnancy (8–18 weeks) and child IQ at median age of 6 years (a) or mean 

cortical volume, as assessed by magnetic resonance imaging, at median age of 8 years (b). 

The lower two graphs show the optimal treatment scenario (c) and the overtreatment 

scenario (d). These two graphs depict the concept of overtreatment. The red dots represent 

the free T4 concentrations of a hypothetical patient before (left red dot) and after treatment 

(right red dot). The vertical dotted black lines display the upper and lower limit of the 

population-based, assay-specific free T4 reference range for that particular study. Reprinted 

from The Lancet Diabetes & Endocrinology, 4, Korevaar, Tim I. M. et al. Association of 

maternal thyroid function during early pregnancy with offspring IQ and brain morphology in 

childhood: a population-based prospective cohort study, 35–43, Copyright (2016), with 

permission from Elsevier. 
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The current draft Royal College of Obstericians and Gynaecologists (RCOG) 

guidance due to be published later this year appear to be taking a balanced and 

cautious approach (Chan et al., 2023). The draft recommendation is for targeted 

screening of women deemed at risk of thyroid disease, using both TSH and fT4 to 

prevent delays in intervention. The focus will be on TSH rather than fT4. For 

pregnant women with a TSH of 4 mU/l or above, levothyroxine will be recommended 

to be started. The aim for those already diagnosed with overt hypothyroidism and on 

levothyroxine treatment, is to have TSH kept in the lower half of usual normal range, 

between 0.1-2.5 mU/l, during pregnancy (Chan et al., 2023). Pre-conception 

optimisation of treatment of known hypothyroidism remains a key aim, although often 

not achieved in a substantial minority of patients (Okosieme et al., 2018).  

The draft RCOG guidelines also advise for further research in this area, including 

potential effects of higher levels of thyroid hormones on obstetric, foetal and longer-

term outcomes. While studying hyperthyroidism is more challenging due to its 

relative rarity compared to hypothyroidism, future research could focus on recruiting 

women of childbearing age who are treated for thyroid cancer and intentionally over-

treated with levothyroxine to suppress TSH. 

5.3 Conclusion 

Cretinism and measures of neurodevelopment studies and animal models make a 

strong argument for the effect of thyroid function in gestation and early childhood on 

future neurodevelopment. However, type of effect, mechanisms and magnitude/ 

clinical significance of less severe maternal thyroid dysfunction on offspring central 

nervous system deveopment is still under debate. It is especially pertinent in the 

increasing shift towards universal screening for maternal thyroid dysfunction pre-

conception or antenatally (Stagnaro-Green et al., 2020). The upcoming RCOG draft 

guidelines strike a balance, focusing on hypothyroidism rather than 

hypothyroxinaemia (Chan et al., 2023). This is especially important in the small but 

growing body of evidence that exposure in utero to even mildly elevated/ upper end 

of normal range of fT4 may not benign. 

In conclusion, integrating advanced neuroimaging techniques like DTI in the CATS III 

study represents a significant step forward in understanding the neurodevelopmental 

impact of maternal thyroid function. This research will contribute to a more nuanced 
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understanding of the mechanisms underlying ADHD and other cognitive deficits 

associated with thyroid dysfunction, ultimately guiding clinical practices and public 

health policies towards better maternal and child health outcomes. 
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7.1 History of iodine and cretinism 

Iodine 

Iodine is an element and essential micronutrient, with adequate access for children 

and pregnant women included in the United Nations Convention on the Rights of the 

Child Article 24, part 2 (2013). Iodine containing thyroid hormones/ precursors are 

found unanimously throughout the animal kingdom, demonstrating the key role of 

iodine and thyroid function in bodily processes (Stenzel & Huttner, 2013).  

The majority of the iodine in the body is metabolised within the thyroid gland and 

incorporated into thyroid hormones themselves (Dunn, 1998). Iodine is also found in 

several other tissues, such as mammary glands, gastric mucosa, and the eye, but its 

role is unclear (Ahad, 2010; Venturi, 2001).  Iodine is predominantly found in the 

ocean and the soil of seaside areas. The soil of many inland and mountain areas are 

now leeched of iodine, and as such, much lower quantities are available in the local 

diet.  If the soil is iodine rich, iodine can be taken up and absorbed from fruit and 

vegetables, grains and milk.  

Since Roman times, travellers to the Swiss Alps have commented on the presence 

of goitres. Also noted in the Andes. Until the last few decades, the majority of large 

population cohort studies about iodine deficiency were based on goitres, as they are 

easy and quick to assess, so also more affordable and easier to conduct on a large 

scale compared to blood tests or measuring the very variable amount of iodine in 

urine. Iodine was identified as an element in the 1800s, but in Ancient Greece, links 

between marine sponges, which we now know are iodine rich, and treatment of 

goitres, have been recorded. Galen and marine sponges. This association was also 

continued in medieval Italy. De Villanova noted sponges were only successful in 

treating goitre in younger people, with goitre of recent origin, not large chronic 

goitres.  

It was the recognition of the effect of iodine or lack of on goitres that led to salt 

iodinisation programmes. Iodinisation of salt in a large proportion of the world has 

been revolutionary in preventing iodine deficiency disorders, from simply unsightly 

goitres to the devastating effects of neurological cretinism (Ahad, 2010). 
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Cretinism 

In Bremis*, a village of the Valais, as I have seen myself… it is usual that many 

infants suffer from [innate folly]. Besides, the head is sometimes misshapen ; the 

tongue is huge and swollen ; they are dumb; the throat is often goitrous. Thus they 

present an ugly sight; and sitting in the streets and looking into the sun, and putting 

little sticks in between their fingers, twisting their bodies in various ways, with their 

mouths agape they provoke passersby to laughter and astonishment. 

*Today, Bramois or Brämis. 

Felix Platter, 1602, Swiss physician and psychiatrist. 

Reference: Felix Platter [Platerus, Plater], Swiss physician and psychiatrist, Praxeos, 

seu de cognoscendis, praedicendis, praeca- vendis curandisque affectibus homini 

incommodantibus tractatus . . . , Basel : Conrad Waldkirch, 1602-1608, vol. 1, 95-96.  

Table 1: history of the accumulation of evidence for the importance of iodine 

and thyroid function during pregnancy and the potentially detrimental 

effect on offspring 

Table adapted and updated from literature and reviews by Morreale de Escobar 

(2004) and Zimmerman (2008), and 

https://www.jstor.org/stable/pdf/44446877.pdf?refreqid=excelsior%3A5f77c83fb5d6c

6080b9c5c443b607c59&ab_segments=&origin=&initiator=&acceptTC=1 

BULLETIN OF THE HISTORY OF MEDICINE ORGAN OF THE AMERICAN 

ASSOCIATION FOR THE HISTORY OF MEDICINE AND OF THE JOHNS 

HOPKINS INSTITUTE OF THE HISTORY OF MEDICINE VOLUME XXXVI 

NOVEMBER-DECEMBER, 1962 NUMBER 6 THE DISCOVERY OF CRETINISM 1 

PAUL F. CRANEFIELD 

 

Year Author Contribution 

1811 

 

Courtois 

 

Iodine crystals created, soon identified as a new element. 

 

https://www.jstor.org/stable/pdf/44446877.pdf?refreqid=excelsior%3A5f77c83fb5d6c6080b9c5c443b607c59&ab_segments=&origin=&initiator=&acceptTC=1
https://www.jstor.org/stable/pdf/44446877.pdf?refreqid=excelsior%3A5f77c83fb5d6c6080b9c5c443b607c59&ab_segments=&origin=&initiator=&acceptTC=1
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1821 

 

 

1825- 

1835 

 

 

 

1850 

 

 

1851 

 

 

 

1896 

1897 

Coindet 

 

 

Boussingault 

and Roulin 

 

 

 

Curling 

 

 

Chatin 

 

 

 

Baumann 

Roos 

Suggestion it was the iodine in seaweed that made 

seaweed effective in the treatment of goitres. 

 

Reports from the Andes, that areas with few goitre cases 

had iodine in the rock salt. Demonstrated reversal of 

some goitres in people given rock salt with iodine in. 

Iodine proposed as a potential treatment, but its lack not 

recognised as the cause. 

 

Description of congenital hypothyroidism and effect on 

neurodevelopment- two children without thyroids. 

 

First published hypothesis that iodine deficiency was the 

cause of goitre, including Boussingault’s reports as 

evidence. Met with sceptiscism. 

 

Iodine found in the thyroid gland, establishing the link 

between lack of iodine, goitre and myxoedema 

(hypothyroidism). 

1915 Hunziker-

Schild 

Swiss Alpine experience of severe endemic goitre with 

cretinism. He made a good deduction that although it is 

not known whether the foetus makes its own TH or gets it 

from its mother, it seems likely it does receive it from its 

mother in the womb, as reflected with children born 

without thyroids that are born in a normal state but then 

develop myxoedematous signs in the months following. 

Also touched on prophylactic measures. 
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1915- 

1919 

Marine & 

Kimball 

Iodine prophylaxis studies in the Midwest of the USA.  

1918 Bayard Iodised salt for goitre **** get more detail from 

Zimmerman 

1917 McCarrison Himalayas. Famous quote “it is of the greatest 

importance to inquire into the antenatal history of all 

backward children and to examine the mother for thyroid 

defect”. He described the myxoedematous type of 

cretinism 

1920s  In part of Switzerland, in 1922, the first public health 

intervention programme created to eradicate newborn 

goitre and endemic cretinism. In 1924 Michigan was the 

first state in the USA to start iodinsing salt state wide. 

1960s- 

1970s 

Choufoer 

1965, 

Pharoah 1971  

& 1991 

Papua New Guinea & Andean regions. Researchers 

noted pregnant women in ID areas were unable to 

respond at onset of pregnancy with increase in circulating 

thyroxine – unlike that physiological response to 

gestation seen in women with adequate iodine intake. 

Interventions EARLY in pregnancy with replacing iodine 

before end of 2nd trimester prevented birth of cretins. Also 

found the non-cretin inhabitants of the region had an 

increase in IQ post replacement.This recognition of the 

important social and economic effects for the whole local 

population created world-wide impetus to address iodine 

dietary deficiency. 

1990 Mandel Evidence for increasing thyroxine need during pregnancy 

in 12 known hypothyroid women. Their conclusion was 

that hypothyroid women should be monitored during 

pregnancy. 

1992 Vitti Evidence that even mild ID is potentially damaging for 

neurodevelopment in early pregnancy. 
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1994 Cao Studied the effect of the timing of treatment for iodine 

deficiency on neurological outcomes of offspring in 

pregnant women. “Up to the end of the second trimester, 

iodine treatment protects the fetal brain from the effects 

of iodine deficiency. Treatment later in pregnancy or after 

delivery may improve brain growth and developmental 

achievement slightly, but it does not improve neurologic 

status.”  

1999 Haddow Analysed the stored antenatal serum samples of 25,216 

women then recruited to undergo cognitive assessment. 

Sixty two women were found to have thyroid deficiency, 

48 of which who were not treated for the condition during 

the pregnancy under study. 47 of the women had 

thyrotropin levels at or above the 99.7th centile. The full-

scale IQ scores of their children averaged 7 points lower 

than those of the 124 matched control children 

(P=0.005); nineteen percent had scores of 85 or less.  

2003 Pop Found children of hypothyroxinaemic mothers at 

gestational age 12 weeks with further decrease in T4 

later in pregnancy mothers’ was associated with 

neurodevelopmental delays at age 2 years old, with 

reduced mental and motor scores. Those 

hypothroxinaemic mothers whose fT4 levels increased in 

the second and third trimesters were similar to controls. 

However, it is difficult to judge these assessments at age 

of one year old and use it to predict future development, 

especially in a small study population (<60 in each group 

of cases and controls). 

2010 Henrichs Part of the large prospective population cohort 

Generation R study. >3000 mother-child pairs with data 

on the maternal thyroid function at 13 weeks gestation. A 

number of language and developmental assessments 
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were undertaken at age 30 months. Expressive language 

delay was associated with mild and severe maternal 

hypothyroxinemia. Severe maternal hypothyroxinemia 

also predicted a higher risk of nonverbal cognitive delay 

(OR = 2.03; 95% CI = 1.22-3.39; P = 0.007). On the other 

hand, maternal TSH was not associated with cognitive 

delay. 

2012 Lazarus The CATS study was the first randomised controlled trial 

of an intervention in women found to have suboptimal 

thyroid function. Pregnant women at average 12 weeks 

gestation in South Wales and Turin were recruited 

(>21,000) and those with fT4 in the lowest 2.5% or TSH 

in the highest 2.5% centile were randomised to treatment 

with levothyroxine. The children underwent IQ 

assessments at age 3. Two further studies published **** 

2016 Korevaar Part of the Generation R studies, with 646 MRI scans 

available of children with known IQ and maternal thyroid 

function. At both high and low maternal thyroxine 

concentrations were associated with lower child IQ and 

lower grey matter and cortex volume, with a U shaped 

curve. The authors suggest an association between high 

maternal free thyroxine and lower child IQ suggests that 

levothyroxine therapy during pregnancy, which aims to 

achieve high-normal thyroid function, may carry a 

potential risk of adverse child neurodevelopment 

outcomes. 

2017 Casey Randomised control trial in the US, screening >90,000 

pregnant women. “A total of 677 women with subclinical 

hypothyroidism underwent randomization at a mean of 

16.7 weeks of gestation, and 526 with hypothyroxinemia 

at a mean of 17.8 weeks of gestation” to treatment with 



Appendix 

175 
 

levothyroxine. No difference found in children’s IQ at age 

5 years old. 

2018 Hales Addressed some of the questions from CATS I. 

Confirmed did not find Haddow’s findings of effect on IQ 

compared to normal controls. 

2020 Hales Behaviour 

Although CATS II did not find an association between 

maternal thyroid function and IQ, it did find a link between 

ADHD traits and maternal  hyperthyroidism (unpublished 

data awaiting submission). The difference was seen in 

children of ‘over-treated’ mothers displayed significantly 

more ADHD symptoms and behavioural difficulties than 

those with normal-GTF. There was no overall association 

between SGTF and offspring ADHD, ASD or behaviour 

questionnaire scores. 
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7.2 PRISMA Checklist, 2020 

Section and 
Topic  

Item 
# 

Checklist item  Location where item is reported  

TITLE   

Title  1 Identify the report as a literature review. Page 47 

ABSTRACT   

Abstract  2 Provide a structured summary including, as applicable: background; objectives; data sources; study eligibility 
criteria, participants, and interventions; study appraisal and synthesis methods; results; limitations; conclusions 
and implications of key findings.  

See the PRISMA 2020 for Abstracts checklist for the complete list. 

NA – Included in abstract of thesis. 

INTRODUCTION   

Rationale  3 Describe the rationale for the review in the context of existing knowledge, i.e., what is already known about your 
topic. 

Page 48 

Objectives  4 Provide an explicit statement of the objective(s) or question(s) the review addresses with reference to participants, 
interventions, comparisons, outcomes, and study design (PICOS). 

Page 34, 48-49  

METHODS   

Eligibility criteria  5 Specify the inclusion and exclusion criteria for the review and how studies were grouped for the syntheses with 
study characteristics (e.g., PICOS, length of follow-up) and report characteristics (e.g., years considered, 
language, publication status) used as criteria for eligibility, giving rationale. 

Page 50 

Information 
sources  

6 Specify all databases, registers, websites, organisations, reference lists and other sources searched or consulted 
to identify studies. Specify the date when each source was last searched or consulted. 

Page 50 

Search strategy 7 Present the full search strategies for all databases, registers and websites, including any filters and limits used. Page 49 refers to Appendix 7.3, page 
178 

Selection process 8 State the process for selecting studies (i.e., screening, eligibility).  

Specify the methods used to decide whether a study met the inclusion criteria of the review, including how many 
reviewers screened each record and each report retrieved, whether they worked independently, and if applicable, 
details of automation tools used in the process. 

Page 49 

Study risk of bias 
assessment 

11 Specify the methods used to assess risk of bias in the included studies, including details of the tool(s) used, how 
many reviewers assessed each study and whether they worked independently, and if applicable, details of 
automation tools used in the process. 

Page 51 

RESULTS   

Study selection  16a Describe the results of the search and selection process, from the number of records identified in the search to the 
number of studies included in the review, ideally using a flow diagram. 

Page 51 

16b Cite studies that might appear to meet the inclusion criteria, but which were excluded, and explain why they were Page 53 (Figure 3.1) 

http://www.prisma-statement.org/Extensions/Abstracts.aspx
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Section and 
Topic  

Item 
# 

Checklist item  Location where item is reported  

excluded. 

Study 
characteristics  

17 Cite each included study and present its characteristics (e.g., study size, PICOS, follow-up period). Pages 71-74 for summary table 3.2 

Risk of bias in 
studies  

18 Present assessments of risk of bias for each included study. Pages 71-74, Included in table 3.2 

Results of 
individual studies  

19 For all outcomes, present, for each study: (a) summary statistics for each group (where appropriate) and (b) an 
effect estimate and its precision (e.g. confidence/credible interval), ideally using structured tables or plots. 

