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1.11 PREFACE 

Thyroidd hormone exerts a broad range of effects on development, growth and metabolism 

andd in particular plays a crucial role in brain development. Thyroid hormone deficiency in 

thee prenatal period and the first years after birth results in a spectrum of neuropsychological 

disorders,, dependent on severity and duration of hypothyroidism. 

Inn congenital hypothyroidism (CH) thyroid hormone deficiency is present from the prenatal 

periodd on, until adequate thyroxine (T4) supplementation is instituted after birth. Although 

substantiall  amounts of maternal thyroid hormone are transferred across the placenta, 

childrenn with CH born at term only reach 25 to 50% of normal cord blood T4 concentrations. 

Becausee the period of thyroid hormone deficiency coincides with a critical period of brain 

development,, children with CH, if left untreated, are at risk for impaired brain development 

andd subsequent lifelong cognitive and motor deficits. 

Att birth symptoms of hypothyroidism are often lacking or not specific which hampers timely 

clinicall  recognition. Therefore, from 1974 onwards, neonatal CH screening programs have 

beenn implemented worldwide, enabling early postnatal detection of CH. The ultimate aim 

off  neonatal screening is to prevent brain damage due to shortage of thyroid hormone by 

earlyy initiation of T4 supplementation. However, follow up studies on the originally screened 

cohortss showed that children with CH have persistent subtle cognitive and motor deficits. 

Inn the past decades the screening procedure and treatment strategy have been adapted in an 

attemptt to further improve outcome of CH patients. 

Itt is generally accepted that screening procedures should fulfil l specific criteria such as 

sensitivity,, specificity and cost-effectiveness. Besides, crucial aspects of screening are 

continuouss quality control, monitoring and evaluation. The screening of all neonates for 

thee benefit of a relatively small percentage of children is a huge society offer. Therefore an 

accuratee and thorough guidance of the screening is incomplete without a scientific based 

evaluationn of its efficiency. 

Inn this thesis part of the results of our study entitled "Effect evaluation of the neonatal 

screeningg on CH in The Netherlands" is described. In this study cognitive and motor outcome 

off  three nationwide cohorts of CH patients is investigated, as well as their social-emotional 

outcome.. Outcome is analyzed in relation to type and severity of CH and to treatment 

variables,, such as timing of initiation of T4 supplementation and initial T4 dose. 

Becausee the design of this study, the process of fund raising and the execution of this 

studyy were rather time consuming, the past years also gave us the opportunity to evaluate 

otherr aspects of CH. Therefore, this thesis also describes the ability of the Dutch neonatal 

screeningg to detect CH of variable severity and etiology, in particular CH of central origin 

relatedd to maternal Graves' disease and its course, the initial and long-term response of 

thyroidd hormone determinants on T4 supplementation, the effect of longstanding free T4 

(FT4)) concentrations in the upper half of the reference range on bone mineral density, and 

phenotypicc abnormalities in CH in relation to etiology. 



1.22 THYROIDOLOGY 

1.2.11 Macroscopic and microscopic anatomy 

Thee human thyroid gland, located ventral in the neck, just caudal of the thyroid cartilage, 

consistss of two lobes connected by the isthmus (Figure 1). The thyroid is in close contact 

withh vessels, the parathyroids and the recurrent laryngeal nerves (1). 

Twoo specific cell types are present within the thyroid, the thyrocytes (follicular cells) and the C-

cellss (calcitonin producing or parafollicular cells). The thyroid follicles, microscopic spherical 

structuress formed by a single layer of follicular cells surrounding a lumen, form the functional 

unitss in which thyroid hormone is synthesized. The lumen contains huge amounts of protein, 

mainlyy thyroglobulin. The apical membrane of the thyrocyte faces the lumen, whereas the 

baso-laterall  membrane faces the interfollicular connective tissue containing a capillary 

network.. Capillaries form a basket-like network around each follicl e delivering nutrients and 

regulatoryy hormones and transporting secreted hormones and waste products (1). 

Figuree 1. Adapted from Physiological Reviews 2000;80:1083-110:1, with permission. 
Thyroidd location, schematic representation of a follicle, and of the biosynthesis of thyroid hormone in the thyroid 
follicularr cell. The basolateral surface of the cell is shown on the left, and the apical surface on the right, 
circle:: active accumulation of 1-, mediated by the Na'/I-symporter (NIS); triangle: Na'TC-ATPase; square: TSH 
receptor;; diamond: adenylate cyclase; ellipse: G-protein; cylinder: 1- efflux toward the colloid mediated by pendrin 
(P);; DUOX1/2 generating H202 necessary for the oxidation of 1-; TPO: thyroid perioxidase; arrows: endocytosis 
off  iodinated Tg followed by phagolysosomal hydrolysis of endocytosed iodinated T4 and secretion of both thyroid 
hormones;; deiodination of liberated MIT and DIT by dehalogenase (D). 



(ienerall  introduction and outline of tin 

1.2.22 The thyroid' s regulatory system 

Thyroidd hormone production and secretion is regulated via the hypothalamus-pituitary-

thyroidd regulatory system (2;3). This system operates via various steps (Figure 2). 

Figuree 2. 'The hypothalamic-pituitary-thyroid axis 

TRHTRH (thyrotropin-releasing hormone) 

TRHH is produced in the paraventricular nuclei of the hypothalamus. Transported via the 

portall  vessels TRH stimulates the thyrotropic cells in the anterior pituitary to produce 

TSHH (and prolactin). In addition to its role in stimulating TSH (and prolactin) synthesis 

andd secretion, TRH also acts as a neurotransmitter in various parts of the central nervous 

system. . 

TSHTSH (thyrotropin) 

TSHH is produced in the thyrotropes of the anterior pituitary gland. Its synthesis and 

secretionn is stimulated by TRH. TSH binding to its receptor activates the cyclic adenosine 

monophosphatee (cAMP) pathway and the Ca2*  inositol 1,4,5-triphosphate (IP3) pathway, 

resultingg in several intracellular actions (4). In this way TSH stimulates iodide uptake and 

organification,, synthesis and release of T4 and T3, and Tg endocytosis. The TSH-receptor 

belongss to the superfamily of G-protein coupled receptors. 

T4T4 and T3 (thyroxine and tri-iodothyronine) 

Thee thyroid produces predominantly T4, the prohormone, which is converted to the active 

thyroidd hormone T3 or the inactive thyroid hormone reverse T3 (rT3) in peripheral tissues. 



Thee thyroid also contributes to the plasma T3 pool by direct production and by intrathyroidal 

conversionn of T4 to T3. 

'Thee production of thyroid hormone requires several steps (5), see Figure 1, most of them are 

stimulatedd by TSH: 

Plasmaa iodide is taken up via the basolateral cell membrane by the Na*/1 - symporter 

(NIS),, a transmembrane glycoprotein. Iodide is transported through the cell and across the 

apicall  membrane into the lumen, mediated by anion transporters such as pendrin. Inside 

thee lumen iodide is organised through a series of enzymatically catalyzed steps required 

forr iodination and thyroid hormone formation (mainly T4). lodination of specific tyrosine 

residuess in thyroglobulin and the coupling of iodinated tyrosine residues are oxidative 

processess catalyzed by thyroid peroxidase (TPO). Dual oxidase 1 and 2 (DUOX1 and 

DUOX2)) are involved in generation of H , 0, which plays a role in the iodination and coupling 

processes.. The coupling of iodinated tyrosine residues within Tg (mono-iodotyrosine; MIT 

andd di-iodotyrosine ;DIT) generates thyroid hormone; mainly T4 formed out of two DIT 

residuess and some T3 formed out of a DIT and MI T residue (6). When stimulated by TSH, 

Tgg is endocytosed from the follicular lumen into the thyrocyte. Within the cell Tg is broken 

downn to amino acids, including T4, T3, MI T and DIT. While T4 and T3 are secreted into the 

circulation,, MIT and DIT are deiodinated, mediated by iodotyrosine dehalogenase. Part of 

thee freed iodide is re-utilized for Tg iodination. Several genes encoding for proteins involved 

inn thyroid hormone synthesis have been characterized (described in more detail in chapter 

1.3.4). . 