Not applicable 

DISCUSSION   

Discussion  23a Provide a general interpretation of the results in the context of other evidence. Pages 75- 86 

23b Discuss any limitations of the evidence included in the review. Page 86 – 87 

23c Discuss any limitations of the review processes used. Page 86 

23d Discuss implications of the results for practice, policy, and future research. Page 87 

OTHER INFORMATION  

Registration and 
protocol 

24a Provide registration information for the review, including register name and registration number, or state that the 
review was not registered. 

Not registered (thesis review was only 
conducted by myself. For publication, 
should be done by 2 independent 
reviewers. 

24b Indicate where the review protocol can be accessed, or state that a protocol was not prepared. NA 

24c Describe and explain any amendments to information provided at registration or in the protocol. NA 

Support 25 Describe sources of financial or non-financial support for the review, and the role of the funders or sponsors in the 
review. 

In the acknowledgements of the thesis 
I have acknowledged the fellowship 
from the Royal College of Physicians 
that funded my research degree. No 
specific funding for the review. 

Competing 
interests 

26 Declare any competing interests of review authors. NA 

Availability of 
data, code, and 
other materials 

27 Report which of the following are publicly available and where they can be found: template data collection forms; 
data extracted from included studies; data used for all analyses; analytic code; any other materials used in the 
review. 

Pages 178-180 for search and 
example of data collection form 

Adapted From:  Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et al. The PRISMA 2020 statement: an updated guideline for reporting systematic reviews. BMJ 
2021;372:n71. doi: 10.1136/bmj.n71 Adapted From:  Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et al. The PRISMA 2020 statement: an updated guideline for reporting 
systematic reviews. BMJ 2021;372:n71. doi: 10.1136/bmj.n71 The checklist was adapted for KIN 4400 Independent Research Study in Kinesiology at the University of Guelph-Humber. Last updated: 
Dec 9, 2021 
 

For more information, visit: http://www.prisma-statement.org/  

http://www.prisma-statement.org/
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7.3 Systematic Review Search 

Initial search, 2019: EMBASE, Medline and PsychInfo and Scopus. 

1. magnetic resonance imaging/ 

2. neuroimaging/ 

3. mri.tw. 

4. neuroimaging.tw. 

5. neuro imaging.tw. 

6. magnetic resonance.tw. 

7. brain imaging.tw. 

8. Diffusion Magnetic Resonance Imaging/ 

9. diffusion tensor.tw. 

10. fmri.mp. 

11. functional magnetic resonance.tw. 

12. neuroanatomy.tw. 

13. neuro anatomy.tw. 

14. 
thyroid hormones/ or dextrothyroxine/ or diiodotyrosine/ or monoiodotyrosine/ or "thyroid (usp)"/ or 
thyronines/ or thyroxine/ 

15. Thyroid Gland/ 

16. Thyroid Diseases/ 

17. hypothyroid*.tw. 

18. hyperthyroid*.tw. 

19. thyroid dysfunction.tw. 

20. (gestational adj3 thyroid*).tw. 

21. (maternal adj3 thyroid*).tw. 

22. maternal hypothyroxin*.tw. 

23. maternal hyperthyroxin*.tw. 

24. hyper thyroid*.tw. 

25. hyper-thyroid*.tw. 

26. hypo thyroid*.tw. 

27. hypo-thyroid*.tw. 

28. hypothyroxin*.tw. 

29. Congenital Hypothyroidism/ 

30. cretinism.mp. 

31. cretin*.tw. 

32. (thyroid* adj3 fetal).tw. 

33. (thyroid* adj3 fetus).tw. 

34. (thyroid* adj3 foetal).tw. 

35. (thyroid* adj3 foetus).tw. 

36. congential hypothyroidism.tw. 
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37. 
14 or 15 or 16 or 17 or 18 or 19 or 20 or 21 or 22 or 23 or 24 or 25 or 26 or 27 or 28 or 29 or 30 or 
31 or 32 or 33 or 34 or 35 or 36 

38. 1 or 2 or 3 or 4 or 5 or 6 or 7 or 8 or 9 or 10 or 11 or 12 or 13 

39. 37 and 38 

40. limit 39 to (english language and humans) 

 

Updated, search undertaken 2021 
1. magnetic resonance imaging/ 

2. neuroimaging/ 

3. mri.tw. 

4. neuroimaging.tw. 

5. neuro imaging.tw. 

6. magnetic resonance.tw. 

7. brain imaging.tw. 

8. Diffusion Magnetic Resonance Imaging/ 

9. diffusion tensor.tw. 

10. fmri.mp. 

11. functional magnetic resonance.tw. 

12. neuroanatomy.tw. 

13. neuro anatomy.tw. 

14. 
thyroid hormones/ or dextrothyroxine/ or diiodotyrosine/ or monoiodotyrosine/ or "thyroid (usp)"/ or 
thyronines/ or thyroxine/ 

15. Thyroid Gland/ 

16. Thyroid Diseases/ 

17. hypothyroid*.tw. 

18. hyperthyroid*.tw. 

19. thyroid dysfunction.tw. 

20. (gestational adj3 thyroid*).tw. 

21. (maternal adj3 thyroid*).tw. 

22. maternal hypothyroxin*.tw. 

23. maternal hyperthyroxin*.tw. 

24. hyper thyroid*.tw. 

25. hyper-thyroid*.tw. 

26. hypo thyroid*.tw. 

27. hypo-thyroid*.tw. 

28. hypothyroxin*.tw. 

29. Congenital Hypothyroidism/ 

30. cretinism.mp. 

31. cretin*.tw. 

32. (thyroid* adj3 fetal).tw. 
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33. (thyroid* adj3 fetus).tw. 

34. (thyroid* adj3 foetal).tw. 

35. (thyroid* adj3 foetus).tw. 

36. congential hypothyroidism.tw. 

37. 
14 or 15 or 16 or 17 or 18 or 19 or 20 or 21 or 22 or 23 or 24 or 25 or 26 or 27 or 28 or 29 or 30 or 
31 or 32 or 33 or 34 or 35 or 36 

38. 1 or 2 or 3 or 4 or 5 or 6 or 7 or 8 or 9 or 10 or 11 or 12 or 13 

39. 37 and 38 

40. limit 39 to (english language and humans) 

41. limit 40 to yr="2019 -Current" 

 

 

Example of data collection spreadsheet: 

 

 

Author Akinci Hung Ng Scratch Siragusa Altiay Alves

Year 2006 2018 2014 2014 1997 2006 1989

Title Brain MR spectroscopy findings in neonates with hypothyroidism born to mothers living in iodine-deficient areas.Gestational age, not transient hyperthyrotropinemia impacts brain white matter diffusion tensor imaging in premature infantsEffect of thyroxine on brain microstructure in extremely premature babies: magnetic resonance imaging findings in the TIPIT study.Free Thyroxine Levels After Very Preterm Birth and Neurodevelopmental Outcomes at Age 7 YearsBrain magnetic resonance imaging in congenital hypothyroid infants at diagnosisTc-99m-HMPAO brain perfusion single-photon emission computed tomography in children with Down syndrome: Relationship to epilepsy, thyroid functions, and congenital heart diseaseChanges in brain maturation detected by magnetic resonance imaging in congenital hypothyroidism

Country Turkey Taiwan UK Australia Italy

Include Yes Yes Yes Yes  No No

Type of scan Proton MRS dTI dTi Structural 3.01.5 structuralSPECT, CT or MRI only used to asess for any structural abnormalties, not main part of study & not reported

Age when scanned 5-7days and 8 weeks (post thyroxine in CH)postmenstrual-age equivalent (date went home)premmies before 28wks imaged at term-equivalence7 mean 22 days1-15years

Number scanned 8CH & 8 control fullterm neonates81 total started, but only 8 had useable scans!42 scanned52 useable scans11CHs, 22 Controls30

Groups? Born under 30wks, fT4 measured over first 6wksCHs, term controlsDown

Other tests Serum TFTs, urinary iodine of neonates and mothers. NAA, choline, creat were made in frontal & parietal WM and thalamus. Tracts analysed were: CC, posterior &anterior IC , Extcapsule. TSH of babies day of admission, 18h, 24h into admission. rechecked 2wks later if abnormal to see if transient hypothyr. Developmental assessments at age 2yrsT4 supplementation vs notneonatal fT4, IQ etc at age 7 SPECT, variety

Findings: CH neonates & their mothers were significantly more iodine deficient than controls. Before treatment, NAA/Cr in thalamus & parietal WM were stat reduced in CH cf to controls.No difference related to TSH- any HTT was transienthigher NOT lower fT4 concentrations associated poorer cognitive function at age 7. NO explaination in relation to brain volumesNo differences

Type of study Case control cohort intervention & controlsprospective cohortcase control Single case report

Comments conclusion a leap- they state that iodine is the reason for the difference..it could be or just lack of TFTs. Maternal SGTF found in those kids with CH (table 2)Can't make ANY judgement about TSH and relationship with MRI findings with such a small sample size.Looked at WM too. Those with more severe cognitive difficulties did not tolerate the scan 

Main points Difference in thalamus & parietal regions, not frontal, gone after 8 weeks treatment. Iodine and maternal SGTF both issues in the CH group.Gestational age affected developmental outcomes at 2years, but no relationship found with TSH..with no diff between TSH of the groups, but too small eventual sample size. However, DID find relationship between TSH & CC & ant internal capsule, but paper reports this confusingly. Look at figure 2.Low fT4 at birth was a marker of poor WM microstructure organisation.no morphological brain abnormalities in CH infants detected by neonatal screening before replacement therapy. Perinatal hypothyroidism seems to have no effect on CNS structuresLooking at perfusion, not MRI findings.. Unclear who had MRI and who didn't. Very disparate groupCase report
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7.4 CATS III Study R code for T1 analysis 

For link to the online R code, go to open source framework at : 

DOI 10.17605/OSF.IO/PRKU8 

##T1 analysis script for CATS study 

#Carolyn McNabb and Anna Scholz 2023 

#Is there a relationship between maternal thyroid function in pregnancy 

and white matter microstructure? 

#Four groups =  

# N=20 healthy;  

#N=20 untreated low thyroid;  

#N=21 optimally treated low thyroid;  

#N=19 over-treated low thyroid 

#suboptimal gestational thyroid function (3/4) and normal thyroid 

function (1/4) 

#N=60 low thyroid function before 12 weeks pregnancy 

#After 12 weeks, N=40 treated, N=20 untreated 

#N=19 of the 40 treated were over-treated, N=21 were optimally treated 

#At age 3 and 9 years  

#No significant difference in IQ 

#Treated group at age 9, higher rates of ADHD characteristics  

#The over-treated group could explain this difference 

######### key questions ################# 

#Can we show that overtreatment is suboptimal for neurodevelopment? 

#Are there suggestions that treatment with thyroxine can be beneficial 

if it's given at the optimal dose? 

#T1 cortical and subcortical structures 

#Total cortical grey and white matter volumes (parcellated using 

Desikan-Killiany atlas) 

#Surface area (white, grey, csf regions) 

#Volumes in mm3 (and areas - but we won't look at area) 

#Maternal Free T4 and TSH at 12 weeks (and for optimally and over-

treated at 20 and 30 weeks gestation) 

################ research questions ########### 

#grey matter volume across the four groups  

#does overtreatment with thyroxine cause changes in volume vs optimal 

treatment / normal levels 

#N=19 overtreated vs N=20 healthy and N=21 optimally treated 

#Is there an association between T4/TSH levels before 12 weeks and 

cortical/subcortical volume? 

#normal (N=20) vs low thyroid (N=60) 

#add libraries 

library(readODS) 

library(psych) 

library(vtable) 

library(ggplot2) 

library(emmeans) 

library(rstatix) 

#library(corrplot) 

library(dplyr) 

library(lme4) 

library(lmerTest) 

library(tidyr) 

library(ppcor) 

library(insight) 
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library(gt) 

library(gridExtra) 

# load demographic data 

demographics <- read_ods('aparc_volume_left_Mar21_AS_allTFTs.ods', 

sheet = 2) 

#remove duplicate id column from demographics table 

demographics <- demographics[, !duplicated(colnames(demographics))] 

#copy the demographic dataframe so you can work on it 

clean_demog <- demographics 

#clean up total tanner score - first make numeric 

clean_demog$`Total Tanner` <- as.numeric(clean_demog$`Total Tanner`) 

#replace 0 with NA 

clean_demog$`Total Tanner`[clean_demog$`Total Tanner` == 0] <- NA 

#replace NAs in Total Tanner so that we can include these in the 

analysis 

#replace with median tanner score from the rest of the cohort - we 

checked the  

#age of the ppts and it is approximately the median age of the cohort 

clean_demog$`Total Tanner`[is.na(clean_demog$`Total Tanner`)] <- 

median(clean_demog$`Total Tanner`, na.rm=TRUE) 

#make sex a factor 

clean_demog$`Child Sex (1boy 2girl)` <- as.factor(clean_demog$`Child 

Sex (1boy 2girl)`) 

#add a column for effect coding of sex 

clean_demog$sex <- ifelse(clean_demog$`Child Sex (1boy 2girl)` == 1, 

0,1) 

#make tsh and freet4 numeric 

clean_demog$tsh <- as.numeric(clean_demog$tsh) 

clean_demog$freet4 <- as.numeric(clean_demog$freet4) 

#Now these have NAs so we need to remove these.. BUT, we will do this 

individually later, 

#so that we can include as much data as possible in each analysis 

#name groups in the clean_demog dataframe 

clean_demog$TreatmentGroup <- clean_demog$`GROUP (0 normal 1 treated 2 

untreated 3 OT)` 

clean_demog$TreatmentGroup[clean_demog$TreatmentGroup == "0"] <- 

"Normal GTF" 

clean_demog$TreatmentGroup[clean_demog$TreatmentGroup == "1"] <- 

"Optimally treated SGTF" 

clean_demog$TreatmentGroup[clean_demog$TreatmentGroup == "2"] <- 

"Untreated SGTF" 

clean_demog$TreatmentGroup[clean_demog$TreatmentGroup == "3"] <- "Over-

treated SGTF" 

#Data for total volume - aseg 

#load the volume data into R - call this aseg 

aseg <- read_ods('aseg_volume_Mar21_AS_allTFTs.ods', sheet = 1, 

row_names = F) 

### Change CUBRIC IDs to CATS IDs #### 

#first read in the cats lookup table 

catsids <- read.table('CATS_ID_lookup.txt', header = T) 

#add the CATS IDs to the aseg dataframe 

aseg_ids <- merge(catsids, aseg, by.x = "CUBRIC_ID", by.y = "CUBRIC 

ID") 

#add the demographics data to the same dataframe 

aseg_demog <- merge(clean_demog, aseg_ids, by.x = "CATS ID", by.y = 

"CATS_ID") 

############################### check assumptions ################### 
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#check assumptions for correlation analysis - both variables should 

have normal distributions 

num_data <- select_if(aseg_demog, is.numeric) 

lshap <- lapply(num_data[c(2,4:6,60, 63:65,75)], shapiro.test) 

lres <- sapply(lshap, `[`, c("statistic","p.value")) 

non_normal <- colnames(lres)[lres["p.value",]<0.05] 

normal <- colnames(lres)[lres["p.value",]>=0.05] 

#check assumptions for ANOVA - should have normal distributions (which 

we have as shown above) and 

#homogeneity of variances 

group_num_data <- cbind(aseg_demog$TreatmentGroup, num_data) 

colnames(group_num_data)[1] <- c("TreatmentGroup") 

bart_test <- lapply(group_num_data[c(3, 5:7, 61, 64:66, 76)], 

function(x) bartlett.test(x ~ TreatmentGroup, group_num_data)) 

bart_sum <- sapply(bart_test, `[`, c("statistic","p.value")) 

non_homog <- colnames(bart_sum)[bart_sum["p.value",]<0.05] 

homog <- colnames(bart_sum)[bart_sum["p.value",]>=0.05] 

#print results 

print(normal) 

print(homog) 

print(non_normal) 

print(non_homog) 

###################### Summary statistics ########################### 

#Get all summary statisics for each of the groups: 

describeBy(clean_demog, group = "GROUP (0 normal 1 treated 2 untreated 

3 OT)") 

#Table 1: Demographics 

st(aseg_demog,group = "TreatmentGroup", var = c("tsh", "freet4",  

                                                "Child Sex (1boy 

2girl)", 

                                                "Age at date of scan", 

                                                "Total Tanner"),  

   group.test = F, digits = 4, out = "viewer", title = "Table 1: 

Participant demogrphics", 

   add.median = T) 

IQR(aseg_demog[aseg_demog$TreatmentGroup == "Normal GTF", "tsh"], na.rm 

= T) 

IQR(aseg_demog[aseg_demog$TreatmentGroup == "Untreated SGTF", "tsh"], 

na.rm = T) 

IQR(aseg_demog[aseg_demog$TreatmentGroup == "Optimally treated SGTF", 

"tsh"], na.rm = T) 

IQR(aseg_demog[aseg_demog$TreatmentGroup == "Over-treated SGTF", 

"tsh"], na.rm = T) 

IQR(aseg_demog[aseg_demog$TreatmentGroup == "Normal GTF", "freet4"], 

na.rm = T) 

IQR(aseg_demog[aseg_demog$TreatmentGroup == "Untreated SGTF", 

"freet4"], na.rm = T) 

IQR(aseg_demog[aseg_demog$TreatmentGroup == "Optimally treated SGTF", 

"freet4"], na.rm = T) 

IQR(aseg_demog[aseg_demog$TreatmentGroup == "Over-treated SGTF", 

"freet4"], na.rm = T) 

#To get p values, run each of these tests using an anova or Kruskal-

Wallis (using rstatix) 

kruskal_test(aseg_demog, tsh ~ TreatmentGroup) #p=.000000533 

kruskal_test(aseg_demog, freet4 ~ TreatmentGroup) #p=.000192 

kruskal_test(aseg_demog, `Child Sex (1boy 2girl)` ~ TreatmentGroup) 

#p=ns 

kruskal_test(aseg_demog, `Age at date of scan` ~ TreatmentGroup) #p=ns 
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kruskal_test(aseg_demog, `Total Tanner` ~ TreatmentGroup) #p=ns 

#posthoc tests for tsh and freet4 

pairwise.wilcox.test(aseg_demog$tsh, aseg_demog$TreatmentGroup, 

p.adjust.method = "bonferroni", 

                     paired = FALSE) 

pairwise.wilcox.test(aseg_demog$freet4, aseg_demog$TreatmentGroup, 

p.adjust.method = "bonferroni", 

                     paired = FALSE) 

############ Primary endpoint - Group analysis ################ 

## Kruskal-Wallis test by rank is a non-parametric alternative to one-

way ANOVA test,  

#which extends the two-samples Wilcoxon test in the situation where 

there are more than two groups.  