NegativeNegative feedback system (Figure 2) 

Thee hypothalamus-pituitary-thyroid axis is under control of a negative feedback system; low 

concentrationss of T4 and T3 stimulate, whereas high concentrations of T4 and 13 inhibit the 

secretionn of TRH and TSH. Based on neuroanatomical findings, Fliers et al. proposed that 

thee feedback action is exerted via various steps involving hypothalamic glial cells expressing 

D2,, the hypothalamic paraventricular nucleus expressing MCT8, TRs and D3, the pituitary 

folliculostellatee cells expressing D2 and MCT8 and thyrotropes expressing TRs and D3 (7). 

Thee demonstration of a functional TSH receptor expressed in the pituitary (8;9) suggests that 

viaa a short loop feedback mechanism TSH can also fine regulate its own secretion by binding 

too the pituitary TSH receptor. 

Measurementt of plasma FT4 and 'I'SH, and occasionally a TRH test are used to diagnose 

thyroidd dysfunction and to interpret the integrity of the feedback system (Chapter 1.3.3). 

1.2.33 Development of the thyroi d gland and it s regulatory system 

Thyroidd development starts with a thickening of the endodermal epithelium of the foregut, 

referredd to as thyroid anlage, at the position of the first and second branchial arches (1). In 

humanss the thyroid anlage appears around embryonic day 20. The remnant of this first event 

inn thyroid embryogenesis is sometimes visible as the foramen cecum. A few days later the 

thyroidd primordium starts migrating. Initially the thyroid primordium is connected to the 

pharyngeall  floor via the thyroglossal duct, but after 10 to 20 days this duct disappears. The 

processs of migration is thought to be a combination of active migration guided by transcription 

factorss expressed in the thyroid primordium and by other morphogenetic events occurring 



( ( 

inn the direct location of the primordium. Upon losing its connection with the thyroglossal 

ductt the thyroid starts expanding laterally. Around embryonic day 45 thyroid migration is 

completee and the thyroid establishes its final position ventral of the trachea and shape, i.e. 

aa bilobar structure connected by the isthmus. The thyroid fuses with the ultimobranchial 

bodies,, derived from the fourth pharyngeal pouch containing the C cell precursors, migrated 

fromm the neural crest. The C cells are responsible for the eventual calcitonin production. The 

thyroidd cells wil l be organized in follicles, first visible at embryonic day 70. By expressing 

variouss genes the thyroid follicular cells functionally differentiate and become capable of 

synthesizingg thyroid hormone. 

Att present there are a few genes known to be involved in the process of thyroid embryogenesis 

(10;11).. The genes involved in early development, TITF1 (formerly called TTF1 or NKX2.1), 

FOXEff  (formerly called TTF2), PAX8 and NKX2.5, and in later stages of thyroid development, 

TSH-R,, wil l be described in more detail in chapter 1.3.4. 

Thee pituitary gland is formed by the fusion of invaginations of the floor of the third 

ventriclee and the oral ectoderm, or Rathke's pouch. The anterior pituitary gland contains 

fivee cell lineages that produce the different pituitary hormones: TSH, growth hormone, 

prolactin,, gonadotropin (luteinizing hormone and follicle-stimulating hormone) and 

adrenocorticotropicc hormone. 

Severall  genes are known to be involved in pituitary gland development (12). The genes LHX3, 

LHX4,, HESX1, NKX2.1, PROP1 and POU1F1 wil l be discussed in relation to the known 

humann phenotype in chapter 1.3.4. 

Att present our knowledge of the development of the hypothalamus and the regulation 

off  TRH producing cells in the paraventricular nuclei is limited. Like for the thyroid and 

pituitary,, differentiation of the hypothalamic nuclei is likely to be under control of a series of 

homeodomainn proteins and transcription and growth factors. 

1.2.44 The thyroid hormone receptor 

Thyroidd hormone exerts its action via binding to the thyroid hormone receptor. Thyroid 

hormonee receptors (TRs) belong to the nuclear hormone receptor superfamily. Nuclear 

receptorss have two important domains: a central DNA-binding domain which binds to 

thyroidd hormone response elements, which are specific DNA-sequences located in the 

promoterss of target genes and a carboxy-terminal ligand-binding domain which is important 

forr heterodimerization with the retinoid X receptor as well as for interactions with co-

mpressorss and co-activators. 

Att least four isoforms exist (TRal, TRa2, TRpT and TR[32) encoded by two T3-receptor genes 

locatedd on chromosome 17 (a gene) and chromosome 3 ((3 gene). The major TR isoforms 

(TRal,, TRpT, TR[32) bind T3 with high affinity and mediate thyroid hormone-regulated 

transcription.. TRcc2 is unable to bind T3 and blocks TR-mediated transcription (13). 

TRss regulate transcription both in the absence and presence of ligand. In positively regulated 

targett genes, unliganded TRs bind to response elements and repress basal transcription. Co-

mpressorss preferentially interact with unliganded TRs and repress the basal transcription 

off  target genes in the absence of their respective hormones. Co-activators interact with the 

ligandedd TR and promote transcription of positively regulated target genes. In negatively-

regulatedd genes the unliganded TR activates transcription, whereas thyroid hormone binding 

repressess transcription. 



Inn general, the a l, oCl and (31 receptors are distributed widely, with overlapping patterns of 

expression.. TRal is expressed in skeletal and cardiac muscle whereas TR[31 is the predominant 

isoformm in liver, kidney and brain and TRa2 in testis and brain. In contrast, TR(32 has a 

ratherr tissue restricted expression, and is present in the anterior pituitary, hypothalamus and 

cochlea. . 

Thyroidd hormone affects expression of the various TR isoforms in a tissue specific manner. 

Inn most tissues thyroid hormone decreases TRal, TRa2, but not TR(31 mRNA levels (14). The 

regulationn of receptor expression in the pituitary is different; thyroid hormone causes TR(3l to 

increase,, and TRf32, TRal and TRa2 to decrease; hypothyroidism leads to an upregulation of 

TR(322 in the anterior pituitary (14;15). The upregulation of pituitary TR(32 in hypothyroidism 

facilitatess synthesis and secretion of TSH. 

1.2,55 Iodothyronine deiodinases 

lodothyroninee deiodinases have an important effect on thyroid hormone action. Deiodinases 

aree selenoproteins, carrying an essential selenocysteine residue in the active center (16). By 

outerr ring deiodination thyroid hormone is activated by converting T4 into T3 and by inner 

ringg deiodination thyroid hormone is inactivated by converting T4 into rT3 and T3 to T2. 

Threee distinct types are known, iodothyronine deiodinase-type I (Dl), II (D2) and III (D3), 

withh different actions and distributions. 

Dll  is mainly expressed in liver, kidneys and the thyroid. Through its outer ring deiodination 

activity,, Dl has a major role in the peripheral T3 production, as well as in the clearance of 

plasmaa rT3. Via its inner ring deiodinating activity Dl plays also a role in the degradation of 

sulphatedd T4 and T3. The antithyroid drug propylthiouracil is a potent inhibitor of Dl; Dl 

activityy is positively regulated by T3. 

D2D2 is located in the pituitary gland, brain, placenta, thyroid gland, skeletal muscle and heart. 

D2D2 has outer ring deiodinating activity only. Therefore, it has a major role in modulating 

thee intracellular T3 concentration by converting T4 to T3, in particular in the brain and 

pituitary.. In the brain D2 is mainly expressed in astrocytes, which suggests that circulating 

T44 is taken up by astrocytes, intracellularly deiodinated to T3, after which T3 is transferred 

too adjacent neurons by the neuronal membrane T3 transporter, MCT8, which has been 

describedd recently (17). The clinical observation that inactivated MCT8 results in severe 

brainn dysfunction demonstrates the crucial role of this transporter. 

D33 is found in brain, especially fetal brain, and a variety of other fetal tissues, particularly in 

thee placenta. D3 has inner ring deiodinating activity only and plays a role in clearance of T3 

andd converting T4 into rT3. D3 plays an essential role in the regulation of the fetal thyroid 

hormonee state. The abundant expression in fetal tissues is illustrated by very low plasma 

T33 and very high rT3 concentration in the fetus (18). A study on local regulation of thyroid 

hormonee in the developing human brain by deiodinases showed that D2 and D3 activity have 

region-specificc temporal patterns (19). 

Recentlyy D3 knockout mice were shown to have central hypothyroidism from the late 

postnatall  period, up to adulthood. However, these mice were thyrotoxic in the fetal and 

earlyy postnatal period, with markedly elevated serum T3 concentrations and decreased 

TSHH concentrations. The authors concluded that in the absence of D3, the clearance of 

T33 is diminished, contributing to perinatal thyrotoxicosis; central hypothyroidism was 

probablyy induced by overexposure to T3 during a critical period of thyroid regulatory axis 



developmentt (20). These observations suggest an important role of D3 in maturation and 

functionn of the fetal thyroid axis by preventing exposure of the fetus to high thyroid hormone 

concentrations. . 

Underr normal conditions most tissues depend for their T3 provision on circulating plasma 

T33 derived from deiodination of T4 by Dl in liver and kidney. Some critical tissues, such as 

brainn are capable of local T4 to T3 conversion, which enables them to maintain adequate 

intracellularr T3 concentrations irrespective of variations in plasma T3. It has been shown 

thatt the brain is capable of keeping T3 concentrations constant over a wide range (30-200% 

off  normal) of T4 concentrations (21;22). The expression of the iodothyronine deiodinases 

iss modulated in response to changes in the thyroid hormone state. As a consequence 

hypothyroidismm leads to a decrease in Dl and D3 activity and an increase in D2 activity, 

whereass hyperthyroidism increases Dl and D3 and decreases D2 activity. 

1.2.66 Thyroid function determinants 
Thyroidd hormone deficiency is the result of impaired thyroid hormone production either 

becausee of dysfunction in any of the three levels in the hypothalamus-pituitary-thyroid 

regulatoryy system or because of increased thyroid hormone metabolism or loss. Various 

determinantss are helpful to establish thyroid function. Although each determinant alone has 

itss specific limitations to interpret thyroid function, a combination of various thyroid function 

determinantss is helpful to establish the adequacy of thyroid hormone concentrations and the 

presencee and etiology of eventual thyroid dysfunction (23). 

Forr each determinant reference ranges exist but these should be used with care. By definition, 

forr 95% of the healthy population the determinant's concentration is within the reference 

rangee and for 5% it is not. So, a concentration of a specific determinant outside the reference 

rangee is not always abnormal. Even so, a concentration within the reference range can not 

alwayss be considered as normal. Therefore, reference ranges should not be considered as 

definitee tools to consider a value as normal or abnormal. While using population based 

referencee ranges for thyroid function determinants, it should also be considered that the 

thyroid'ss regulatory system is under control of a negative feedback system and that each 

individuall  has his own specific setpoint for TSH secretion (resulting in a specific combination 

ofFT4andTSH)) (24-26). 

Becausee of large variety of analytical methods and the improvement of analytical methods 

overr time, reference ranges should be interpreted with the knowledge of the assay used. 

Especiallyy in children it is also important to notice that the various thyroid function 

determinantss change with age (27;28). Unfortunately age specific reference ranges of the 

variouss function hormone determinants are scarce. 

TSH TSH 

TSHH synthesis and secretion are inhibited by thyroid hormone and stimulated by TRH. The 

carbohydratee chains are important for the biological activity (29;30). TSH controls thyroid 

functionn by interacting with the G-protein coupled TSH receptor. The binding of TSH to its 

receptorr affects the expression of various thyroidal genes, by stimulating second messenger 

pathways.. In general TSH is considered the most specific determinant to establish the 

diagnosiss of thyroidal hypothyroidism. In hypothyroidism of central origin, the pituitary wil l 



nott respond to decreased plasma thyroid hormone concentrations with adequately elevated 

TSHH concentrations. 

Thee TSH reference range, used in this thesis and as established in the laboratory of 

endocrinologyy in the AMC, is 0.4-4.0 mU/1. 

T4T4 and FT4 

T4,, the major secretory product of the thyroid, is considered the prohormone of the active 

hormonee T3. Because circulating T4 is strongly, but reversibly, bound to certain proteins 

thee plasma T4 concentration is dependent on the concentrations of these binding proteins. 

Thee free T4 (FT4) concentration is very low compared to the concentrations of total T4. 

Measurementt of FT4 is, in addition to TSH, very helpful to establish the diagnosis of 
hypothyroidism. . 

Manyy assays are available to measure the plasma FT4 concentration. Dependent on the method 

used,, the reference ranges established with different assays appear to vary considerably. This 

shouldd be taken into account when the patient's FT4 is judged. 

Thee FT4 reference range for adults, as established in the laboratory of endocrinology in the 

AM CC is 10.0-23.0 pmol/1. For neonates and young infants we adapted the lower limi t of the 

referencee range to 12.0 pmol/1. 

Thee role of the plasma FT4 and TSH concentration in treatment evaluation of children with 

CHH wil l be discussed in chapter 4. 

Tri-iodothyronineTri-iodothyronine (T3) and free triiodothyronine (FT3) 

T33 is the active configuration of thyroid hormone. Compared to T4, T3 binds with a much 

higherr affinity to the nuclear T3 receptor and with lower affinity to plasma binding proteins. 

Inn general, the plasma T3 concentration is less useful to interpret thyroid function. First, 

mostt of the circulating T3 concentration comes from deiodination of T4 in the various 

(target)) tissues and only a small percentage is produced by the thyroid itself. Second, the 

deiodinasess play a major role in maintaining adequate intracellular T3 concentrations in vital 

tissues.. Subtle changes in thyroid function might not be visible from single measurement of 

T33 concentration. In case of hypothyroidism Dl activity in liver and kidney is decreased 

whereass D2 activity is increased. 

Inn specific conditions, however, measurement of T3 might be helpful e.g. in non-thyroidal 

illnesss (low T3 syndrome) or in T3 toxicosis (high T3 concentrations). Recently it has been 

shownn that patients with MCT8 mutations have relatively high T3 concentrations, however, 

thee pathophysiological mechanism of these high T3 concentrations is not (yet) completely 

understoodd (17). 

Viyroxine-bindingViyroxine-binding proteins 

Moree than 99% of circulating thyroid hormone is bound to binding proteins. Three binding 

proteinss are present in humans: thyroxine-bindingglobulin (TBG), transthyretin and albumin, 

off  which TBG has the highest affinity for thyroid hormone. Because the TBG concentration 

hass a major influence on T4 and 'F3 concentration, the plasma T4 concentration should not 

bee interpreted without knowing the TBG or FT4 concentration. 