#It’s recommended when the assumptions of one-way ANOVA test are not 

met. 

#Table 2: Global measures of brain morphology 

#produce a table with the summary stats for each group using vtable 

st(aseg_demog,group = "TreatmentGroup", var = c("TotalGrayVol", 

"CortexVol",  

                                                

"CerebralWhiteMatterVol",  

                                                "SubCortGrayVol", 

                                                

"EstimatedTotalIntraCranialVol"),  

   group.test = F, out = "viewer", title = "Table 2: Global measures of 

brain morphology") 

#Note that for Table 2, you will want to report median and IQR for 

SubCortGrayVol the data will be analysed using a non-parametric test 

#To get p values, run each of these tests using an anova or Kruskal-

Wallis (using rstatix) 

anova_test(aseg_demog, TotalGrayVol ~ TreatmentGroup) 

anova_test(aseg_demog, CortexVol ~ TreatmentGroup) 

anova_test(aseg_demog, CerebralWhiteMatterVol ~ TreatmentGroup) 

kruskal_test(aseg_demog, SubCortGrayVol ~ TreatmentGroup) #note that 

SubCortGrayVol demonstrates heteroscedasticity so we use a non-

parametric test 

anova_test(aseg_demog, EstimatedTotalIntraCranialVol ~ TreatmentGroup) 

#Include covariates in the models using a multiple linear regression 

summary(lm(TotalGrayVol ~ TreatmentGroup + sex +  

     `Age at date of scan` + `Total Tanner`, aseg_demog)) 

summary(lm(CortexVol ~ TreatmentGroup + sex +  

             `Age at date of scan` + `Total Tanner`, aseg_demog)) 

summary(lm(CerebralWhiteMatterVol ~ TreatmentGroup + sex +  

             `Age at date of scan` + `Total Tanner`, aseg_demog)) 

summary(lm(SubCortGrayVol ~ TreatmentGroup + sex +  

             `Age at date of scan` + `Total Tanner`, aseg_demog)) 

summary(lm(EstimatedTotalIntraCranialVol ~ TreatmentGroup + sex +  

             `Age at date of scan` + `Total Tanner`, aseg_demog)) 

#Make group a factor 

clean_demog$TreatmentGroup <- as.factor(clean_demog$TreatmentGroup) 

#test the effect of group*sex (interaction) using a factorial anova 

df <- aseg_demog 

df$sex <- as.factor(df$`Child Sex (1boy 2girl)`) 

anova_test(df, TotalGrayVol ~ TreatmentGroup*sex) # no significant 

interaction  

#between group and sex - this means that the effect of group is not 

different 

#between boys and girls 
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anova_test(df, CortexVol ~ TreatmentGroup*sex) #again no interaction 

anova_test(df, CerebralWhiteMatterVol ~ TreatmentGroup*sex) # again no 

interaction 

anova_test(df, SubCortGrayVol ~ TreatmentGroup*sex) # again no 

interaction 

anova_test(df, EstimatedTotalIntraCranialVol ~ TreatmentGroup*sex) # 

again no interaction 

########### plots for group effects ####################### 

#first we need to gather the data so that we have it in long format (so 

it can be plotted nicely) 

new_df <- aseg_demog[c("TreatmentGroup","TotalGrayVol", "CortexVol", 

"CerebralWhiteMatterVol",  "SubCortGrayVol", 

"EstimatedTotalIntraCranialVol")] 

colnames(new_df) <- c("TreatmentGroup","Total Gray", "Cortex", 

"Cerebral White",  "Subcortical Gray", "Total Intracranial") 

long_groupdata <- gather(new_df,"Metric","Tissue Volume",2:6)  

long_groupdata$volx105 <- long_groupdata$`Tissue Volume`*10e-5 

long_groupdata$TreatmentGroup <- factor(long_groupdata$TreatmentGroup,  

                                        levels=c("Normal GTF", 

"Untreated SGTF",  

                                                 "Optimally treated 

SGTF", 

                                                 "Over-treated SGTF")) 

ggplot(long_groupdata, aes(x=TreatmentGroup, y=`volx105`)) + 

geom_point() + 

  geom_boxplot() + facet_grid(rows = vars(Metric), scales="free") + 

theme_bw() +  

  labs( x = "Treatment Group", y = "Tissue Volume (x10e5 mm3)") 

########### Secondary endpoint - TSH and Free T4 ############## 

#Table 3: Effect of TSH and FreeT4 on global measures of brain 

morphology 

############# 12 weeks gestation 

################################################## 

#Free T4: 

#First identify outlier in freet4 data 

# Get the freet4 data not including the NAs 

freet4_demog <- filter(aseg_demog, !is.na(freet4)) 

#get outliers in terms of freeT4 

out <- boxplot.stats(freet4_demog$freet4)$out 

boxplot(freet4_demog$freet4) 

clean_freet4 <- freet4_demog 

#get the correlation (kendall statistic) for the freet4 vs brain 

morphology metrics 

#first, make an empty list 

correlations_freet4_12wk <- list() 

boys_freet4 <- list() 

girls_freet4 <- list() 

#then loop through metrics and get full and partial correlations for 

the data with and without outliers 

for (metric in c("TotalGrayVol", "CortexVol", "CerebralWhiteMatterVol",  

"SubCortGrayVol", "EstimatedTotalIntraCranialVol")){ 

  #identify outliers for the metric 

  out <- boxplot.stats(clean_freet4[[metric]])$out 

  #if outliers exist, remove from the data, otherwise just copy the 

data to the new variable 

  if (length(out) > 0){ 

    freet4_data <- clean_freet4[-which(clean_freet4[[metric]] %in% 

out),] 
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  } else { 

    freet4_data <- clean_freet4 

  } 

  #subset the data to just include the variables of interest that you 

want to correlate 

  data_for_correlations <- freet4_data[c(metric, "freet4", "Age at date 

of scan", "Total Tanner", "sex"  )]  

  #run partial correlation on these data 

  

correlations_freet4_12wk[[metric]][["Partial"]][["no_freet4_or_metric_o

utlier"]] <- pcor( data_for_correlations, method = "kendall" ) 

  

correlations_freet4_12wk[[metric]][["Full"]][["no_freet4_or_metric_outl

ier"]] <- cor.test(data_for_correlations$freet4, 

as.numeric(data_for_correlations[[metric]]), method = "kendall") 

   

  ##################### interactions between freet4 and sex 

#################### 

  boys <- data_for_correlations[data_for_correlations$sex == 0,] 

  boys <- boys[-5] #remove 5th column, which is sex 

  boys_freet4[[metric]][["Partial"]][["no_freet4_or_metric_outlier"]] 

<- pcor( boys, method = "kendall" ) 

  boys_freet4[[metric]][["Full"]][["no_freet4_or_metric_outlier"]] <- 

cor.test(boys$freet4, as.numeric(boys[[metric]]), method = "pearson") 

   

  girls <- data_for_correlations[data_for_correlations$sex == 1,] 

  girls <- girls[-5] #remove 5th column, which is sex 

  girls_freet4[[metric]][["Partial"]][["no_freet4_or_metric_outlier"]] 

<- pcor( girls, method = "kendall" ) 

  girls_freet4[[metric]][["Full"]][["no_freet4_or_metric_outlier"]] <- 

cor.test(girls$freet4, as.numeric(girls[[metric]]), method = "pearson") 

   

  

#######################################################################

### 

  #data with noone excluded - even outliers 

  #subset the data to just include the variables of interest that you 

want to correlate 

  data_for_correlations <- freet4_demog[c(metric, "freet4", "Age at 

date of scan", "Total Tanner", "sex"  )]  

  #run partial correlation on these data 

  correlations_freet4_12wk[[metric]][["Partial"]][["all_data"]] <- 

pcor( data_for_correlations, method = "kendall" ) 

  correlations_freet4_12wk[[metric]][["Full"]][["all_data"]] <- 

cor.test(data_for_correlations$freet4, 

as.numeric(data_for_correlations[[metric]]), method = "kendall") 

   

   

  ##################### interactions between freet4 and sex 

#################### 

  boys <- data_for_correlations[data_for_correlations$sex == 0,] 

  boys <- boys[-5] #remove 5th column, which is sex 

  boys_freet4[[metric]][["Partial"]][["all_data"]] <- pcor( boys, 

method = "kendall" ) 

  boys_freet4[[metric]][["Full"]][["all_data"]] <- 

cor.test(boys$freet4, as.numeric(boys[[metric]]), method = "pearson") 

   

  girls <- data_for_correlations[data_for_correlations$sex == 1,] 
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  girls <- girls[-5] #remove 5th column, which is sex 

  girls_freet4[[metric]][["Partial"]][["all_data"]] <- pcor( girls, 

method = "kendall" ) 

  girls_freet4[[metric]][["Full"]][["all_data"]] <- 

cor.test(girls$freet4, as.numeric(girls[[metric]]), method = "pearson") 

} 

#TSH: 

# Get the tsh data not including the NAs 

tsh_demog <- filter(aseg_demog, !is.na(tsh)) 

#Get outliers in terms of TSH 

out <- boxplot.stats(tsh_demog$tsh)$out 

boxplot(tsh_demog$tsh) 

which(tsh_demog$tsh %in% out) 

# remove outlier from tsh data and save as a different data_frame 

clean_tsh <- tsh_demog[-which(tsh_demog$tsh %in% out), ] 

#create loop to run correlations and partial correlations for each 

metric 

correlations_tsh_12wk <- list() 

boys_tsh <- list() 

girls_tsh <- list() 

for (metric in c("TotalGrayVol", "CortexVol", "CerebralWhiteMatterVol",  

"SubCortGrayVol", "EstimatedTotalIntraCranialVol")){ 

  #identify outliers for the metric 

  out <- boxplot.stats(clean_tsh[[metric]])$out 

  #if outliers exist, remove from the data, otherwise just copy the 

data to the new variable 

  if (length(out) > 0){ 

    tsh_data <- clean_tsh[-which(clean_tsh[[metric]] %in% out),] 

  } else { 

    tsh_data <- clean_tsh 

  } 

  #subset the data to just include the variables of interest that you 

want to correlate 

  data_for_correlations <- tsh_data[c(metric, "tsh", "Age at date of 

scan", "Total Tanner", "sex"  )]  

  #run partial correlation on these data 

  

correlations_tsh_12wk[[metric]][["Partial"]][["no_tsh_or_metric_outlier

"]] <- pcor( data_for_correlations, method = "kendall" ) 

  

correlations_tsh_12wk[[metric]][["Full"]][["no_tsh_or_metric_outlier"]] 

<- cor.test(data_for_correlations$tsh, 

as.numeric(data_for_correlations[[metric]]), method = "kendall") 

   

   

  ##################### interactions between tsh and sex 

#################### 

  boys <- data_for_correlations[data_for_correlations$sex == 0,] 

  boys <- boys[-5] #remove 5th column, which is sex 

  boys_tsh[[metric]][["Partial"]][["no_tsh_or_metric_outlier"]] <- 

pcor( boys, method = "kendall" ) 

  boys_tsh[[metric]][["Full"]][["no_tsh_or_metric_outlier"]] <- 

cor.test(boys$tsh, as.numeric(boys[[metric]]), method = "pearson") 

   

  girls <- data_for_correlations[data_for_correlations$sex == 1,] 

  girls <- girls[-5] #remove 5th column, which is sex 

  girls_tsh[[metric]][["Partial"]][["no_tsh_or_metric_outlier"]] <- 

pcor( girls, method = "kendall" ) 
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  girls_tsh[[metric]][["Full"]][["no_tsh_or_metric_outlier"]] <- 

cor.test(girls$tsh, as.numeric(girls[[metric]]), method = "pearson") 

   

  

#######################################################################

#### 

  #data with only the tsh outlier and not the metric outlier 

  #subset the data to just include the variables of interest that you 

want to correlate 

  data_for_correlations <- clean_tsh[c(metric, "tsh", "Age at date of 

scan", "Total Tanner", "sex"  )]  

  #run partial correlation on these data 

  correlations_tsh_12wk[[metric]][["Partial"]][["no_tsh_oulier"]] <- 

pcor( data_for_correlations, method = "kendall" ) 

  correlations_tsh_12wk[[metric]][["Full"]][["no_tsh_outlier"]] <- 

cor.test(data_for_correlations$tsh, 

as.numeric(data_for_correlations[[metric]]), method = "kendall") 

   

  

#######################################################################

#### 

  #data with noone excluded - even outliers 

  #subset the data to just include the variables of interest that you 

want to correlate 

  data_for_correlations <- tsh_demog[c(metric, "tsh", "Age at date of 

scan", "Total Tanner", "sex"  )]  

  #run partial correlation on these data 

  correlations_tsh_12wk[[metric]][["Partial"]][["all_data"]] <- pcor( 

data_for_correlations, method = "kendall" ) 

  correlations_tsh_12wk[[metric]][["Full"]][["all_data"]] <- 

cor.test(data_for_correlations$tsh, 

as.numeric(data_for_correlations[[metric]]), method = "kendall") 

   

   

  ##################### interactions between tsh and sex 

#################### 

  boys <- data_for_correlations[data_for_correlations$sex == 0,] 

  boys <- boys[-5] #remove 5th column, which is sex 

  boys_tsh[[metric]][["Partial"]][["all_data"]] <- pcor( boys, method = 

"kendall" ) 

  boys_tsh[[metric]][["Full"]][["all_data"]] <- cor.test(boys$tsh, 

as.numeric(boys[[metric]]), method = "pearson") 

  girls <- data_for_correlations[data_for_correlations$sex == 1,] 

  girls <- girls[-5] #remove 5th column, which is sex 

  girls_tsh[[metric]][["Partial"]][["all_data"]] <- pcor( girls, method 

= "kendall" ) 

  girls_tsh[[metric]][["Full"]][["all_data"]] <- cor.test(girls$tsh, 

as.numeric(girls[[metric]]), method = "pearson") 

} 

################### 6 weeks after treatment initiation (~20 weeks 

gestation) ###################### 

# Free T4 

# Get the freet4 @ 20 weeks data not including the NAs 

freet4_demogwk6 <- filter(aseg_demog, !is.na(freet4levelat6wk)) 

#get outliers in terms of freeT4 

out <- boxplot.stats(freet4_demogwk6$freet4levelat6wk)$out 

boxplot(freet4_demogwk6$freet4levelat6wk) 

clean_freet4wk6 <- freet4_demogwk6 
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#create loop to run correlations and partial correlations for each 

metric 

correlations_freet4_20wk <- list() 

for (metric in c("TotalGrayVol", "CortexVol", "CerebralWhiteMatterVol",  

"SubCortGrayVol", "EstimatedTotalIntraCranialVol")){ 

  #identify outliers for the metric 

  out <- boxplot.stats(clean_freet4wk6[[metric]])$out 

  #if outliers exist, remove from the data, otherwise just copy the 

data to the new variable 

  if (length(out) > 0){ 

    freet4_data <- clean_freet4wk6[-which(clean_freet4wk6[[metric]] 

%in% out),] 

  } else { 

    freet4_data <- clean_freet4wk6 

  } 

  #subset the data to just include the variables of interest that you 

want to correlate 

  data_for_correlations <- freet4_data[c(metric, "freet4levelat6wk", 

"Age at date of scan", "Total Tanner", "sex"  )]  

  #run partial correlation on these data 

  

correlations_freet4_20wk[[metric]][["Partial"]][["no_freet4_or_metric_o

utlier"]] <- pcor( data_for_correlations, method = "kendall" ) 