Especiallyy in The Netherlands, where a T4-based neonatal CH screening program is used, 

childrenn with 'FBG deficiency were frequently referred until 1995 when TBG measurement 



wass added to the screening method (see also chapter 1.3.1 and 1.4). TBG deficiency can be 

partiall  or total and is generally considered harmless because of normal (in vivo) plasma F'I'4 

concentrations. . 

TliyroglobulinTliyroglobulin (Tg) 

Tgg is detectable in plasma, but its concentration is only minimal in comparison to the 

largee amounts of'Tg synthesized by the thyroid (31). Its plasma concentration is helpful to 

specifyy the etiology of hypothyroidism. Depending on the type of thyroid defect plasma 

Tgg concentrations may be absent or very low (in thyroid agenesis or Tg synthesis defect), 

relativelyy low (in thyroid dysgenesis, TSH unresponsiveness) or high to very high (in iodide 

organificationn / transport / recycling defects). Plasma Tg concentrations seem to be related 

too plasma TSH concentrations and the amount of thyroid tissue present. 

UrinaryUrinary iodine excretion 

Measurementt of urinary iodine excretion in neonates is of particular importance when 

transientt hypothyroidism is suspected due to iodine excess e.g. by using iodine containing 

disinfectantss during caesarean section or X-ray contrast agents containing iodine. 

UrinaryUrinary excretion of Low Molecular Weight lodinated Material (LOMWIOM) 

LOMWIOMM refers to a spectrum of iodopeptides. Urinary excretion of LOMWIOM is 

especiallyy high in case of thyroglobulin synthesis defects and is occasionally increased in 

patientss with dystopic thyroid remnants. 

1.2.77 Thyroid hormone and the maternal-placental-fetal unit 

Thee placenta and the fetal tissues display a widespread distribution of iodothyronine 

deiodinases,, especially D2 and D3. Despite the fact that the degradation of thyroid hormone 

byy deiodinases in the placenta wil l limi t transfer of thyroid hormone from mother to child 

theree is compelling evidence that there is still thyroid hormone transfer possible across the 

placenta.. Vulsma et al. demonstrated that in fetuses incapable of producing thyroid hormone 

duee to thyroid agenesis or dyshormonogenesis, fetal thyroid hormone concentrations at term 

weree around 25 to 50% of those seen in healthy infants (32). 

Alsoo in the first trimester of pregnancy low concentrations of thyroid hormone have been 

demonstratedd in the fetal compartment (33;34). Because this occurs before the onset of 

fetall  thyroid hormone production also this thyroid hormone must be of maternal origin. 

Thee T4 concentrations in coelomic fluid were positively correlated to those in the maternal 

circulationn (35). Although concentrations were very low, their significance is supported by 

thee fact that also thyroid hormone receptors are found in the human fetal brain in the first 

trimesterr of pregnancy (36;37). 

Thee fetal thyroid is capable of producing thyroid hormone from around 12 weeks of gestational 

age.. So starting from the second trimester onwards fetal thyroid hormone production 

contributess to the fetal thyroid hormone state. 

Variouss conditions may occur in which the maternal thyroid hormone state (and the 

subsequentt transplacental transfer of thyroid hormone), the fetal thyroid hormone 

production,, or both are compromised. 



Iodinee deficiency, unfortunately still endemic in many parts of the world, is an example that 

combinedd maternal and fetal thyroid hormone deficiency can lead to irreversible mental 

retardation.. In its most distinct expression it leads to cretinism which includes deaf-mutism, 

shortt stature, spasticity, and profound mental retardation. De Zegher et al. also gave an 

impressivee example that severe central CH secondary to POU1F1 deficiency, in both mother 

andd child, led to severe impairment of the child's brain development (38). Another example 

wass reported by Yasuda et al., on a child with severely impaired neuromotor development 

relatedd to combined maternal-fetal thyroid hormone deficiency, due to auto-immune thyroid 

disease,, untreated during pregnancy (39). 

Maternall  auto-immune thyroid diseases (Hashimoto's thyroiditis and Graves' disease) are 

notoriouss for their effects on maternal, fetal and neonatal wellbeing and thyroid function. 

Graves'' disease has been estimated to occur in 0.2% of pregnancies (40-43) and thyroid 

hormonee deficiency in 0.3-2.5% of pregnancies (44). Fu et al described that 52.6 % of the 

childrenn born to mothers with auto-immune thyroid disease had thyroid dysfunction in the 

neonatall  period (9% thyroidal CH, 1% hyperthyroidism and 42% hyperthyrotropinemia) (45). 

Importantt for the influence of maternal thyroid disease on the fetal thyroid hormone state 

are:: the presence of thyroid antibodies, the use of antithyroid drugs and the maternal thyroid 

hormonee state. 

AntibodiesAntibodies directed to thyroid tissue may affect maternal thyroid function and subsequently 

causee maternal hypo- or hyperthyroidism dependent on the type of antibody present or 

prevailing. . 

Withh the onset of fetal thyroid hormone production from the second trimester onwards, 

antibodiess become an important issue for the fetus because they cross the placenta. In 

particularr the presence of stimulating thyrotropin binding inhibiting immunoglobulins 

(TBII) ,, usually present in Graves' disease can stimulate fetal thyroid hormone production, 

whereass inhibiting TBII (present in Hashimoto's thyroiditis) can inhibit fetal thyroid hormone 

production.. Presumably anti-TPO antibodies do not affect fetal thyroid hormone production 

substantiallyy considering that Dussault et al. found that plasma T4, T3 and TSH did not differ 

betweenn those children with detectable anti-TPO antibodies as compared to children without 

anti-TPOO antibodies (46). The presence of TBII is reported to result in transient CH (47). 

Thionamidess (antithyroid drugs) are the first choice for treatment of pregnant women with 

Graves'' disease. Their ability to cross the placenta may lead to inhibition of fetal thyroid 

hormonee production as well. Occasionally, this effect is used to treat fetal hyperthyroidism 

duee to maternally derived TBII . 

Alsoo the adequacy of maternal treatment is an important factor for the fetus. In women 

withh hypothyroidism pregnancy is complicated by a higher risk of abortion, gestational 

hypertensionn and the subsequent risk of premature delivery and low birth weight is seen 

moree frequently, especially when thyroxine supplementation was inadequate (48;49). In 

maternall  gestational hyperthyroidism a higher incidence of abortion, preterm delivery, low 

birthh weight and neonatal mortality is seen (41;50). 

Anselmoo et al. investigated the influence of high maternal thyroid hormone concentrations on 

thee fetus by evaluating pregnancy outcome and thyroid hormone concentrations in children 

off  women with resistance to thyroid hormone (RTH) due to TRf3 mutation . 

Pregnantt women affected by RTH had a higher rate of miscarriage. Moreover, children 

withoutt RTH born to mothers with RTH had lower birth weight and lower plasma TSH 



concentrations,, suggesting that the relatively high maternal thyroid hormone concentrations 

inhibitedd fetal pituitary TSH secretion (51). 

Wee have described a population of children with central CH born to mothers with inadequately 

treatedd Graves' disease, and suggested that increased maternal transfer of thyroid hormone 

(transiently)) disturbed the child's pituitary function (52) [Chapter 3.1]. 

Itt has been described that neonatal thyrotoxicosis leads to intellectual impairment and 

craniosynostosiss in later years: Daneman described 9 children born to mothers with Graves' 

disease;; all children had neonatal thyrotoxicosis. Craniosynostosis was present in 6 children 

andd 4 had varying degrees of intellectual impairment (53). 

Apartt from the effects of maternal hypothyroidism on pregnancy outcome and neonatal 

thyroidd function, its effect on fetal neurodevelopment has received a lot of attention. In 

thee past three decades it has become clear that even a rather subtly insufficient maternal 

thyroidd hormone state can impair neurodevelopment in the offspring (54-56). In rats the 

sensitivityy of the fetal brain to maternal thyroid hormone deficiency has been shown; even 

subtlee thyroid hormone deficiency in pregnant rats disrupted migration of neurons and 

alteredd histogenesis and cytoarchitecture of the cortex and hippocampus of the progeny (57). 

Popp et al. have reported that in normal human pregnancies a maternal FT4 at 12 weeks of 

gestation,, below the 10th percentile (10.4 pmol/L in this study), was associated with impaired 

psychomotorr development of the child at the age of 10 months (54), whereas also neonatal 

behaviorr assessment scores (in terms of the ability to attend to visual and auditory stimuli and 

alertness)) were lower (58). Haddow has shown that children born to mothers with TSH above 

thee 98th percentile were at increased risk of poor neuropsychological outcome (55). Based on 

thesee observations the implementation of screening all pregnant women early in pregnancy 

onn thyroid function has been considered. However, no randomized controlled trial has been 

performedd yet to provide evidence that T4 supplementation to women with relatively low 

FT44 or high TSH concentrations is beneficial for the child's neurodevelopmental outcome. 

1.2.88 Thyroid hormone and brain development 

Thee importance of thyroid hormone for brain development has been shown in clinical as well 

ass experimental studies. This section focuses on data obtained from experimental studies. 

Clinicall  studies are discussed in chapter 1.3.6. 

Mostt studies on the effects of thyroid hormone on the developing brain have been performed 

inn rat. The rat brain at birth is at the same stage as the human brain at five to six months of 

gestation;; the rat brain at ten days of postnatal age is equivalent to the human brain at birth. 

Thyroidd hormone controls the expression of various genes involved in brain development 

inn a time and site dependent fashion; a distinct critical period exists during which thyroid 

hormonee can affect expression of certain genes. Thyroid hormone is involved in regulation of 

celll  migration, formation of cortical layers and in differentiation of neuronal and glial cells, 

oligodendrocytess and astrocytes (59-62). 

Inn hypothyroid rats peripheral and central neuronal cell bodies are smaller and more 

tightlyy packed. Axonal and dendritic growth and branching are diminished, the number 

andd distribution of dendritic spines is altered, synaptogenesis is reduced, proliferation and 

migrationn of granule cells is delayed, myelination is reduced and expression of specific 

enzymess is affected (61;63-68). 



Thee effect of thyroid hormone on oligodendrocyte differentiation and gene expression is 

illustratedd by the fact that the expression of many oligodendrocyte genes (especially those 

involvedd in myelination such as myelin basic protein, proteolipid protein and myelin-

associatedd glycoprotein) is delayed when thyroid hormone is lacking during the postnatal 

periodd in rats (the time of onset of myelination) (69;70). 

'Ihee migration of neurons depends on specific proteins present in the extracellular matrix 

andd their interaction with cell surface proteins. Reelin and dabl, essential for neuronal 

migration,, lamination and cortical layering, as well as tenascin C and LI, which are reported 

too be involved in cell migration, are under thyroid hormone regulation (71-73). Also changes 

inn Ncam (neural cell adhesion molecule) levels, controlling cell-cell interaction might alter 

thee rate of neuronal migration (74). It is speculated that thyroid hormone may also influence 

migrationn via interaction with the actin-cytoskeleton (75). Thyroid hormone regulation of 

neurotrophinss (such as nerve growth factor, brain derived neurotropic factor, and neurotropin 

3)) may explain the effects of thyroid hormone on differentiation of specific cells (76). Besides, 

thyroidd hormone affects glucose availability by regulating glucose transporters (GLUT1 and 

GLUT3)) in the cerebral cortex in an age specific manner (77). 

1.33 CONGENITAL HYPOTHYROIDISM 

1.3.11 Neonatal screening 

Childrenn with CH suffer from thyroid hormone deficiency from prenatal life onwards, until 

afterbirthh adequate T4 supplementation is instituted. Because the period of thyroid hormone 

deficiencyy coincides with a critical period of brain development children with CH, if left 

untreated,, are at risk for impaired brain development and subsequent cognitive and motor 

deficits.. However, especially in early infancy CH is hardly detectable clinically. Alm et al. 

retrospectivelyy investigated over 100,000 heel puncture samples from Swedish children and 

foundd increased TSH in 32 children (0.03%). Of them 1:5 were detected with CH on clinical 

groundss at a median age of 5 months, whereas 7 had remained undiagnosed up to the age 5 

yearss (when the study was performed), and 9 were euthyroid upon reexamination at the age 

off  5 years (78). 

'Thee method to detect CH varies between countries: Japan, Australia, Canada, most European 

countriess and some North American states use an approach in which only TSH is determined 

(79-81).. Another method is to determine T4 in all samples followed by TSH in those samples 

withh the lowest T4, which is used in many states in North America (82). Both strategies are 

capablee of detecting CH of thyroidal origin (thyroidal CH), but wil l miss (the majority of) 

patientss with CH of central origin (central CH). 

'Ihee Dutch neonatal CH screening is a unique screening method (in Figure 3 a schematic 

presentationn is given of the current screening procedure). It is primarily based on T4 

measurementt in filter paper blood spots. Sampling is performed between 4 and 7 days after 

birth.. 'Ihe concentration of T4, expressed as standard deviation (SI)) score, is compared to 

thee daily mean. If T4 is <-0.8 SD, TSH concentration (expressed in mU/1) is additionally 

measured.. If 14 is <-1.6 SD, 'T'BG concentration (expressed in nmol/1) is also measured. A T4, 

TBGG ratio is calculated: (T4 SD +5.1).[TBG] '.1000. If T4<-3.0SD or TSH>5() uU/ml children 
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Figuree 3. Schematic presentations of the Dutch neonatal CH screening procedure. 

aree immediately referred to a pediatrician. In case of a dubious result (-3.0<T4<-0.8SD in 

combinationn with a T4/TBG ratio <8.5 and/or 18<TSH<50 mU/1) a second heel puncture is 

performedd and T4, TSH and TBG are repeated. Children are referred to a pediatrician after 

aa second heel puncture if the result is dubious again, or abnormal. For children born with a 

gestationall  age (GA) <36.0 weeks in combination with a birth weight (BW) <2500 grams the 

referrall  criterion is based on TSH; if TSH>50 mU/1 the child is referred, if 18<TSH<50 mU/1 

thee result is considered dubious and a second heel puncture is performed after which the 

childd is referred if the result is dubious again, or abnormal. 

Recentlyy the Dutch T4-TSH-TBG screening method has proven its outstanding ability to 

detectt patients with thyroidal as well as central CH (83-85), whereas the extra costs compared 

too other screening methods appear to be acceptable (83). 

Off  the total group of children screened in The Netherlands, approximately 0.2% is referred 

withh abnormal screening results of whom approximately one third has CH. In the majority 

off  false-positive referrals TBG deficiency or severe illness is the most probable cause of the 

decreasedd screening T4 (85). 



13.22 Incidence 

CHH is the most frequent endocrine congenital disorder. There is considerable variation in 

incidencee figures worldwide, depending e.g. on screening method, iodine status, criteria used 

too diagnose CH, types of CH included and the ethnicity of the patient group (86-89). 