  

correlations_freet4_20wk[[metric]][["Full"]][["no_freet4_or_metric_outl

ier"]] <- cor.test(data_for_correlations$freet4levelat6wk, 

as.numeric(data_for_correlations[[metric]]), method = "kendall", exact 

= FALSE) 

   

  #data with noone excluded - even outliers 

  #subset the data to just include the variables of interest that you 

want to correlate 

  data_for_correlations <- freet4_demogwk6[c(metric, 

"freet4levelat6wk", "Age at date of scan", "Total Tanner", "sex"  )]  

  #run partial correlation on these data 

  correlations_freet4_20wk[[metric]][["Partial"]][["all_data"]] <- 

pcor( data_for_correlations, method = "kendall" ) 

  correlations_freet4_20wk[[metric]][["Full"]][["all_data"]] <- 

cor.test(data_for_correlations$freet4levelat6wk, 

as.numeric(data_for_correlations[[metric]]), method = "kendall", exact 

= FALSE) 

   

} 

# Get the tsh @ 20 weeks data not including the NAs 

tsh_demogwk6 <- filter(aseg_demog, !is.na(tshlevelat6wk)) 

#change character NA strings to actual NAs 

tsh_demogwk6$tshlevelat6wk <- as.numeric(tsh_demogwk6$tshlevelat6wk) 

#remove NAs from data 

tsh_demogwk6 <- filter(tsh_demogwk6, !is.na(tshlevelat6wk)) 

#get outliers in terms of tsh 

out <- boxplot.stats(tsh_demogwk6$tshlevelat6wk)$out 

boxplot(tsh_demogwk6$tshlevelat6wk) 

clean_tshwk6 <- tsh_demogwk6[-which(tsh_demogwk6$tshlevelat6wk %in% 

out), ] 

#create loop to run correlations and partial correlations for each 

metric 

correlations_tsh_20wk <- list() 
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for (metric in c("TotalGrayVol", "CortexVol", "CerebralWhiteMatterVol",  

"SubCortGrayVol", "EstimatedTotalIntraCranialVol")){ 

  #identify outliers for the metric 

  out <- boxplot.stats(clean_tshwk6[[metric]])$out 

  #if outliers exist, remove from the data, otherwise just copy the 

data to the new variable 

  if (length(out) > 0){ 

    tsh_data <- clean_tshwk6[-which(clean_tshwk6[[metric]] %in% out),] 

  } else { 

    tsh_data <- clean_tshwk6 

  } 

  #subset the data to just include the variables of interest that you 

want to correlate 

  data_for_correlations <- tsh_data[c(metric, "tshlevelat6wk", "Age at 

date of scan", "Total Tanner", "sex"  )]  

  #run partial correlation on these data 

  

correlations_tsh_20wk[[metric]][["Partial"]][["no_tsh_or_metric_outlier

"]] <- pcor( data_for_correlations, method = "kendall" ) 

  

correlations_tsh_20wk[[metric]][["Full"]][["no_tsh_or_metric_outlier"]] 

<- cor.test(data_for_correlations$tshlevelat6wk, 

as.numeric(data_for_correlations[[metric]]), method = "kendall", exact 

= FALSE) 

   

  #data with only the tsh outlier and not the metric outlier 

  #subset the data to just include the variables of interest that you 

want to correlate 

  data_for_correlations <- clean_tshwk6[c(metric, "tshlevelat6wk", "Age 

at date of scan", "Total Tanner", "sex"  )]  

  #run partial correlation on these data 

  correlations_tsh_20wk[[metric]][["Partial"]][["no_tsh_oulier"]] <- 

pcor( data_for_correlations, method = "kendall" ) 

  correlations_tsh_20wk[[metric]][["Full"]][["no_tsh_outlier"]] <- 

cor.test(data_for_correlations$tshlevelat6wk, 

as.numeric(data_for_correlations[[metric]]), method = "kendall", exact 

= FALSE) 

   

  #data with noone excluded - even outliers 

  #subset the data to just include the variables of interest that you 

want to correlate 

  data_for_correlations <- tsh_demogwk6[c(metric, "tshlevelat6wk", "Age 

at date of scan", "Total Tanner", "sex"  )]  

  #run partial correlation on these data 

  correlations_tsh_20wk[[metric]][["Partial"]][["all_data"]] <- pcor( 

data_for_correlations, method = "kendall" ) 

  correlations_tsh_20wk[[metric]][["Full"]][["all_data"]] <- 

cor.test(data_for_correlations$tshlevelat6wk, 

as.numeric(data_for_correlations[[metric]]), method = "kendall", exact 

= FALSE) 

   

} 

################### 16 weeks after treatment initiation (~30 weeks 

gestation) ###################### 

# Get the freet4 @ 30 weeks data not including the NAs 

freet4_demogwk30 <- filter(aseg_demog, !is.na(freet4levelat30wk)) 

#change character NA strings to actual NAs 
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freet4_demogwk30$freet4levelat30wk <- 

as.numeric(freet4_demogwk30$freet4levelat30wk) 

#remove NAs from data 

freet4_demogwk30 <- filter(freet4_demogwk30, !is.na(freet4levelat30wk)) 

#get outliers in terms of freeT4 

out <- boxplot.stats(freet4_demogwk30$freet4levelat30wk)$out 

# no outliers 

boxplot(freet4_demogwk30$freet4levelat30wk) 

clean_freet4wk30 <- freet4_demogwk30 

#create loop to run correlations and partial correlations for each 

metric 

correlations_freet4_30wk <- list() 

for (metric in c("TotalGrayVol", "CortexVol", "CerebralWhiteMatterVol",  

"SubCortGrayVol", "EstimatedTotalIntraCranialVol")){ 

  #identify outliers for the metric 

  out <- boxplot.stats(clean_freet4wk30[[metric]])$out 

  #if outliers exist, remove from the data, otherwise just copy the 

data to the new variable 

  if (length(out) > 0){ 

    freet4_data <- clean_freet4wk30[-which(clean_freet4wk30[[metric]] 

%in% out),] 

  } else { 

    freet4_data <- clean_freet4wk30 

  } 

  #subset the data to just include the variables of interest that you 

want to correlate 

  data_for_correlations <- freet4_data[c(metric, "freet4levelat30wk", 

"Age at date of scan", "Total Tanner", "sex"  )]  

  #run partial correlation on these data 

  

correlations_freet4_30wk[[metric]][["Partial"]][["no_freet4_or_metric_o

utlier"]] <- pcor( data_for_correlations, method = "kendall" ) 

  

correlations_freet4_30wk[[metric]][["Full"]][["no_freet4_or_metric_outl

ier"]] <- cor.test(data_for_correlations$freet4levelat30wk, 

as.numeric(data_for_correlations[[metric]]), method = "kendall", exact 

= FALSE) 

   

  #data with noone excluded - even outliers 

  #subset the data to just include the variables of interest that you 

want to correlate 

  data_for_correlations <- freet4_demogwk30[c(metric, 

"freet4levelat30wk", "Age at date of scan", "Total Tanner", "sex"  )]  

  #run partial correlation on these data 

  correlations_freet4_30wk[[metric]][["Partial"]][["all_data"]] <- 

pcor( data_for_correlations, method = "kendall" ) 

  correlations_freet4_30wk[[metric]][["Full"]][["all_data"]] <- 

cor.test(data_for_correlations$freet4levelat30wk, 

as.numeric(data_for_correlations[[metric]]), method = "kendall", exact 

= FALSE) 

   

} 

# Get the tsh @ 30 weeks data not including the NAs 

tsh_demogwk30 <- filter(aseg_demog, !is.na(tshlevelat30wk)) 

#change character NA strings to actual NAs 

tsh_demogwk30$tshlevelat30wk <- 

as.numeric(tsh_demogwk30$tshlevelat30wk) 

#remove NAs from data 
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tsh_demogwk30 <- filter(tsh_demogwk30, !is.na(tshlevelat30wk)) 

#get outliers in terms of tsh 

out <- boxplot.stats(tsh_demogwk30$tshlevelat30wk)$out 

boxplot(tsh_demogwk30$tshlevelat30wk) 

clean_tshwk30 <- tsh_demogwk30[-which(tsh_demogwk30$tshlevelat30wk %in% 

out), ] 

#create loop to run correlations and partial correlations for each 

metric 

correlations_tsh_30wk <- list() 

for (metric in c("TotalGrayVol", "CortexVol", "CerebralWhiteMatterVol",  

"SubCortGrayVol", "EstimatedTotalIntraCranialVol")){ 

  #identify outliers for the metric 

  out <- boxplot.stats(clean_tshwk30[[metric]])$out 

  #if outliers exist, remove from the data, otherwise just copy the 

data to the new variable 

  if (length(out) > 0){ 

    tsh_data <- clean_tshwk30[-which(clean_tshwk30[[metric]] %in% 

out),] 

  } else { 

    tsh_data <- clean_tshwk30 

  } 

  #subset the data to just include the variables of interest that you 

want to correlate 

  data_for_correlations <- tsh_data[c(metric, "tshlevelat30wk", "Age at 

date of scan", "Total Tanner", "sex"  )]  

  #run partial correlation on these data 

  

correlations_tsh_30wk[[metric]][["Partial"]][["no_tsh_or_metric_outlier

"]] <- pcor( data_for_correlations, method = "kendall" ) 

  

correlations_tsh_30wk[[metric]][["Full"]][["no_tsh_or_metric_outlier"]] 

<- cor.test(data_for_correlations$tshlevelat30wk, 

as.numeric(data_for_correlations[[metric]]), method = "kendall", exact 

= FALSE) 

   

  #data with only the tsh outlier and not the metric outlier 

  #subset the data to just include the variables of interest that you 

want to correlate 

  data_for_correlations <- clean_tshwk30[c(metric, "tshlevelat30wk", 

"Age at date of scan", "Total Tanner", "sex"  )]  

  #run partial correlation on these data 

  correlations_tsh_30wk[[metric]][["Partial"]][["no_tsh_oulier"]] <- 

pcor( data_for_correlations, method = "kendall" ) 

  correlations_tsh_30wk[[metric]][["Full"]][["no_tsh_outlier"]] <- 

cor.test(data_for_correlations$tshlevelat30wk, 

as.numeric(data_for_correlations[[metric]]), method = "kendall", exact 

= FALSE) 

   

  #data with noone excluded - even outliers 

  #subset the data to just include the variables of interest that you 

want to correlate 

  data_for_correlations <- tsh_demogwk30[c(metric, "tshlevelat30wk", 

"Age at date of scan", "Total Tanner", "sex"  )]  

  #run partial correlation on these data 

  correlations_tsh_30wk[[metric]][["Partial"]][["all_data"]] <- pcor( 

data_for_correlations, method = "kendall" ) 

  correlations_tsh_30wk[[metric]][["Full"]][["all_data"]] <- 

cor.test(data_for_correlations$tshlevelat30wk, 
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as.numeric(data_for_correlations[[metric]]), method = "kendall", exact 

= FALSE) 

   

} 

#### WE ALSO WANTED TO LOOK AT THESE EFFECTS IN THE TWO TREATED GROUPS 

SEPARATELY #### 

# free T4 and tsh correlations across brain regions for treated groups 

###################  Over-treated SGTF(~20 weeks gestation) 

###################### 

# Free T4 for overtreated 

# Get the freet4 @ 20 weeks data not including the NAs 

freet4_week20_overtreated <- 

filter(aseg_demog[aseg_demog$TreatmentGroup=="Over-treated SGTF",], 

!is.na(freet4levelat6wk)) 

#get outliers in terms of freeT4 

out <- boxplot.stats(freet4_week20_overtreated$freet4levelat6wk)$out 

boxplot(freet4_week20_overtreated$freet4levelat6wk) 

freet4_demogwk20_overtreated <- freet4_week20_overtreated[-

which(freet4_week20_overtreated$freet4levelat6wk %in% out), ] 

#create loop to run correlations and partial correlations for each 

metric 

correlations_freet4_20wk_overtreated <- list() 

for (metric in c("TotalGrayVol", "CortexVol", "CerebralWhiteMatterVol",  

"SubCortGrayVol", "EstimatedTotalIntraCranialVol")){ 

  #identify outliers for the metric 

  out <- boxplot.stats(freet4_demogwk20_overtreated[[metric]])$out 

  #if outliers exist, remove from the data, otherwise just copy the 

data to the new variable 

  if (length(out) > 0){ 

    freet4_data <- freet4_demogwk20_overtreated[-

which(freet4_demogwk20_overtreated[[metric]] %in% out),] 

  } else { 

    freet4_data <- freet4_demogwk20_overtreated 

  } 

  #subset the data to just include the variables of interest that you 

want to correlate 

  data_for_correlations <- freet4_data[c(metric, "freet4levelat6wk", 

"Age at date of scan", "Total Tanner", "sex"  )]  

  #run partial correlation on these data 

  

correlations_freet4_20wk_overtreated[[metric]][["Partial"]][["no_freet4

_or_metric_outlier"]] <- pcor( data_for_correlations, method = 

"kendall" ) 

  

correlations_freet4_20wk_overtreated[[metric]][["Full"]][["no_freet4_or

_metric_outlier"]] <- cor.test(data_for_correlations$freet4levelat6wk, 

as.numeric(data_for_correlations[[metric]]), method = "kendall", exact 

= FALSE) 

   

  #data with noone excluded - even outliers 

  #subset the data to just include the variables of interest that you 

want to correlate 

  data_for_correlations <- freet4_week20_overtreated[c(metric, 

"freet4levelat6wk", "Age at date of scan", "Total Tanner", "sex"  )]  

  #run partial correlation on these data 

  

correlations_freet4_20wk_overtreated[[metric]][["Partial"]][["all_data"

]] <- pcor( data_for_correlations, method = "kendall" ) 
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correlations_freet4_20wk_overtreated[[metric]][["Full"]][["all_data"]] 

<- cor.test(data_for_correlations$freet4levelat6wk, 

as.numeric(data_for_correlations[[metric]]), method = "kendall", exact 

= FALSE) 

   

} 

# OPTIMALLY TREATED 

freet4_week20_optimallytreated <- 

filter(aseg_demog[aseg_demog$TreatmentGroup=="Optimally treated 

SGTF",], !is.na(freet4levelat6wk)) 

#get outliers in terms of freeT4 

out <- 

boxplot.stats(freet4_week20_optimallytreated$freet4levelat6wk)$out 

boxplot(freet4_week20_optimallytreated$freet4levelat6wk) 

freet4_demogwk20_optimallytreated <- freet4_week20_optimallytreated 

#create loop to run correlations and partial correlations for each 

metric 

correlations_freet4_20wk_optimallytreated <- list() 

for (metric in c("TotalGrayVol", "CortexVol", "CerebralWhiteMatterVol",  

"SubCortGrayVol", "EstimatedTotalIntraCranialVol")){ 

  #identify outliers for the metric 

  out <- boxplot.stats(freet4_demogwk20_optimallytreated[[metric]])$out 

  #if outliers exist, remove from the data, otherwise just copy the 

data to the new variable 

  if (length(out) > 0){ 

    freet4_data <- freet4_demogwk20_optimallytreated[-

which(freet4_demogwk20_optimallytreated[[metric]] %in% out),] 

  } else { 

    freet4_data <- freet4_demogwk20_optimallytreated 

  } 

  #subset the data to just include the variables of interest that you 

want to correlate 

  data_for_correlations <- freet4_data[c(metric, "freet4levelat6wk", 

"Age at date of scan", "Total Tanner", "sex"  )]  

  #run partial correlation on these data 

  

correlations_freet4_20wk_optimallytreated[[metric]][["Partial"]][["no_f

reet4_or_metric_outlier"]] <- pcor( data_for_correlations, method = 

"kendall" ) 

  

correlations_freet4_20wk_optimallytreated[[metric]][["Full"]][["no_free

t4_or_metric_outlier"]] <- 

cor.test(data_for_correlations$freet4levelat6wk, 

as.numeric(data_for_correlations[[metric]]), method = "kendall", exact 

= FALSE) 

   

  #data with noone excluded - even outliers 

  #subset the data to just include the variables of interest that you 

want to correlate 

  data_for_correlations <- freet4_week20_optimallytreated[c(metric, 

"freet4levelat6wk", "Age at date of scan", "Total Tanner", "sex"  )]  

  #run partial correlation on these data 

  

correlations_freet4_20wk_optimallytreated[[metric]][["Partial"]][["all_

data"]] <- pcor( data_for_correlations, method = "kendall" ) 

  

correlations_freet4_20wk_optimallytreated[[metric]][["Full"]][["all_dat
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a"]] <- cor.test(data_for_correlations$freet4levelat6wk, 

as.numeric(data_for_correlations[[metric]]), method = "kendall", exact 

= FALSE) 

   

} 

####################  Over-treated SGTF(~30 weeks gestation) 

###################### 

# Free T4 for overtreated 

# Get the freet4 @ 20 weeks data not including the NAs 

aseg_demog$freet4levelat30wk <- 

as.numeric(aseg_demog$freet4levelat30wk) 

freet4_week30_overtreated <- 

filter(aseg_demog[aseg_demog$TreatmentGroup=="Over-treated SGTF",], 

!is.na(freet4levelat30wk)) 