Jacobsenn calculated an incidence of 1:6,064 in Danish children born before screening, 

whereass after the introduction of screening incidence increased to 1:4,000 (90), comparable 

too estimates of 1:4,461 as reported in the US (82), and 1:3.363 as reported in the United 

Kingdomm (91). 

Hannaa et al. evaluated the incidence of permanent central CH and found 19 cases among 

850,4311 children (incidence 1:45,000) of whom 8 were diagnosed by screening, and 11 because 

off  clinical features (7 prior to neonatal screening) (92). When only the Oregon population 

wass considered (which according to the authors was the most reliable population in terms of 

screeningg and registration) the incidence was somewhat higher i.e. 1:29,000. "Ihe incidence of 

permanentt central CH detected by screening was 1:160,516 in Kanagawa Prefecture in Japan, 

wheree a combined FT4/T4 and TSH approach is used (93). 

Reliablee incidence figures require a clear definition which cases are included (permanent 

ass well as transient, thyroidal as well as central, those patients found by screening as well 

ass the false-negatives). In a recent survey we calculated incidence figures for the cohort of 

childrenn born between April 2002 and May 2004 in 'The Netherlands (85). The incidences of 

thee various types of CH is shown in Table 1 (see also Chapter 2). 

Tablee 1. Incidences for the various types of CH 
Incidence e 

CHH 1:1,800 
Permanentt CH 1:2,200 

Permanentt thyroidal CH 1:2,500 
Permanentt central CH 1:21,000 

Transientt CH 1:12,000 
Transientt thyroidal CH 1:18,000 
Transientt central CH 1:33,000 

1.3.33 Diagnosis 
Whenn the screening result indicates referral the child is seen by a pediatrician for further 

evaluation.. Usually the pediatrician starts with obtaining a new venous blood sample, in 

whichh FT4 and TSH are determined. These first results are helpful to establish whether the 

diagnosiss of CH is definite, likely or absent. 

Inn case CH is definite a diagnostic workup can be done to establish a detailed etiology of 

CH.. When CH is likely, repeated determination of FT4 or TSH, or additional tests might 

bee needed to confirm or reject the diagnosis of CH. Even then it is not always possible to 

definitelyy reject the diagnosis of CH within a few days to weeks. Because of the importance of 

thyroidd hormone for brain development T4-supplementation is started as soon as possible to 

preventt cerebral damage as a consequence of supposed thyroid hormone deficiency. In those 



childrenn in whom the diagnosis of CH is not confirmed, it is recommended to search for an 

(alleged)) explanation of the abnormal screening result as well. 

Establishingg a detailed etiology, preferably in the neonatal period, helps to initiate an adequate 

treatmentt strategy, to calculate the risk of other defects (endocrine or associated defects), 

andd to inform the parents about the prognosis and the risk of recurrence. 

Thee majority of newborns diagnosed shortly after birth has permanent CH (84%), whereas 

aa small group (16%) has transient CH (85). The diagnosis transient CH comprises a clinical 

entityy in which the need for T4 supplementation is temporary. Transient CH can be due to 

externall  factors e.g. iodine excess (due to the use of iodine-containing disinfectants or X~ 

rayy contrast agents), maternal antithyroid antibodies or maternal anti-thyroid medication. 

Chapterr 3 shows that the type of central CH as observed in children of mothers with 

inadequatelyy treated Graves' disease appears to have a transient course; it is hypothesized 

thatt hyperthyroidism during pregnancy results in a transient inhibition of the pituitary's 

TSHH secretion. Also patients with a heterozygous DUOX2 mutation display a transient type 

off  thyroidal hypothyroidism requiring T4 supplementation only in the first years of life (94). 

Permanentt CH can grossly be divided in the following groups: 

CHCH of thyroidal origin 

Thiss group includes disorders of thyroid gland development, referred to as thyroid dysgenesis 

andd inborn errors of thyroid hormone synthesis, referred to as thyroid dyshormonogenesis. 

CHH of thyroidal origin (thyroidal CH) is characterized by low or normal (F)T4 concentrations 

andd elevated TSH concentrations. 

Recentlyy it has been shown that as a group, patients with trisomy 21 have a persistent mild 

typee of CH, presumably of thyroidal origin (95). 

CHCH of central origin 

Thiss group includes disorders in the thyroid's regulatory system at hypothalamic (also called 

tertiaryy hypothyroidism) or pituitary (also called secondary hypothyroidism) level. Patients 

cann have a variety of anterior and/or posterior pituitary hormone deficiencies referred to as 

MPHDD (multiple pituitary hormone deficiencies). 

Centrall  CH is characterized by low to low-normal (F)T4 concentrations and low, normal or 

slightlyy elevated TSH concentrations. 

CHCH of peripheral origin 

Thiss group includes hypothyroidism due to increased loss or metabolism of thyroid 

hormone. . 

Patientss with congenital nephrotic syndrome may suffer from hypothyroidism due to 

(increased)) urinary loss of TBG, T4 and iodine. Patients with infantile hemangiomas may 

alsoo have hypothyroidism due to increased expression of D3 in the affected tissues resulting 

inn increased metabolism of T4 and T3 into rT3 and T2, respectively (96). 

Itt can be debated whether iodotyrosine dehalogenase deficiency is a thyroidal or peripheral 

typee of CH. Patients are unable to deiodinate MIT and DIT formed by hydrolysis of 



thyroglobulinn in the thyroid. Because the enzyme is also deficient in peripheral tissues 

(especiallyy liver and kidney), MI T and DIT are excreted in the urine. 

MCT88 (a neuronal thyroid hormone transporter) gene mutations can also be considered to 

causee a peripheral type of CH. Although plasma thyroid function determinants are rather 

subtlyy changed (normal or slightly decreased T4 and FT4, normal or slightly increased TSH, 

andd increased T3) they probably suffer from severe cerebral hypothyroidism as indicated by 

theirr severe neurologic defects and psychomotor retardation. The severe phenotype is related 

too a defect in thyroid hormone transport to neurons, mediated by MCT8 (17). 

CHCH of unclassified origin 

Sometimess etiology of CH cannot be classified, e.g. when TSH is only moderately increased, 

FT44 normal to decreased and TRH-test not conclusive about the etiology of CH. 

Hypothyroidismm due to GNAS1 gene mutations, encoding the Gsa subunit is one of the types 

off  CH which covers both thyroidal and central CH (both the TRH- and TSH receptor are 

G-proteinn coupled receptors). 

Too establish the etiology of CH a set of diagnostic tools is available: 

BloodBlood tests 

Assessingg plasma TSH, FT4, T4, T3, TBG and Tg (chapter 1.2.6), and TSH receptor antibodies 

(TB1I),, ant iTPO, anti-Tg. 

Wheneverr the results in the child reveal central CH or (mild) thyroidal CH with unknown 

cause,, maternal thyroid function should be measured, including antithyroid antibodies. 

PituitaryPituitary function tests 

TRHH (thyrotropin-releasing hormone) test, CRH (corticotropimreleasing-hormone) test, 

GnRHH (gonadotropin-releasing hormone) test, GH stimulation test (by administration of L-

Dopa/propranololl  or arginine). 

Pituitaryy function tests are indicated when central CH (in combination with other pituitary 

hormonee deficiencies) is suspected. 

AA TRH test can be useful to discriminate between thyroidal and central CH. In the TRH test 

plasmaa TSH is measured IS, 30,45,60, 120 and 180 minutes after intravenous administration 

off  TRH (10 ug/kg). Although age-specific reference ranges for the TSH response in the TRH 

testt are lacking, we define an adequate response as a maximum TSH concentration between 

155 and 35 mU/I, after 20 to 40 minutes. (84;97). 

UrineUrine tests, assessing urinary iodine excretion and LOMWIOM (chapter 1.2.6) 

Occasionallyy di-iodotyrosine (DIT) and mono4odotyrosine (MIT) are measured in urine. 

MI TT and DIT are formed by hydrolysis of thyroglobulin in thyrocytes. In case of an iodide-

recyclingg defect MIT and DIT are not deiodinated but released into the circulation and 

excretedd in the urine. 

ImagingImaging studies of the thyroid gland: 

UltrasoundUltrasound imaging: Performing and interpreting a reliable thyroid ultrasound image in 

newbornss requires an experienced examiner. The ultrasound image provides information 



aboutt the presence of thyroid tissue at the normal location, the size of the thyroid gland and 

aboutt thyroid structure and homogeneity. 

Thee advantage is that it is a rapid, non-invasive and directly available procedure. However, 

thee results are not always conclusive. Especially when a minimal amount of tissue is visible 

betweenn the trachea and carotid veins it is difficult to conclude whether this is thyroid tissue; 

inn this case a ' 2T uptake study is the method of choice. 

Radio-iodideRadio-iodide imaging (inl uptake): The 12iI uptake provides an excellent procedure to 

visualizee thyroid tissue (provided that it is capable of iodide uptake). In case of thyroid 

dysgenesiss it can reveal total absence of thyroid tissue (Figure 4a) or the exact location in case 

off  a dystopic thyroid remnant (Figure 4b). In case of thyroid dyshormonogenesis it provides 

informationn about the dynamics of iodide transport and processing (Figure 4c). 

Inn the 123I uptake study (according to the protocol used in the Emma Children's Hospital 

AMC)) a tracer amount of  12T' is administered intravenously. Every 30 minutes for two hours 

thee 1 2T uptake of the thyroid is measured, using a pinhole collimator and a gamma camera. 

Thee percentage of radioiodide uptake is calculated from the activity measured above the 

thyroidd in a certain time period subtracted by the activity above a control region of the body, 

andd divided by the activity measured above the tracer dose before injection. 

Thee (radioactive) iodide which actively enters the thyrocyte is, after transport to the lumen, 

rapidlyy bound to Tg and stored, preventing immediate efflux of iodide. The administration of 

sodiumperchlorate,, by inhibiting the Na+/I- symporter, creates an instantaneous inhibition of 

thee active 12iI~ influx, through which the efflux of non-organified tracer becomes immediately 

evident.. Sodiumperchlorate is administered after 2 hours and thyroidal radioiodide content 

iss measured every 15 minutes for 1 hour. The difference between the 2-hour radio-activity 

measuredd just preceding sodiumperchlorate administration and the radio-activity measured 

11 hour after sodiumperchlorate administration is calculated and expressed as a percentage 

off  the 2-hours uptake value. The percentage indicates the unbound iodide fraction present in 

thee thyroid; in case of any defect in iodide transport across the apical membrane or a defect in 

organification,, the iodide taken up wil l not or only partially be processed; a high percentage 

indicatess a severely disturbed iodide organification process. The radio-activity reduction 

afterr sodiumperchlorate administration has been referred to as 'wash-out', 'discharge' or 

'perchlorate-effect'.. A reduction in radio-activity of >90% is compatible with a total defect of 

iodidee organification (Figure 4c); a reduction between 20 to 90% indicates a partial defect (98). 

MagneticMagnetic Resonance Imaging of the hypothalamus-pituitary region 

Mainlyy to visualize location the posterior lobe of the pituitary (the neurohypophysis) because 

posteriorr pituitary ectopy is found in around 50% of patients with congenital MPHD (84). 

GeneGene mutation analysis 

Mutationn analysis of those genes known to be involved in thyroid development, thyroid 

hormonee synthesis or metabolism can be performed. In this way, the presence of a certain 

etiology,, made likely with a combination of the above mentioned diagnostic tools, can be 

confirmedd (see also Chapter 1.3.4). 
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Figuree 4. Radio-iodide images of the thyroid - I- uptake), a. Thyroid agenesis: no thyroid tissue is visible, b. 
Ihyroidd dysgenesis: several markers placed on the ears, hyoid and iugulum show that thyroid tissue is located 
att the location of the hyoid bone. c. Thyroid dyshormonogenesis: a bilobar structure is visible, with reduction 
inn radio-activity of >90% after administration of sodiumperchlorate, compatible with a total defect of iodide 
organification. . 



1.3.44 Clinical and molecular characteristics of thyroidal, central and 
peripherall  CH 

CHH of thyroidal origin: Thyroid dysgenesis 

ThyroidThyroid agenesis means that there is total inability to produce thyroid hormone. There is no 
123I""  uptake indicating that there is no functioning thyroid tissue and plasma thyroglobulin 

concentrationss are below the detection limi t (i.e. <20 pmol/1). Cryptopic thyroid rudiment 

meanss that there is lack of thyroid hormone (like in thyroid agenesis), the 123I uptake study 

andd ultrasound do not show thyroid tissue (like in thyroid agenesis), but thyroglobulin is 

measurablee in plasma (unlike in thyroid agenesis). It indicates that there must be some 

thyroglobulinn producing thyroid cells, but presumably they are so badly organized that they 

cannott be visualized in the uptake study and cannot produce T4. 

DystopicDystopic thyroid remnant means a thyroid rudiment which is located along the tract the 

mediann thyroid anlage has passed during the embryonic period. It is often referred to as 

ectopicc rudiment. However, the rudiment is not deviated from the glossal-thyroidal tract but 

iss just incompletely descended along this tract. 

Earlyy human thyroid development is dependent on the interplay of proteins encoded by the 

geness TITF1 (NKX2.1), FOXE1 (T1TF2), NKX2.5, and PAX8 (10;11;99), and possibly GLIS3 

(100).. Large cohorts of patients with thyroid dysgenesis have been screened for mutations, 

mainlyy in TITF1, FOXE1, PAX8, and NKX2.5 but mutations have been found in only a small 

percentagee of patients (10;11;99;101-103). 

TITF1TITF1 (14ql3) is a homeodomain-containing transcription factor, expressed in the thyroid 

anlage.. It is also present in the lung epithelium and selected brain areas, including the 

posteriorr pituitary, the periventricular regions and the hypothalamus (104). 

Titf ll  null mice show impaired lung and brain morphogenesis, they lack thyroid and pituitary 

glandd and die at birth. It has been shown that the thyroid primordium develops but undergoes 

degenerationn leading to its disappearance. This suggests that expression of Titf l is important 

forr survival of thyroid precursors but is not involved in the initial thyroid formation (105). 

Heterozygouss mutations in the T1TF1 gene in humans cause a variable phenotype with 

lungg problems (e.g. respiratory failure at birth, frequent pulmonary infections), neurological 

problemss (ataxia, chorea, dyskinesia, hypotonia) with normal thyroid, thyroid hypoplasia or 

thyroidd agenesis (106). 

FOXE1FOXE1 (9q22) is a forkhead domain transcription factor. In mice Foxel is expressed in the 

thyroidd anlage and its surrounding tissue of the floor of the foregut (which forms the thyroid, 

tongue,, epiglottis, palate, esophagus), in the posterior stomatodeum, the buccopharyngeal 

membrane,, the roof of the oral cavity (forming Rathke's pouch, which forms the anterior 

pituitary),, in choanal tissue and in hair follicles (107). 