#get outliers in terms of freeT4 

out <- boxplot.stats(freet4_week30_overtreated$freet4levelat30wk)$out 

boxplot(freet4_week30_overtreated$freet4levelat30wk) 

freet4_demogwk30_overtreated <- freet4_week30_overtreated 

#create loop to run correlations and partial correlations for each 

metric 

correlations_freet4_30wk_overtreated <- list() 

for (metric in c("TotalGrayVol", "CortexVol", "CerebralWhiteMatterVol",  

"SubCortGrayVol", "EstimatedTotalIntraCranialVol")){ 

  #identify outliers for the metric 

  out <- boxplot.stats(freet4_demogwk30_overtreated[[metric]])$out 

  #if outliers exist, remove from the data, otherwise just copy the 

data to the new variable 

  if (length(out) > 0){ 

    freet4_data <- freet4_demogwk30_overtreated[-

which(freet4_demogwk30_overtreated[[metric]] %in% out),] 

  } else { 

    freet4_data <- freet4_demogwk30_overtreated 

  } 

  #subset the data to just include the variables of interest that you 

want to correlate 

  data_for_correlations <- freet4_data[c(metric, "freet4levelat30wk", 

"Age at date of scan", "Total Tanner", "sex"  )]  

  #run partial correlation on these data 

  

correlations_freet4_30wk_overtreated[[metric]][["Partial"]][["no_freet4

_or_metric_outlier"]] <- pcor( data_for_correlations, method = 

"kendall" ) 

  

correlations_freet4_30wk_overtreated[[metric]][["Full"]][["no_freet4_or

_metric_outlier"]] <- cor.test(data_for_correlations$freet4levelat30wk, 

as.numeric(data_for_correlations[[metric]]), method = "kendall", exact 

= FALSE) 

   

  #data with noone excluded - even outliers 

  #subset the data to just include the variables of interest that you 

want to correlate 

  data_for_correlations <- freet4_week30_overtreated[c(metric, 

"freet4levelat30wk", "Age at date of scan", "Total Tanner", "sex"  )]  

  #run partial correlation on these data 

  

correlations_freet4_30wk_overtreated[[metric]][["Partial"]][["all_data"

]] <- pcor( data_for_correlations, method = "kendall" ) 
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correlations_freet4_30wk_overtreated[[metric]][["Full"]][["all_data"]] 

<- cor.test(data_for_correlations$freet4levelat30wk, 

as.numeric(data_for_correlations[[metric]]), method = "kendall", exact 

= FALSE) 

   

} 

# OPTIMALLY TREATED 

freet4_week30_optimallytreated <- 

filter(aseg_demog[aseg_demog$TreatmentGroup=="Optimally treated 

SGTF",], !is.na(freet4levelat30wk)) 

#get outliers in terms of freeT4 

out <- 

boxplot.stats(freet4_week30_optimallytreated$freet4levelat30wk)$out 

boxplot(freet4_week30_optimallytreated$freet4levelat30wk) 

freet4_demogwk30_optimallytreated <- freet4_week30_optimallytreated 

#create loop to run correlations and partial correlations for each 

metric 

correlations_freet4_30wk_optimallytreated <- list() 

for (metric in c("TotalGrayVol", "CortexVol", "CerebralWhiteMatterVol",  

"SubCortGrayVol", "EstimatedTotalIntraCranialVol")){ 

  #identify outliers for the metric 

  out <- boxplot.stats(freet4_demogwk30_optimallytreated[[metric]])$out 

  #if outliers exist, remove from the data, otherwise just copy the 

data to the new variable 

  if (length(out) > 0){ 

    freet4_data <- freet4_demogwk30_optimallytreated[-

which(freet4_demogwk30_optimallytreated[[metric]] %in% out),] 

  } else { 

    freet4_data <- freet4_demogwk30_optimallytreated 

  } 

  #subset the data to just include the variables of interest that you 

want to correlate 

  data_for_correlations <- freet4_data[c(metric, "freet4levelat30wk", 

"Age at date of scan", "Total Tanner", "sex"  )]  

  #run partial correlation on these data 

  

correlations_freet4_30wk_optimallytreated[[metric]][["Partial"]][["no_f

reet4_or_metric_outlier"]] <- pcor( data_for_correlations, method = 

"kendall" ) 

  

correlations_freet4_30wk_optimallytreated[[metric]][["Full"]][["no_free

t4_or_metric_outlier"]] <- 

cor.test(data_for_correlations$freet4levelat30wk, 

as.numeric(data_for_correlations[[metric]]), method = "kendall", exact 

= FALSE) 

   

  #data with noone excluded - even outliers 

  #subset the data to just include the variables of interest that you 

want to correlate 

  data_for_correlations <- freet4_week30_optimallytreated[c(metric, 

"freet4levelat30wk", "Age at date of scan", "Total Tanner", "sex"  )]  

  #run partial correlation on these data 

  

correlations_freet4_30wk_optimallytreated[[metric]][["Partial"]][["all_

data"]] <- pcor( data_for_correlations, method = "kendall" ) 

  

correlations_freet4_30wk_optimallytreated[[metric]][["Full"]][["all_dat
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a"]] <- cor.test(data_for_correlations$freet4levelat30wk, 

as.numeric(data_for_correlations[[metric]]), method = "kendall", exact 

= FALSE) 

   

} 

################### TSH Over-treated SGTF(~20 weeks gestation) 

###################### 

#TSH for overtreated 

# Get the TSH @ 20 weeks data not including the NAs 

tsh_week20_overtreated <- 

filter(aseg_demog[aseg_demog$TreatmentGroup=="Over-treated SGTF",], 

!is.na(tshlevelat6wk)) 

#get outliers in terms of tsh 

out <- boxplot.stats(tsh_week20_overtreated$tshlevelat6wk)$out 

boxplot(tsh_week20_overtreated$tshlevelat6wk) 

tsh_demogwk20_overtreated <- tsh_week20_overtreated[-

which(tsh_week20_overtreated$tshlevelat6wk %in% out), ] 

#create loop to run correlations and partial correlations for each 

metric 

correlations_tsh_20wk_overtreated <- list() 

for (metric in c("TotalGrayVol", "CortexVol", "CerebralWhiteMatterVol",  

"SubCortGrayVol", "EstimatedTotalIntraCranialVol")){ 

  #identify outliers for the metric 

  out <- boxplot.stats(tsh_demogwk20_overtreated[[metric]])$out 

  #if outliers exist, remove from the data, otherwise just copy the 

data to the new variable 

  if (length(out) > 0){ 

    tsh_data <- tsh_demogwk20_overtreated[-

which(tsh_demogwk20_overtreated[[metric]] %in% out),] 

  } else { 

    tsh_data <- tsh_demogwk20_overtreated 

  } 

  #subset the data to just include the variables of interest that you 

want to correlate 

  data_for_correlations <- tsh_data[c(metric, "tshlevelat6wk", "Age at 

date of scan", "Total Tanner", "sex"  )]  

  #run partial correlation on these data 

  

correlations_tsh_20wk_overtreated[[metric]][["Partial"]][["no_tsh_or_me

tric_outlier"]] <- pcor( data_for_correlations, method = "kendall" ) 

  

correlations_tsh_20wk_overtreated[[metric]][["Full"]][["no_tsh_or_metri

c_outlier"]] <- cor.test(data_for_correlations$tshlevelat6wk, 

as.numeric(data_for_correlations[[metric]]), method = "kendall", exact 

= FALSE) 

   

  #data with noone excluded - even outliers 

  #subset the data to just include the variables of interest that you 

want to correlate 

  data_for_correlations <- tsh_week20_overtreated[c(metric, 

"tshlevelat6wk", "Age at date of scan", "Total Tanner", "sex"  )]  

  #run partial correlation on these data 

  

correlations_tsh_20wk_overtreated[[metric]][["Partial"]][["all_data"]] 

<- pcor( data_for_correlations, method = "kendall" ) 

  correlations_tsh_20wk_overtreated[[metric]][["Full"]][["all_data"]] 

<- cor.test(data_for_correlations$tshlevelat6wk, 
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as.numeric(data_for_correlations[[metric]]), method = "kendall", exact 

= FALSE) 

   

} 

# OPTIMALLY TREATED 

tsh_week20_optimallytreated <- 

filter(aseg_demog[aseg_demog$TreatmentGroup=="Optimally treated 

SGTF",], !is.na(tshlevelat6wk)) 

#get outliers in terms of tsh 

out <- boxplot.stats(tsh_week20_optimallytreated$tshlevelat6wk)$out 

boxplot(tsh_week20_optimallytreated$tshlevelat6wk) 

tsh_demogwk20_optimallytreated <- tsh_week20_optimallytreated[-

which(tsh_week20_optimallytreated$tshlevelat6wk %in% out), ] 

#create loop to run correlations and partial correlations for each 

metric 

correlations_tsh_20wk_optimallytreated <- list() 

for (metric in c("TotalGrayVol", "CortexVol", "CerebralWhiteMatterVol",  

"SubCortGrayVol", "EstimatedTotalIntraCranialVol")){ 

  #identify outliers for the metric 

  out <- boxplot.stats(tsh_demogwk20_optimallytreated[[metric]])$out 

  #if outliers exist, remove from the data, otherwise just copy the 

data to the new variable 

  if (length(out) > 0){ 

    tsh_data <- tsh_demogwk20_optimallytreated[-

which(tsh_demogwk20_optimallytreated[[metric]] %in% out),] 

  } else { 

    tsh_data <- tsh_demogwk20_optimallytreated 

  } 

  #subset the data to just include the variables of interest that you 

want to correlate 

  data_for_correlations <- tsh_data[c(metric, "tshlevelat6wk", "Age at 

date of scan", "Total Tanner", "sex"  )]  

  #run partial correlation on these data 

  

correlations_tsh_20wk_optimallytreated[[metric]][["Partial"]][["no_tsh_

or_metric_outlier"]] <- pcor( data_for_correlations, method = "kendall" 

) 

  

correlations_tsh_20wk_optimallytreated[[metric]][["Full"]][["no_tsh_or_

metric_outlier"]] <- cor.test(data_for_correlations$tshlevelat6wk, 

as.numeric(data_for_correlations[[metric]]), method = "kendall", exact 

= FALSE) 

   

  #data with noone excluded - even outliers 

  #subset the data to just include the variables of interest that you 

want to correlate 

  data_for_correlations <- tsh_week20_optimallytreated[c(metric, 

"tshlevelat6wk", "Age at date of scan", "Total Tanner", "sex"  )]  

  #run partial correlation on these data 

  

correlations_tsh_20wk_optimallytreated[[metric]][["Partial"]][["all_dat

a"]] <- pcor( data_for_correlations, method = "kendall" ) 

  

correlations_tsh_20wk_optimallytreated[[metric]][["Full"]][["all_data"]

] <- cor.test(data_for_correlations$tshlevelat6wk, 

as.numeric(data_for_correlations[[metric]]), method = "kendall", exact 

= FALSE) 
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} 

####################  Over-treated SGTF(~30 weeks gestation) 

###################### 

# Free T4 for overtreated 

# Get the tsh @ 20 weeks data not including the NAs 

aseg_demog$tshlevelat30wk <- as.numeric(aseg_demog$tshlevelat30wk) 

tsh_week30_overtreated <- 

filter(aseg_demog[aseg_demog$TreatmentGroup=="Over-treated SGTF",], 

!is.na(tshlevelat30wk)) 

#get outliers in terms of tsh 

out <- boxplot.stats(tsh_week30_overtreated$tshlevelat30wk)$out 

boxplot(tsh_week30_overtreated$tshlevelat30wk) 

tsh_demogwk30_overtreated <- tsh_week30_overtreated[-

which(tsh_week30_overtreated$tshlevelat30wk %in% out), ] 

#create loop to run correlations and partial correlations for each 

metric 

correlations_tsh_30wk_overtreated <- list() 

for (metric in c("TotalGrayVol", "CortexVol", "CerebralWhiteMatterVol",  

"SubCortGrayVol", "EstimatedTotalIntraCranialVol")){ 

  #identify outliers for the metric 

  out <- boxplot.stats(tsh_demogwk30_overtreated[[metric]])$out 

  #if outliers exist, remove from the data, otherwise just copy the 

data to the new variable 

  if (length(out) > 0){ 

    tsh_data <- tsh_demogwk30_overtreated[-

which(tsh_demogwk30_overtreated[[metric]] %in% out),] 

  } else { 

    tsh_data <- tsh_demogwk30_overtreated 

  } 

  #subset the data to just include the variables of interest that you 

want to correlate 

  data_for_correlations <- tsh_data[c(metric, "tshlevelat30wk", "Age at 

date of scan", "Total Tanner", "sex"  )]  

  #run partial correlation on these data 

  

correlations_tsh_30wk_overtreated[[metric]][["Partial"]][["no_tsh_or_me

tric_outlier"]] <- pcor( data_for_correlations, method = "kendall" ) 

  

correlations_tsh_30wk_overtreated[[metric]][["Full"]][["no_tsh_or_metri

c_outlier"]] <- cor.test(data_for_correlations$tshlevelat30wk, 

as.numeric(data_for_correlations[[metric]]), method = "kendall", exact 

= FALSE) 

   

  #data with noone excluded - even outliers 

  #subset the data to just include the variables of interest that you 

want to correlate 

  data_for_correlations <- tsh_week30_overtreated[c(metric, 

"tshlevelat30wk", "Age at date of scan", "Total Tanner", "sex"  )]  

  #run partial correlation on these data 

  

correlations_tsh_30wk_overtreated[[metric]][["Partial"]][["all_data"]] 

<- pcor( data_for_correlations, method = "kendall" ) 

  correlations_tsh_30wk_overtreated[[metric]][["Full"]][["all_data"]] 

<- cor.test(data_for_correlations$tshlevelat30wk, 

as.numeric(data_for_correlations[[metric]]), method = "kendall", exact 

= FALSE) 

   

} 
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# OPTIMALLY TREATED 

tsh_week30_optimallytreated <- 

filter(aseg_demog[aseg_demog$TreatmentGroup=="Optimally treated 

SGTF",], !is.na(tshlevelat30wk)) 

#get outliers in terms of tsh 

out <- boxplot.stats(tsh_week30_optimallytreated$tshlevelat30wk)$out 

boxplot(tsh_week30_optimallytreated$tshlevelat30wk) 

tsh_demogwk30_optimallytreated <- tsh_week30_optimallytreated[-

which(tsh_week30_optimallytreated$tshlevelat30wk %in% out), ] 

#create loop to run correlations and partial correlations for each 

metric 

correlations_tsh_30wk_optimallytreated <- list() 

for (metric in c("TotalGrayVol", "CortexVol", "CerebralWhiteMatterVol",  

"SubCortGrayVol", "EstimatedTotalIntraCranialVol")){ 

  #identify outliers for the metric 

  out <- boxplot.stats(tsh_demogwk30_optimallytreated[[metric]])$out 

  #if outliers exist, remove from the data, otherwise just copy the 

data to the new variable 

  if (length(out) > 0){ 

    tsh_data <- tsh_demogwk30_optimallytreated[-

which(tsh_demogwk30_optimallytreated[[metric]] %in% out),] 

  } else { 

    tsh_data <- tsh_demogwk30_optimallytreated 

  } 

  #subset the data to just include the variables of interest that you 

want to correlate 

  data_for_correlations <- tsh_data[c(metric, "tshlevelat30wk", "Age at 

date of scan", "Total Tanner", "sex"  )]  

  #run partial correlation on these data 

  

correlations_tsh_30wk_optimallytreated[[metric]][["Partial"]][["no_tsh_

or_metric_outlier"]] <- pcor( data_for_correlations, method = "kendall" 

) 

  

correlations_tsh_30wk_optimallytreated[[metric]][["Full"]][["no_tsh_or_

metric_outlier"]] <- cor.test(data_for_correlations$tshlevelat30wk, 

as.numeric(data_for_correlations[[metric]]), method = "kendall", exact 

= FALSE) 

   

  #data with noone excluded - even outliers 

  #subset the data to just include the variables of interest that you 

want to correlate 

  data_for_correlations <- tsh_week30_optimallytreated[c(metric, 

"tshlevelat30wk", "Age at date of scan", "Total Tanner", "sex"  )]  

  #run partial correlation on these data 

  

correlations_tsh_30wk_optimallytreated[[metric]][["Partial"]][["all_dat

a"]] <- pcor( data_for_correlations, method = "kendall" ) 

  

correlations_tsh_30wk_optimallytreated[[metric]][["Full"]][["all_data"]

] <- cor.test(data_for_correlations$tshlevelat30wk, 

as.numeric(data_for_correlations[[metric]]), method = "kendall", exact 

= FALSE) 

   

} 

########### EXPLORATORY ANALYSIS ########################### 

######## supplementary results at week 12 (before treatment initiation) 

########### 
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#Free T4: 

#remove hypointensity and 5th ventricle data from aseg_demog and save 

as supp_data 

supp_data <- aseg_demog[-c(54, 56:60)] 

# Get the freet4 @ 20 weeks data not including the NAs 

freet4_demog <- filter(supp_data, !is.na(freet4)) 

#change character NA strings to actual NAs 

freet4_demog$freet4 <- as.numeric(freet4_demog$freet4) 

#remove NAs from data 

freet4_demog <- filter(freet4_demog, !is.na(freet4)) 

#get outliers in terms of freet4 

out <- boxplot.stats(freet4_demog$freet4)$out 

boxplot(freet4_demog$freet4) 

clean_freet4 <- freet4_demog 

#create loop to run correlations and partial correlations for each 

metric 

supp_correlations_freet4_12wk <- list() 

for (metric in colnames(supp_data)[22:81]){  

  #identify outliers for the metric 

  out <- boxplot.stats(clean_freet4[[metric]])$out 

  #if outliers exist, remove from the data, otherwise just copy the 

data to the new variable 

  if (length(out) > 0){ 

    freet4_data <- clean_freet4[-which(clean_freet4[[metric]] %in% 

out),] 

  } else { 

    freet4_data <- clean_freet4 

  } 

   

  #subset the data to just include the variables of interest that you 

want to correlate 

  data_for_correlations <- freet4_data[c(metric, "freet4", "Age at date 

of scan", "Total Tanner", "sex"  )]  

  #run partial correlation on these data 

  

supp_correlations_freet4_12wk[[metric]][["Partial"]][["no_freet4_or_met

ric_outlier"]] <- pcor( data_for_correlations, method = "kendall" ) 

  

supp_correlations_freet4_12wk[[metric]][["Full"]][["no_freet4_or_metric

_outlier"]] <- cor.test(data_for_correlations$freet4, 

as.numeric(data_for_correlations[[metric]]), method = "kendall", exact 

= FALSE) 

   

  #data with noone excluded - even outliers 

  #subset the data to just include the variables of interest that you 

want to correlate 

  data_for_correlations <- freet4_demog[c(metric, "freet4", "Age at 

date of scan", "Total Tanner", "sex"  )]  

  #run partial correlation on these data 

  supp_correlations_freet4_12wk[[metric]][["Partial"]][["all_data"]] <- 

pcor( data_for_correlations, method = "kendall" ) 

  supp_correlations_freet4_12wk[[metric]][["Full"]][["all_data"]] <- 

cor.test(data_for_correlations$freet4, 

as.numeric(data_for_correlations[[metric]]), method = "kendall", exact 

= FALSE) 

   

} 

#TSH: 
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#remove hypointensity and 5th ventricle data from aseg_demog and save 

as supp_data 

supp_data <- aseg_demog[-c(54, 56:60)] 

# Get the tsh @ 20 weeks data not including the NAs 

tsh_demog <- filter(supp_data, !is.na(tsh)) 

#change character NA strings to actual NAs 

tsh_demog$tsh <- as.numeric(tsh_demog$tsh) 

#remove NAs from data 

tsh_demog <- filter(tsh_demog, !is.na(tsh)) 

#get outliers in terms of tsh 

out <- boxplot.stats(tsh_demog$tsh)$out 

boxplot(tsh_demog$tsh) 

clean_tsh <- tsh_demog[-which(tsh_demog$tsh %in% out), ] 

#create loop to run correlations and partial correlations for each 

metric 

supp_correlations_tsh_12wk <- list() 

for (metric in colnames(supp_data)[22:81]){  

  #identify outliers for the metric 

  out <- boxplot.stats(clean_tsh[[metric]])$out 

  #if outliers exist, remove from the data, otherwise just copy the 

data to the new variable 

  if (length(out) > 0){ 

    tsh_data <- clean_tsh[-which(clean_tsh[[metric]] %in% out),] 

  } else { 

    tsh_data <- clean_tsh 

  } 

   

  #subset the data to just include the variables of interest that you 

want to correlate 

  data_for_correlations <- tsh_data[c(metric, "tsh", "Age at date of 

scan", "Total Tanner", "sex"  )]  

  #run partial correlation on these data 

  

supp_correlations_tsh_12wk[[metric]][["Partial"]][["no_tsh_or_metric_ou

tlier"]] <- pcor( data_for_correlations, method = "kendall" ) 

  

supp_correlations_tsh_12wk[[metric]][["Full"]][["no_tsh_or_metric_outli

er"]] <- cor.test(data_for_correlations$tsh, 

as.numeric(data_for_correlations[[metric]]), method = "kendall", exact 

= FALSE) 

   

  #data with only the tsh outlier and not the metric outlier 

  #subset the data to just include the variables of interest that you 

want to correlate 

  data_for_correlations <- clean_tsh[c(metric, "tsh", "Age at date of 

scan", "Total Tanner", "sex"  )]  

  #run partial correlation on these data 

  supp_correlations_tsh_12wk[[metric]][["Partial"]][["no_tsh_oulier"]] 

<- pcor( data_for_correlations, method = "kendall" ) 

  supp_correlations_tsh_12wk[[metric]][["Full"]][["no_tsh_outlier"]] <- 

cor.test(data_for_correlations$tsh, 

as.numeric(data_for_correlations[[metric]]), method = "kendall", exact 

= FALSE) 

   

  #data with noone excluded - even outliers 

  #subset the data to just include the variables of interest that you 

want to correlate 
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  data_for_correlations <- tsh_demog[c(metric, "tsh", "Age at date of 

scan", "Total Tanner", "sex"  )]  

  #run partial correlation on these data 

  supp_correlations_tsh_12wk[[metric]][["Partial"]][["all_data"]] <- 

pcor( data_for_correlations, method = "kendall" ) 

  supp_correlations_tsh_12wk[[metric]][["Full"]][["all_data"]] <- 

cor.test(data_for_correlations$tsh, 

as.numeric(data_for_correlations[[metric]]), method = "kendall", exact 

= FALSE) 

   

} 

######## supplementary results at week 20 (6 weeks after treatment 

initiation) ########### 

# Free T4: 

supp_data <- aseg_demog[-c(54, 56:60)] 

# Get the freet4 @ 20 weeks data not including the NAs 

freet4_demogwk20 <- filter(supp_data, !is.na(freet4levelat6wk)) 

#change character NA strings to actual NAs 

freet4_demogwk20$freet4levelat20wk <- 

as.numeric(freet4_demogwk20$freet4levelat6wk) 

#remove NAs from data 

freet4_demogwk20 <- filter(freet4_demogwk20, !is.na(freet4levelat6wk)) 

#get outliers in terms of freet4 

out <- boxplot.stats(freet4_demogwk20$freet4levelat6wk)$out 

boxplot(freet4_demogwk20$freet4levelat6wk) 

clean_freet4wk20 <- freet4_demogwk20 

#create loop to run correlations and partial correlations for each 

metric 

supp_correlations_freet4_20wk <- list() 

for (metric in colnames(supp_data)[22:81]){  

  #identify outliers for the metric 

  out <- boxplot.stats(clean_freet4wk20[[metric]])$out 

  #if outliers exist, remove from the data, otherwise just copy the 

data to the new variable 

  if (length(out) > 0){ 

    freet4_data <- clean_freet4wk20[-which(clean_freet4wk20[[metric]] 

%in% out),] 

  } else { 

    freet4_data <- clean_freet4wk20 

  } 

   

  #subset the data to just include the variables of interest that you 

want to correlate 

  data_for_correlations <- freet4_data[c(metric, "freet4levelat6wk", 

"Age at date of scan", "Total Tanner", "sex"  )]  

  #run partial correlation on these data 

  

supp_correlations_freet4_20wk[[metric]][["Partial"]][["no_freet4_or_met

ric_outlier"]] <- pcor( data_for_correlations, method = "kendall" ) 

  

supp_correlations_freet4_20wk[[metric]][["Full"]][["no_freet4_or_metric

_outlier"]] <- cor.test(data_for_correlations$freet4levelat6wk, 

as.numeric(data_for_correlations[[metric]]), method = "kendall", exact 

= FALSE) 

   

  #data with noone excluded - even outliers 

  #subset the data to just include the variables of interest that you 

want to correlate 
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  data_for_correlations <- freet4_demogwk20[c(metric, 

"freet4levelat6wk", "Age at date of scan", "Total Tanner", "sex"  )]  

  #run partial correlation on these data 

  supp_correlations_freet4_20wk[[metric]][["Partial"]][["all_data"]] <- 

pcor( data_for_correlations, method = "kendall" ) 

  supp_correlations_freet4_20wk[[metric]][["Full"]][["all_data"]] <- 

cor.test(data_for_correlations$freet4levelat6wk, 

as.numeric(data_for_correlations[[metric]]), method = "kendall", exact 

= FALSE) 

   

} 

# TSH: 

supp_data <- aseg_demog[-c(54, 56:60)] 

# Get the freet4 @ 20 weeks data not including the NAs 

tsh_demogwk20 <- filter(supp_data, !is.na(tshlevelat6wk)) 

#change character NA strings to actual NAs 

tsh_demogwk20$tshlevelat20wk <- as.numeric(tsh_demogwk20$tshlevelat6wk) 

#remove NAs from data 

tsh_demogwk20 <- filter(tsh_demogwk20, !is.na(tshlevelat6wk)) 

#get outliers in terms of tsh 

out <- boxplot.stats(tsh_demogwk20$tshlevelat6wk)$out 

boxplot(tsh_demogwk20$tshlevelat6wk) 

clean_tshwk20 <- tsh_demogwk20[-which(tsh_demogwk20$tshlevelat6wk %in% 

out), ] 

#create loop to run correlations and partial correlations for each 

metric 

supp_correlations_tsh_20wk <- list() 

for (metric in colnames(supp_data)[22:81]){  

  #identify outliers for the metric 

  out <- boxplot.stats(clean_tshwk20[[metric]])$out 

  #if outliers exist, remove from the data, otherwise just copy the 

data to the new variable 

  if (length(out) > 0){ 

    tsh_data <- clean_tshwk20[-which(clean_tshwk20[[metric]] %in% 

out),] 

  } else { 

    tsh_data <- clean_tshwk20 

  } 

   

  #subset the data to just include the variables of interest that you 

want to correlate 

  data_for_correlations <- tsh_data[c(metric, "tshlevelat6wk", "Age at 

date of scan", "Total Tanner", "sex"  )]  

  #run partial correlation on these data 

  

supp_correlations_tsh_20wk[[metric]][["Partial"]][["no_tsh_or_metric_ou

tlier"]] <- pcor( data_for_correlations, method = "kendall" ) 

  

supp_correlations_tsh_20wk[[metric]][["Full"]][["no_tsh_or_metric_outli

er"]] <- cor.test(data_for_correlations$tshlevelat6wk, 

as.numeric(data_for_correlations[[metric]]), method = "kendall", exact 

= FALSE) 

   

  #data with only the tsh outlier and not the metric outlier 

  #subset the data to just include the variables of interest that you 

want to correlate 

  data_for_correlations <- clean_tshwk20[c(metric, "tshlevelat6wk", 

"Age at date of scan", "Total Tanner", "sex"  )]  
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  #run partial correlation on these data 

  supp_correlations_tsh_20wk[[metric]][["Partial"]][["no_tsh_oulier"]] 

<- pcor( data_for_correlations, method = "kendall" ) 

  supp_correlations_tsh_20wk[[metric]][["Full"]][["no_tsh_outlier"]] <- 

cor.test(data_for_correlations$tshlevelat6wk, 

as.numeric(data_for_correlations[[metric]]), method = "kendall", exact 

= FALSE) 

   

  #data with noone excluded - even outliers 

  #subset the data to just include the variables of interest that you 

want to correlate 

  data_for_correlations <- tsh_demogwk20[c(metric, "tshlevelat6wk", 

"Age at date of scan", "Total Tanner", "sex"  )]  

  #run partial correlation on these data 

  supp_correlations_tsh_20wk[[metric]][["Partial"]][["all_data"]] <- 

pcor( data_for_correlations, method = "kendall" ) 

  supp_correlations_tsh_20wk[[metric]][["Full"]][["all_data"]] <- 

cor.test(data_for_correlations$tshlevelat6wk, 

as.numeric(data_for_correlations[[metric]]), method = "kendall", exact 

= FALSE) 

   

} 

############ supplementary results at week 30 (16 weeks after treatment 

initiation) ######### 

#Free T4 

#remove hypointensity and 5th ventricle data from aseg_demog and save 

as supp_data 

supp_data <- aseg_demog[-c(54, 56:60)] 

# Get the freet4 @ 20 weeks data not including the NAs 

freet4_demogwk30 <- filter(supp_data, !is.na(freet4levelat30wk)) 

#change character NA strings to actual NAs 

freet4_demogwk30$freet4levelat30wk <- 

as.numeric(freet4_demogwk30$freet4levelat30wk) 

#remove NAs from data 

freet4_demogwk30 <- filter(freet4_demogwk30, !is.na(freet4levelat30wk)) 

#get outliers in terms of freet4 

out <- boxplot.stats(freet4_demogwk30$freet4levelat30wk)$out 

boxplot(freet4_demogwk30$freet4levelat30wk) 

clean_freet4wk30 <- freet4_demogwk30 

#create loop to run correlations and partial correlations for each 

metric 

supp_correlations_freet4_30wk <- list() 

for (metric in colnames(supp_data)[22:81]){  

  #identify outliers for the metric 

  out <- boxplot.stats(clean_freet4wk30[[metric]])$out 

  #if outliers exist, remove from the data, otherwise just copy the 

data to the new variable 

  if (length(out) > 0){ 

    freet4_data <- clean_freet4wk30[-which(clean_freet4wk30[[metric]] 

%in% out),] 

  } else { 

    freet4_data <- clean_freet4wk30 

  } 

   

  #subset the data to just include the variables of interest that you 

want to correlate 

  data_for_correlations <- freet4_data[c(metric, "freet4levelat30wk", 

"Age at date of scan", "Total Tanner", "sex"  )]  
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  #run partial correlation on these data 

  

supp_correlations_freet4_30wk[[metric]][["Partial"]][["no_freet4_or_met

ric_outlier"]] <- pcor( data_for_correlations, method = "kendall" ) 

  

supp_correlations_freet4_30wk[[metric]][["Full"]][["no_freet4_or_metric

_outlier"]] <- cor.test(data_for_correlations$freet4levelat30wk, 

as.numeric(data_for_correlations[[metric]]), method = "kendall", exact 

= FALSE) 

   

  #data with noone excluded - even outliers 

  #subset the data to just include the variables of interest that you 

want to correlate 

  data_for_correlations <- freet4_demogwk30[c(metric, 

"freet4levelat30wk", "Age at date of scan", "Total Tanner", "sex"  )]  

  #run partial correlation on these data 

  supp_correlations_freet4_30wk[[metric]][["Partial"]][["all_data"]] <- 

pcor( data_for_correlations, method = "kendall" ) 

  supp_correlations_freet4_30wk[[metric]][["Full"]][["all_data"]] <- 

cor.test(data_for_correlations$freet4levelat30wk, 

as.numeric(data_for_correlations[[metric]]), method = "kendall", exact 

= FALSE) 

   

} 

#TSH: 

#remove hypointensity and 5th ventricle data from aseg_demog and save 

as supp_data 

supp_data <- aseg_demog[-c(54, 56:60)] 

# Get the tsh @ 20 weeks data not including the NAs 

tsh_demogwk30 <- filter(supp_data, !is.na(tshlevelat30wk)) 

#change character NA strings to actual NAs 

tsh_demogwk30$tshlevelat30wk <- 

as.numeric(tsh_demogwk30$tshlevelat30wk) 

#remove NAs from data 

tsh_demogwk30 <- filter(tsh_demogwk30, !is.na(tshlevelat30wk)) 

#get outliers in terms of tsh 

out <- boxplot.stats(tsh_demogwk30$tshlevelat30wk)$out 

boxplot(tsh_demogwk30$tshlevelat30wk) 

clean_tshwk30 <- tsh_demogwk30[-which(tsh_demogwk30$tshlevelat30wk %in% 

out), ] 

#create loop to run correlations and partial correlations for each 

metric 

supp_correlations_tsh_30wk <- list() 

for (metric in colnames(supp_data)[22:81]){  

  #identify outliers for the metric 

  out <- boxplot.stats(clean_tshwk30[[metric]])$out 

  #if outliers exist, remove from the data, otherwise just copy the 

data to the new variable 

  if (length(out) > 0){ 

    tsh_data <- clean_tshwk30[-which(clean_tshwk30[[metric]] %in% 

out),] 

  } else { 

    tsh_data <- clean_tshwk30 

  } 

   

  #subset the data to just include the variables of interest that you 

want to correlate 
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  data_for_correlations <- tsh_data[c(metric, "tshlevelat30wk", "Age at 

date of scan", "Total Tanner", "sex"  )]  

  #run partial correlation on these data 

  

supp_correlations_tsh_30wk[[metric]][["Partial"]][["no_tsh_or_metric_ou

tlier"]] <- pcor( data_for_correlations, method = "kendall" ) 

  

supp_correlations_tsh_30wk[[metric]][["Full"]][["no_tsh_or_metric_outli

er"]] <- cor.test(data_for_correlations$tshlevelat30wk, 

as.numeric(data_for_correlations[[metric]]), method = "kendall", exact 

= FALSE) 

   

  #data with only the tsh outlier and not the metric outlier 

  #subset the data to just include the variables of interest that you 

want to correlate 

  data_for_correlations <- clean_tshwk30[c(metric, "tshlevelat30wk", 

"Age at date of scan", "Total Tanner", "sex"  )]  

  #run partial correlation on these data 

  supp_correlations_tsh_30wk[[metric]][["Partial"]][["no_tsh_oulier"]] 

<- pcor( data_for_correlations, method = "kendall" ) 

  supp_correlations_tsh_30wk[[metric]][["Full"]][["no_tsh_outlier"]] <- 

cor.test(data_for_correlations$tshlevelat30wk, 

as.numeric(data_for_correlations[[metric]]), method = "kendall", exact 

= FALSE) 

   

  #data with noone excluded - even outliers 

  #subset the data to just include the variables of interest that you 

want to correlate 

  data_for_correlations <- tsh_demogwk30[c(metric, "tshlevelat30wk", 

"Age at date of scan", "Total Tanner", "sex"  )]  

  #run partial correlation on these data 

  supp_correlations_tsh_30wk[[metric]][["Partial"]][["all_data"]] <- 

pcor( data_for_correlations, method = "kendall" ) 

  supp_correlations_tsh_30wk[[metric]][["Full"]][["all_data"]] <- 

cor.test(data_for_correlations$tshlevelat30wk, 

as.numeric(data_for_correlations[[metric]]), method = "kendall", exact 

= FALSE) 

   

} 

################## extract correlation and p values for supplementary 

materials ############## 

#FREE T4 TABLE 

partialestimates <- list() 

fullestimates <- list() 

partialps <- list() 

fullps <- list() 

for (metric in colnames(supp_data)[22:81]){ 

  partialestimates[[metric]] <- 

supp_correlations_freet4_12wk[[metric]][["Partial"]][["no_freet4_or_met

ric_outlier"]][["estimate"]][2] 

  fullestimates[[metric]] <- 

supp_correlations_freet4_12wk[[metric]][["Full"]][["no_freet4_or_metric

_outlier"]][["estimate"]]["tau"] 

  partialps[[metric]]<- 

supp_correlations_freet4_12wk[[metric]][["Partial"]][["no_freet4_or_met

ric_outlier"]][["p.value"]][2] 
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  fullps[[metric]] <- 

supp_correlations_freet4_12wk[[metric]][["Full"]][["no_freet4_or_metric

_outlier"]][["p.value"]] 

   

} 

supp_partial_freet4 <- cbind(colnames(supp_data)[22:81], 

as.data.frame(unlist(partialestimates)),as.data.frame(unlist(partialps)

)) 

supp_full_freet4 <- cbind(colnames(supp_data)[22:81], 

as.data.frame(unlist(fullestimates)),as.data.frame(unlist(fullps))) 

colnames(supp_partial_freet4) <- c("Region", "Partial Correlation 

Estimate", "Partial Correlation P value") 

colnames(supp_full_freet4) <- c("Region", "Full Correlation Estimate", 

"Full Correlation P value") 

all_supp_freet4 <- cbind(supp_full_freet4[c("Region", "Full Correlation 

Estimate", "Full Correlation P value")],  

                         supp_partial_freet4[c("Partial Correlation 

Estimate", "Partial Correlation P value")]) 

rownames(all_supp_freet4) <- NULL 

export_table(all_supp_freet4, format="html", title = "Region-specific 

effects for Free T4", digits = 3) 

################### 

#TSH TABLE 

partialestimates <- list() 

fullestimates <- list() 

partialps <- list() 

fullps <- list() 

for (metric in colnames(supp_data)[22:81]){ 

  partialestimates[[metric]] <- 

supp_correlations_tsh_12wk[[metric]][["Partial"]][["no_tsh_or_metric_ou

tlier"]][["estimate"]][2] 

  fullestimates[[metric]] <- 

supp_correlations_tsh_12wk[[metric]][["Full"]][["no_tsh_or_metric_outli

er"]][["estimate"]]["tau"] 

   

  partialps[[metric]]<- 

supp_correlations_tsh_12wk[[metric]][["Partial"]][["no_tsh_or_metric_ou

tlier"]][["p.value"]][2] 

  fullps[[metric]] <- 

supp_correlations_tsh_12wk[[metric]][["Full"]][["no_tsh_or_metric_outli

er"]][["p.value"]] 

   

} 

supp_partial_tsh <- cbind(colnames(supp_data)[22:81], 

as.data.frame(unlist(partialestimates)),as.data.frame(unlist(partialps)

)) 

supp_full_tsh <- cbind(colnames(supp_data)[22:81], 

as.data.frame(unlist(fullestimates)),as.data.frame(unlist(fullps))) 

colnames(supp_partial_tsh) <- c("Region", "Partial Correlation 

Estimate", "Partial Correlation P value") 

colnames(supp_full_tsh) <- c("Region", "Full Correlation Estimate", 

"Full Correlation P value") 

all_supp_tsh <- cbind(supp_full_tsh[c("Region", "Full Correlation 

Estimate", "Full Correlation P value")],  

                         supp_partial_tsh[c("Partial Correlation 

Estimate", "Partial Correlation P value")]) 

rownames(all_supp_tsh) <- NULL 
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export_table(all_supp_tsh, format="html", title = "Region-specific 

effects for TSH", digits = 3, zap_small=FALSE) 

######### Calculate Bonferroni correction (alpha value) ########### 

new_alpha <- .05/nrow(all_supp_freet4) 

all_supp_freet4$Region[which(all_supp_freet4$`Full Correlation P 

value`< new_alpha)] 

all_supp_freet4$Region[which(all_supp_freet4$`Partial Correlation P 

value` < new_alpha)] 

all_supp_tsh$Region[which(all_supp_tsh$`Full Correlation P value` < 

new_alpha)] 

all_supp_tsh$Region[which(all_supp_tsh$`Partial Correlation P value` < 

new_alpha)] 

##For 20 and 30 week demographic table## 

#round(aseg_demog$tshlevelat30wk, 3) 

#make 30 wk tsh and freet4 numeric, as too big a number  

aseg_demog$tsh30wk <- as.numeric(aseg_demog$tshlevelat30wk) 

aseg_demog$freet430wk <- as.numeric(aseg_demog$freet4levelat30wk) 

#Now these have NAs so we need to remove these.. BUT, we will do this 

individually later, 

#so that we can include as much data as possible in each analysis 

#Table 1b: Demographics 

st(aseg_demog,group = "TreatmentGroup", var = c("tsh", "freet4", 

"tshlevelat6wk", "tsh30wk", "freet4levelat6wk", "freet430wk", 

                                                "Child Sex (1boy 

2girl)", 

                                                "Age at date of scan", 

                                                "Total Tanner"),  

   group.test = F, digits = 4, out = "viewer", title = "Table 1b: 

Participant demographics", 

   add.median = T) 

IQR(aseg_demog[aseg_demog$TreatmentGroup == "Normal GTF", "tsh"], na.rm 

= T) 

IQR(aseg_demog[aseg_demog$TreatmentGroup == "Untreated SGTF", "tsh"], 

na.rm = T) 

IQR(aseg_demog[aseg_demog$TreatmentGroup == "Optimally treated SGTF", 

"tshlevelat6wk"], na.rm = T) 

IQR(aseg_demog[aseg_demog$TreatmentGroup == "Over-treated SGTF", 

"tshlevelat6wk"], na.rm = T) 

#to get the 1st and 3rd quartiles, use summary function 

summary(aseg_demog[aseg_demog$TreatmentGroup == "Optimally treated 

SGTF", "tsh"], na.rm = T) 

IQR(aseg_demog[aseg_demog$TreatmentGroup == "Normal GTF", "freet4"], 

na.rm = T) 

IQR(aseg_demog[aseg_demog$TreatmentGroup == "Untreated SGTF", 

"freet4"], na.rm = T) 

IQR(aseg_demog[aseg_demog$TreatmentGroup == "Optimally treated SGTF", 

"freet4"], na.rm = T) 

IQR(aseg_demog[aseg_demog$TreatmentGroup == "Over-treated SGTF", 

"freet4"], na.rm = T) 

IQR(aseg_demog[aseg_demog$TreatmentGroup == "Normal GTF", 

"tshlevelat6wk"], na.rm = T) 

IQR(aseg_demog[aseg_demog$TreatmentGroup == "Untreated SGTF", 

"tshlevelat6wk"], na.rm = T) 

IQR(aseg_demog[aseg_demog$TreatmentGroup == "Optimally treated SGTF", 

"tshlevelat6wk"], na.rm = T) 

IQR(aseg_demog[aseg_demog$TreatmentGroup == "Over-treated SGTF", 

"tshlevelat6wk"], na.rm = T) 
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#To get p values, run each of these tests using an anova or Kruskal-

Wallis (using rstatix) 

kruskal_test(aseg_demog, tsh ~ TreatmentGroup) #p=.000000533 

kruskal_test(aseg_demog, freet4 ~ TreatmentGroup) #p=.000192 

kruskal_test(aseg_demog, `Child Sex (1boy 2girl)` ~ TreatmentGroup) 

#p=ns 

kruskal_test(aseg_demog, `Age at date of scan` ~ TreatmentGroup) #p=ns 

kruskal_test(aseg_demog, `Total Tanner` ~ TreatmentGroup) #p=ns 

#posthoc tests for tsh and freet4 

pairwise.wilcox.test(aseg_demog$tsh, aseg_demog$TreatmentGroup, 

p.adjust.method = "bonferroni", 

                     paired = FALSE) 

pairwise.wilcox.test(aseg_demog$freet4, aseg_demog$TreatmentGroup, 

p.adjust.method = "bonferroni", 

                     paired = FALSE) 

#week 20 and 30 data for table 1 

#freet4 

week20freet4 <- aseg_demog[!is.na(aseg_demog$freet4levelat6wk) , ] 

wilcox.test(week20freet4[week20freet4$TreatmentGroup == "Optimally 

treated SGTF", "freet4levelat6wk"], 

       week20freet4[week20freet4$TreatmentGroup == "Over-treated SGTF", 

"freet4levelat6wk"]) 

week30freet4 <- aseg_demog[!is.na(aseg_demog$freet4levelat30wk) , ] 

wilcox.test(week30freet4[week30freet4$TreatmentGroup == "Optimally 

treated SGTF", "freet4levelat30wk"], 

       week30freet4[week30freet4$TreatmentGroup == "Over-treated SGTF", 

"freet4levelat30wk"]) 

#tsh 

week20tsh <- aseg_demog[!is.na(aseg_demog$tshlevelat6wk) , ] 

wilcox.test(week20tsh[week20tsh$TreatmentGroup == "Optimally treated 

SGTF", "tshlevelat6wk"], 

       week20tsh[week20tsh$TreatmentGroup == "Over-treated SGTF", 

"tshlevelat6wk"]) 

week30tsh <- aseg_demog[!is.na(aseg_demog$tshlevelat30wk) , ] 

wilcox.test(week30tsh[week30tsh$TreatmentGroup == "Optimally treated 

SGTF", "tshlevelat30wk"], 

       week30tsh[week30tsh$TreatmentGroup == "Over-treated SGTF", 

"tshlevelat30wk"]) 

#Anna trying to anova with IQ data. IQ_Demo_CATS 

#name groups in the clean_demog dataframe 

library(psych) 

# load IQ data 

IQ_Demo_CATS <- read.csv('IQ_Demo_CATS.csv') 

IQ_Demo_CATS$Group[IQ_Demo_CATS$Group == "0"] <- "Normal GTF" 

IQ_Demo_CATS$Group[IQ_Demo_CATS$Group == "1"] <- "Optimally treated 

SGTF" 

IQ_Demo_CATS$Group[IQ_Demo_CATS$Group == "2"] <- "Untreated SGTF" 

IQ_Demo_CATS$Group[IQ_Demo_CATS$Group == "3"] <- "Over-treated SGTF" 

#see if there is a difference in IQ between groups 

describeBy(IQ_Demo_CATS$VCIQ, group = IQ_Demo_CATS$Group) 

kruskal_test(IQ_Demo_CATS, VCIQ ~ Group) 

clean_IQ <- IQ_Demo_CATS 

#clean up total tanner score - first make numeric 

clean_IQ$'FSIQ' <- as.numeric(clean_IQ$`FSIQ`) 

#replace 0 with NA 

clean_IQ$'FSIQ'[clean_IQ$`FSIQ` == 0] <- NA 

num_data <- select_if(clean_IQ, is.numeric) 

lshap <- lapply(num_data[c("FSIQ", "PSIQ")], shapiro.test) 
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lres <- sapply(lshap, `[`, c("statistic","p.value")) 

non_normal <- colnames(lres)[lres["p.value",]<0.05] 

normal <- colnames(lres)[lres["p.value",]>=0.05] 
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Pre-processing steps 

Pre-processing steps 

The following applies when running individual subjects  

Process the T1 image  

cd to folder of the T1w scan 

run dcm2nii *dcm 

copy the .nii file and rename to T1_mprage.nii.gz - e.g. cp *.nii* 

../../../T1_mprage.nii.gz    (the cp ../../../ moves the file back a few folders where it will 

be easier to work with) 

cd to the folder when the T1 file now is by running cd ../../../ 

Then run the following commands which will produce a dowsampled, skullstripped 

version of the T1w image 

To do this it's best to use sinteractive as it is quite resource intensive  

N4BIASFIELDCORRECTION  

N4BiasFieldCorrection -v -d 3 -i T1_mprage.nii.gz -s 2 -c 

[100x100x100x100,0.0000000001] -o T1_mprage_n4.nii.gz 

Skullstripping 

bet T1_mprage_n4.nii.gz original_bet_T1.nii.gz -v -R -f 0.40 -g 0 

Downsample data  

/cubric/software/afni/3dresample -rmode Li -dxyz 1.5 1.5 1.5 -prefix 

downsampled_bet_T1.nii -insert original_bet_T1.nii 

Get the Diffusion scans  

Whilst this is running you can then get the other diffusion files you need - cd into the 

directory with the diffusion images (e.g. '4_diff 2Shell (30x1200,60x2400) Mono 

DFC_DFC_MIX') . Then run dcm2nii * dcm 

Run gunzip on the nifti image to unzip the file  

 Then copy the .nii file to the folder when the processed T1 image is ( e.g. cp 

filename.nii ../../../DWI.nii) 

copy the bval file ( e.g. cp filename.bval ../../../bval.bval) 

copy the bvec file ( e.g. cp filename.bvec ../../../bvec.bvec) 

 The next step is then to run the diffusion processing pipeline in matlab. The xml file 

is called pipeline_MTCSD.xml 

Output stored in each subjects’ folder in a folder called Diffusion_processing 

MRI scanning protocol for the CATS III study 
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7.5 MRI scanning protocol 

Icon below provides a link to the pdf document containing the whole MRI scanning 

protocol for CATS III study, including T1, DTI and qMT protocols. 

CATS_MRI_protocol.p

df
 

 

7.6 CATS III study information for participants, consent 

and assent forms. 

• Information pack sent to parents and children 

• Consent and assent forms 

 

 

 
 Title of study: Suboptimal maternal thyroid function as a window to mechanisms of 
childhood brain development and function (CATS III)  
Introduction  
We would like to invite you and your child to take part in our research study. Before you 
decide whether you would like to participate, it is important that you understand why the 
research is being done and what it will involve for you.  
Please take time to read the information outlined in this document carefully. Part 1 of this 
document tells you the purpose of this study and what will happen to you if you choose 
to participate. Part 2 gives you more detailed information about the conduct of the study. 
You may wish to discuss this information with others.  
If there is anything that is unclear, or you require more information, you can get in touch 
with the research team.  
Thank you for reading this document. CATS III; Mother information sheet. Version 3 Oct 

2018  
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Part 1:  
What is the purpose of the study?  
Following on from your participation in the CATS I and CATS II studies, our research 
team and colleagues at the Cardiff University Brain Imaging Centre (CUBRIC) are 
hoping to undertake further studies to investigate how thyroid hormone levels during 
pregnancy might affect child brain development and function. In CATS II, you provided 
us with permission to collect a DNA sample from your child which we have used to study 
naturally occurring variation (or ‘genotype’) in a gene called deiodinase 2 (DIO2) which 
regulates thyroid function. We are interested in exploring any link between your thyroid 
function during pregnancy, your child’s genotype and brain development. We are unsure 
of what the results will be as no one has studied this previously.  
In this study, we plan to use advanced magnetic resonance imaging (MRI) scanning 
techniques and IQ tests to study brain structure and function in children.  
Why have I and my child been chosen?  
This study represents a follow-up study from the earlier CATS I and CATS II studies. It is 
only those involved in the previous studies that will be able to help us with our ongoing 
investigations. We are hoping to recruit 80 mother and child pairs to take part in this 
study.  
Do I and my child have to take part?  
No. Taking part is entirely voluntary. It is up to you and your child to decide whether or 
not you want to take part. We would ask you to read this document in detail before 
reaching a decision. You will also have the opportunity to ask questions, or clarify 
anything that isn’t clear before making a decision.  
If you decide that you do want to participate, we will ask you to sign a consent form. We 
will also ask your child to confirm that they are also happy to be involved, by asking them 
to sign an assent form. If your child does not agree to take part in the study, neither you 
nor your child will be included. Even after signing these forms, you are free to withdraw 
from the study at any time, and do not have to provide a reason or explanation for 
withdrawing. If requested, any unused samples will be disposed of according to locally 
approved procedures. Any samples used or results generated prior to the withdrawal of 
consent will continue to be utilised in this study.  
Is there any reason why my child might not be able to take part?  
Your child will not be able to take part if they have any fixed metal in or on them, for 
example a fixed dental brace or a pacemaker. The reason for this is the scanners use a 
strong magnetic field, and putting magnetic metal inside the scanner is dangerous. We 
will undertake a thorough safety questionnaire before proceeding with any scanning, to 
ensure that any potential dangers are identified and eliminated.  
Where will the study take place?  
The study will take place at the new Cardiff University Brain Research Imaging Centre 
(CUBRIC). This is a modern brain scanning research facility where multiple research 
projects are currently underway. The CUBRIC team are experienced in undertaking MRI 
studies in children. They use a number of approaches to reduce anxiety and minimise 
boredom, including playing videos during scanning, and using a ‘mock scanner’ 
beforehand so that children can familiarise themselves with the look and feel of the real 
MRI machine.  
What is involved in this study if we decide to take part?  
You and your child will be invited to attend CUBRIC for a 90minute session. CATS III; 
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After you have agreed to take part in the study, we will be in contact by email or 
telephone with you to answer any questions you may have, check that there is no 
reason that your child cannot have the scans, arrange a convenient appointment time, 
and to check that you are happy to proceed. As well as the MRI scan for your childs, we 
will ask you to fill out a few forms whilst waiting. One of the forms your child is required 
to complete is about their current stage of puberty. It is important that we collect this 
information as this is a factor which influences brain development and may affect how 
we interpret the MRI scan results. We kindly request that you discuss this with your child 
before your appointment and explain that this is an important part of the data we will be 
collecting.  
Your visit at CUBRIC will be similar to this:  
1. With a research assistant, go over the participant information sheets, and discuss the 
project and any issues or concerns that you may have..  

2. If you are happy to proceed, we will ask you to sign the consent form and your child to 
sign an assent form and fill out a puberty self-rating scale form.  

3. Your child will complete a thorough brain scanning safety questionnaire with a 
research assistant.  

4. You and your child will be taken to the mock MRI scanner for your child to acclimatise 
to the look and feel of the machine. When they are completely happy, a research 
assistant will take them to the real MRI machine to begin scanning. This will take 
approximately one hour, and your child can watch a film during this time if they wish.  

5. While your child is undergoing their MRI scan, you will be asked to complete 3 
questionnaires on your child’s behaviour, as you did in the CATS II study.  

6. At the end of the appointment, you and your child will have the opportunity to discuss 
any further questions you may have, and there will be a debrief sheet for your 
completion.  
 
As in previous CATS studies, we can provide feedback for you and your child on the 
results of the IQ tests. You can of course be present during the test, but some children 
do not perform as well if their parents are there because they become distracted.  
If your child finds being in the mock or real MRI scanner unpleasant, they can let us 
know straight away and we will stop the scanning immediately. More details regarding 
the scanning are outlined in part 2.  
If you wish, we will be able to reimburse any travelling expenses /car parking fees 
incurred while attending for the study visits. And can offer a £15 Amazon voucher for 
attending.  
What are the possible benefits of taking part?  
There is no directly intended benefit to you or your child from taking part in this study. 
The scans are not intended to provide a medical diagnosis. They will not impact on 
medical treatment. The person conducting your scan will not be able to comment on the 
results of your scans.  
The study aims to help us understand how exposure to thyroid hormones during 
pregnancy and your child’s genetic make-up affects the development of the brain as well 
as intelligence.  
What are the possible disadvantages and risks of taking part?  
MRI scanning is a well-established form of imaging. No serious side-effects of being in 
an MRI scanner have been reported. Although the possibility of long-term effects cannot 
be CATS III; Mother information sheet. Version 3 Oct 2018  
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completely ruled out, many years of experience in this field would suggest MRI scans to 
be safe.  
A few people have reported minor side-effects such as dizziness, mild nausea, metallic 
taste, or a sensation of seeing flashing lights. These side-effects, if experienced, go 
away as soon as the individual leaves the MRI scanner. If your child experiences any 
form of side-effect, they will be able to let us know immediately.  
Although the modern scanners are much more compact than older models, some people 
find being inside an MRI scanner claustrophobic (meaning they become scared of being 
in a small or tight space). If your child doesn’t like the experience of being in the mock 
scanner, or the real one for any reason, we will stop the scan straight away and take 
him/her out of the scanner.  
Our tests may unexpectedly discover findings that have implications for your child. This 
may include things like abnormal changes on the scans (we call these incidental 
findings). If there are incidental scan findings, they will be looked at by a neuroradiologist 
(an expert in interpreting this type of scan) and we will contact you and your child’s GP if 
necessary. There is additional information about this procedure in Part 2.  
It is important to understand that these scans do not provide information that diagnose 
medical conditions. If you have health concerns about your child, you should contact a 
medical practitioner in the usual way.  
Are the results confidential?  
All information collected about you and your child during the course of this study will be 
kept strictly confidential. We may share the data we collect with other researchers, but 
any information that leaves the CUBRIC centre will have personal details (name, 
address etc) removed, so that the data is anonymous. In any report we publish, no 
information will be included that makes it possible for other people to know you or your 
child’s identity in any way.  
What will happen to the study results?  
Where appropriate, the results of this study will be presented at medical and scientific 
conferences and published in journals. You and your child will not be identifiable from 
any report or publication. The results of this study will also help us to design and plan 
further research projects. CATS III; Mother information sheet. Version 3 Oct 2018  
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Part 2  
If you have read part 1 of the information sheet and are interested in participating, 
please read the additional information in this section, which we hope will help you reach 
a decision.  
What is an MRI scan?  
MRI stands for magnetic resonance imaging. This is a technique that has been used for 
many decades, to image the body and the brain. It uses strong magnetic fields and low 
energy radio waves to take pictures of inside the human body in non-invasive ways. MRI 
does not involve radiation. There is no need for your child to have any drugs or 
medications. The study will not involve any form of injections.  
An MRI scanner looks like this:  
What does my child need to do before the scanning session?  
There are no restrictions on lifestyle or diet before taking part in this study. We will not 
be asking your child to take or change any medical treatments. The scan can be quite 
long so we will ask your child if they require the toilet before going in to the scanner.  
Because MRI involves a very strong magnet, you and your child will be asked a series of 
safety questions. This is to make sure there is nothing in or on your child’s body that 
might be affected by the scanner e.g. metal braces, jewellery, pacemakers.  
We would suggest that your child comes in comfortable, loose clothing. It can be a little 
cool inside the scanning room, so warm clothing is advisable. If your child wishes to get 
changed before the scan, a private changing room will be available.  
What will happen to my child during the MRI scan?  
When you arrive for you appointment at CUBRIC, a research assistant will talk through 
what will happen with the MRI scans and there will be plenty of opportunity to ask 
questions. After this, you and your child will go the ‘mock scanner’ to see what it feels 
like to lie inside a scanner. Your child can stay in the mock scanner as long as he/she 
likes so that they will feel confident to go in the real one. In the mock scanner, which 
looks and feels identical to the real MRI scanner, your child can practice lying very still. 
We also suggest that your child practices this at home before the visit. CATS III; Mother 
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Once all the safety issues have been dealt with, if your child is happy to proceed, we will 
show them the real scanner. We will tell them how long each set of scans are likely to 
take (around 1 hour). We will then ask them to lie inside the scanner. The scanner 
consists of a large magnet with a tunnel, and your child will lie inside the tunnel. A radio-
frequency coil will be placed around your child’s head. These coils are used to transmit 
and receive radio waves (much like the waves used in radio or televisions).The MRI 
scanner does not use any form of radiation or x-rays.  
The scanner can be noisy. Your child will be provided with ear plugs and/or ear 
defenders if they would like them.  
We will ask your child to keep their head and body as still as possible whilst scanning is 
in progress.  
The researchers will be present to ensure your child is comfortable, and will monitor your 
child carefully throughout the scanning process. They will be able to talk to your child via 
a microphone. Your child will be given a button he/she can press during the scan if they 
want to stop. As the scans last for an hour each, your child will be able to watch a film 
inside the MRI machine if they wish.  
Are there any side-effects from the MRI scans?  
MRI scanning has been used for many decades. It is widely considered to be a safe 
investigation, and most people do not experience side-effects.  
A very small number of people have reported minor side-effects such as dizziness, mild 
nausea, an odd taste in their mouth, or seeing flashing lights. These side-effects, if 
experienced, would typically go away as soon as your child leaves the MRI scanner. If 
your child experiences any side-effects at all, they will be encouraged to let the 
researchers know as soon as possible.  
In very rare cases, some people have reported a ‘tickling’ sensation in their back, 
shoulders or arms whilst inside an MRI scanner. This is not in any way harmful. 
However, if your child experiences this and wants us to stop, we will do so immediately.  
Sometimes people become aware of their head and body warming up slightly during the 
scan. This is not harmful. We keep the scanner room fairly cool to keep your child as 
comfortable as possible.  
What happens if you find something unusual on the scan?  
The researchers involved are not experts in medical imaging of the brain. As such, they 
will not be looking to diagnose medical conditions. Occasionally when we image healthy 
participants, the researchers may be concerned regarding a potential abnormality. In this 
case, we will ask a neuroradiologist, with expertise in this field, to examine the scans, 
and if appropriate we will contact you and your GP, who can arrange further 
investigations/review as necessary. However, in the vast majority of cases a 
neurological consultant will not look at the images.  
It is important to understand that these scans do not provide information that help in 
diagnosing medical conditions. If you have health concerns, you should contact a 
medical practitioner.  
What happens to my child’s samples at the end of the study? CATS III; Mother 
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Your child’s samples may be retained at the end of this study for use in future research 
within the UK and abroad. At this stage we do not know what the research will involve. 
On the consent form you will be given the option to exclude your child’s samples from 
future research. Your child’s samples will not be sold for profit and will not be used in 
animal research or the commercial sector.  
All samples will be supplied anonymously to researchers. Only Dr Rees and the study 
team will be able to identify which samples your child donated. The recipients of your 
samples will not be able to identify your child from the samples.  
You may withdraw your consent for the storage and future use of your child’s samples at 
any point. If you do withdraw your consent your child’s samples will not be used in any 
subsequent studies and will be destroyed according to locally approved practices. Any 
samples already distributed will continue to be used in that study and will be destroyed 
at the end of the study.  
Who is organising and funding the research?  
The research is being organised by Dr Aled Rees at the Neurosciences and Mental 
Health Research Institute in Cardiff University. Funding for the study is provided by the 
American Thyroid Association and Waterloo Foundation. The doctors and researchers 
conducting the study are not being paid for including and looking after patients in the 
study.  
Who has reviewed the study?  
Before the study begins, the details of what the study involves will be thoroughly 
reviewed by a Research Ethics Committee. They review the details of the study to 
ensure that the research is conducted safely, fairly and appropriately. This study has 
been reviewed by The Cardiff & Vale University Health Board Research & Development 
Office and Wales Research Ethics Committee-1.  
What if there is a problem?  
If you are harmed by taking part in this research study, there are no special 
compensation arrangements. If you are harmed due to someone's negligence, then you 
may have grounds for legal action, but you may have to pay for it.  
What will happen to the results of the study?  
The results of our study will be prepared for publication in medical/scientific journals, and 
for presentation at scientific conferences. All participants will be able to obtain a copy of 
the results once they have been published.  
When our results are published or presented, individual data will be anonymised, so that 
it is not possible for others to identify you or your child as having been involved in the 
research.  
Will my GP be told that I and my child are taking part in the study?  
With your consent we will write to your GP to inform them that you have taken part in this 
study.  
Future Studies  
It is likely that further research will be carried out related to the CATS study. If this 
happens, we may try to contact you at some point in the future, to see whether you 
would be interested in participating again.  
Further questions CATS III; Mother information sheet. Version 3 Oct 2018  
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If you have any concerns or complaints about any aspect of this study, you should ask to 
speak with the researchers who will do their best to answer your questions or you can 
contact Dr Aled Rees on 02920 745002 or by email (ReesDA@cardiff.ac.uk). CATS III; 
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CATS III  
Introduction  
You have been contacted to see whether you might be interested in taking part in a 
research study. This document tells you a little bit about this study, and will hopefully 
help you decide whether you want to join in. Your mum might be able to help you reach 
a decision.  
What is research?  
Research is a way of trying to find out the answers to important questions.  
What questions are you trying to answer?  
Everybody has a gland in their neck called the thyroid gland. This gland makes a 
chemical called thyroid hormone. Thyroid hormone is very important because it helps 
many parts of the body to work properly. For example, thyroid hormones make sure the 
cells in your body work at the right speed; if they worked too quickly, you would feel hot 
and sweaty a lot of the time, if they worked too slowly, you would feel tired and cold. We 
hope that this study will help us understand how thyroid hormone helps the brain to 
develop during childhood.  
Why have I been invited to take part?  
You have been specially chosen because you and your mother have been involved in 
this research before. Your mother had some tests whilst she was pregnant with you, and 
when you were around age 9 you helped us by having some tests, and doing some 
complicated puzzles. Now that you are a little older, we would like you to help us find out 
a little bit more.  
There is nothing wrong with you or your mum. Everybody has a thyroid gland. You have 
been specially chosen because you have helped us in the past.  
Do I have to take part?  
No. It is entirely your choice whether you would like to take part. Even if you do decide to 
get involved, you can change your mind at any time.  
Did anyone check that this study is ok to do?  
Before we undertake any research, a group of people called the Research Ethics 
Committee check the study carefully, to make sure it is safe and fair. Your project has 
been checked by the South East Wales Research Ethics Committee.  
What will I be asked to do if I decide to take part?  
If you want to take part, we will ask you to come to visit us with your mum. At your 
appointment, we will do some puzzles with you, scan your head, ask you to fill out some 
questionnaires, and with your permission, we will take a blood and urine sample from 
you.  
Where do I have to go?  
If you are happy to take part, we will ask you and your mum to come to visit us at the 
new CUBRIC centre, which is a research centre where the scanner is kept. When you 
come to visit us, we will talk to you about the research in a lot more detail, and answer 
any questions you might have. If you are happy to join in, we will ask you and your mum 
to sign a form to say that you want to take part. You can still change your mind at any 
time.  
What do the puzzles involve? CATS III; Mother information sheet. Version 3 Oct 2018  
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The puzzles are similar to the ones you completed when you were a little bit younger. 
They will take around one hour and will check your learning and concentration.  
What does the scan involve?  
There will be two separate scans, both lasting for about 1 hour each. Before you have 
the scan, we will show you a ‘pretend’ version of the scanner, so that you can see what 
it looks like, and see what it feels like to lie in it.  
The scanner looks a little bit like this:  
We will ask you to lie inside the scanner, trying to keep your head still for about 1 hour in 
total. As you may get a little bored during scanning, we can play you a film to watch (you 
can choose from a selection we have at the research centre).  
We will be able to speak to you throughout the scan. It can be a little noisy in the 
scanner, so we will offer you ear plugs that you can use if you want. We will also give 
you a button that you can press if you want to stop at any time. We will be able to see 
you, to make sure you are comfortable all of the time.  
Is the scan going to hurt me?  
No, the scan will not hurt you. This type of scan is done all of the time, and no serious 
side-effects have been reported.  
A few people have reported that they have felt a little bit dizzy, or a little bit sick whilst 
they are having the scan. If you feel funny in any way during the scan, let us know and 
we can stop straight away. The few people who have had these side-effects, have felt 
completely normal as soon as they come out of the scanner.  
There are no known long-lasting side-effects associated with these scans.  
Will taking part help me?  
We don’t expect that the results of this study will help you personally. However, the 
information we get from this research might help us treat pregnant mums with problems 
with their thyroid in the future, and help their children when they are growing up.  
What happens when the research stops?  
This study does not involve taking tablets so nothing will change for you. CATS III; 
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What if something goes wrong during the project?  
This is very unlikely. The scan we will be doing is very safe. We are not going to give 
you any medicines or treatments.  
Will my medical details be kept private if I take part?  
Yes, absolutely. Only the doctors involved in the study will know about you taking part.  
Any information we collect from you will not have your name or address on it. The blood 
and urine samples (if you choose to provide them), will be stored at Cardiff University 
and only members of the research team will have access to them. With the blood 
samples, we will check if your thyroid is working OK, and with the urine we will measure 
iodine levels, which can affect how your thyroid works.  
What if I change my mind about taking part?  
You can change your mind at any time, if you don’t want to take part anymore. Just let 
your parents, doctor or nurse know. Nobody will be cross with you if you want to stop.  
Who can I speak to if I want to ask more questions?  
You can contact Aled Rees if you have any questions on 02920 745002 or if you prefer, 

you can email him at: ReesDA@cardiff.ac.uk or Anna Scholz, the research assistant on 

ScholzA6@cardiff.ac.uk. 
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