Foxe-/-- mice die within 2 days after birth. The mice have a severely cleft palate and have 

eitherr a small thyroid rudiment at an abnormal position or thyroid agenesis, indicating a 

cruciall  role of Foxel in the migration and survival process (108). 



AA few cases have been described of patients carrying homozygous mutations in the FOXE1 

gene.. Their phenotype is characterized by cleft palate, bilateral choanal atresia, spiky hair 

andd thyroid agenesis (109). 

PAX8PAX8 (2ql2-14) is a paired domain transcription factor. It is expressed in the thyroid, 

kidney,, ureter and in the nervous system. 

Inn Pax8-/- mice a rudimentary thyroid gland has been observed without any follicles and 

thyroidd cells, only containing C cells. Like in Titfl-/ - mice, the thyroid primordium appears 

butt docs not survive. No defects were observed in other structures expressing Pax8 (110). 

Althoughh mice express a thyroid phenotype only in case of bi-allelic mutations, in humans 

thyroidd dysgenesis is described in patients in whom only one allele was found to be affected 

withh a PAX8 mutation. The thyroid is mildly to severely hypoplastic; however, subjects 

withh a heterozygous mutation but with a normally located thyroid of normal size have 

beenn reported (111). Unilateral kidney agenesis has been described in a patient with a PAX8 

mutationn (112). 

Thee TSH-receptor (14q31) is a G-protein-coupled receptor. It plays a role in the functional 

differentiationn of the early thyroid. Due to the role of TSHr in thyroid development and 

thyroidd hormone synthesis the phenotype of thyroidal CH due to mutations in TSHr can be 

consideredd as thyroid dysgenesis as well as thyroid dyshormonogenesis. 

Micee with Tshr gene mutations have at birth a normal sized thyroid gland with minor 

alterationss in its structure but with severely reduced capability to produce thyroid hormone; 

thee adult Tshr-/- mice have hypoplastic thyroids (113). 

Inn humans bi-allelic mutations in the TSH-r gene lead to a variable phenotype ranging from 

hyperthyrotropinemiaa with normal thyroid gland by radio-iodide imaging to severe CH with 

thyroidd hypoplasia (114-116). 

Recentlyy a novel gene, NKX2.5 (5q34), involved in pathogenesis of human thyroid 

developmentt was demonstrated (11). NKX2.5 is a homeodomain-containing transcription 

factorr with a major role in heart development; several loss of function mutations have been 

describedd in patients with congenital heart defects (117;118), but their thyroidal status was 

nott reported. In 241 patients with thyroid dysgenesis mutation analysis showed heterozygous 

mutationss in 4 patients. Three of them had a dystopic thyroid remnant and one thyroid 

agenesis;; only 1 child had congenital heart problems (patent foramen ovale and minor mitral 

valvee insufficiency). Al l mutations were inherited from one of the parents; 1 father carrying a 

mutationn had minor mitral valve insufficiency, whereas 1 mother with a mutation exhibited 

autoimmunee hypothyroidism (11). 

Recentlyy three families have been described with mutations in GLIS3 resulting in neonatal 

diabetess mellitus and CH. The CH was characterized by severe thyroid hormone deficiency, 

absencee of functional thyroid tissue by radio-iodide imaging and normal to elevated 

thyroglobulinn concentrations (100). The physiological role of GLIS3 in (human) thyroid 

developmentt needs to be further established. This also applies to a number of other genes of 

whichh the targeted disruption in mice is known to result in an aberrant thyroid phenotype 

suchh as Hhex (absent or hypoplastic thyroid), Hoxa3 (leading to thyroid hypoplasia, absent 



thymuss and parathyroid) Eyal, Pax3 and Endothelin-1 (leading to thyroid hypoplasia) Fgfr2, 

FgflOO (thyroid agenesis), and Shh (thyroid hemiagenesis). 

CHH of thyroidal origin: Thyroid dyshormonogenesis 

Iodinee is an essential component of thyroid hormone. For adequate thyroid hormone synthesis 

iodidee needs to be transported across the basolateral and apical membrane, whereafter it 

iss oxidized in the follicular lumen and bound to tyrosine residues in thyroglobulin. After 

thyroglobulinn is endocytosed from the lumen, proteolytic enzymes cause the release of T4, 

T3,, MI T and DIT. MI T and DIT are deiodinated and iodide is in part recycled. A number of 

geness involved in the various steps of thyroid hormone synthesis are known. 

SoluteSolute Carrier Family 5, Member 5 (SLC5A5) 

Thee Na+/I- Symporter (NIS), encoded by SLC5A5 (19pl2), is responsible for iodide transport 

overr the basolateral cell membrane of thyrocytes. It is expressed in the thyroid gland as well 

ass in a number of other tissues, like salivary glands and gastric mucosa. Hypothyroidism 

ass a result of mutations in the SLC5A5 gene is an autosomal recessive heritable condition 

withh a heterogeneous phenotype. Severity of hypothyroidism varies considerably, probably 

dependingg on dietary iodine intake. Some patients are detected by neonatal screening, but 

inn others hypothyroidism is not diagnosed before the age of 20 years (119;120). Some of the 

patientss present with goiter, but also normally sized thyroids have been described (121). 

Plasmaa thyroglobulin concentration is markedly elevated, whereas radio iodide uptake is low 

orr absent (119;121;122). 

SoluteSolute Carrier Family 26, Member 4 (SLC26A4) 

Pendrin,, encoded by SLC26A4 (7q31), is an ion transporter, predominantly expressed in the 

thyroid,, inner ear and kidney. Located in the apical membrane of the thyrocyte it appears 

too be involved in the transport of iodide across the apical membrane. Mutations in the 

SLC26A44 gene have been described in patients with Pendred syndrome. Pendred syndrome 

iss an autosomal recessive disorder characterized by developmental abnormalities of the 

cochlea,, sensorineural hearing loss, and diffuse thyroid enlargement (123). Most interestingly 

thee degree of hypothyroidism and deafness shows inter- but also intraindividual variations 

(124)(Vulsmaa T, personal communication). Plasma Tg concentration is increased, and after 

sodiumperchloratee administration, the l2il uptake study shows remarkable reduction of 

radio-activityy (124-126). 

ThyroidThyroid peroxidase (TPO) 

Thee TPO (2p25) gene codes for thyroid peroxidase. TPO catalyzes iodination of tyrosine 

residuess and their coupling to iodothyronine residues in Tg. Inactivating mutations of both 

TPOO alleles are described in patients with total iodide organification defects, characterized by 

severee hypothyroidism, high plasma Tg concentrations, increased 123I" uptake and subsequent 

totall  release after sodiumperchlorate administration (127). Total iodide organification defects 

duee to monoallelic expression of a mutant (paternal) TPO allele in the thyroid in 3 siblings in 

onee family have been reported (128). 

Inn patients with partial iodide organification defects (compound) heterozygous mutations in 

TPOO have been described (129;130). 



DualDual Oxidase I and 2 (DU0X1, DU0X2), previously called TH0X1 and THOX2 respectively 

DUOX11 and 2, encoded by the DUOX genes (15ql5.3) are involved in generation of H,,0., 

whichh plays a role in the oxidation process. In one patient with severe CH and a total iodide 

organificationn defect homozygous mutations in DUOX2 were demonstrated, whereas 

inn three other patients with mild transient CH and a partial iodide organification defect 

heterozygouss mutations were demonstrated (94). Compound heterozygous mutations in the 

DUOX22 gene have also been reported in patients with partial iodide organification defects 

causingg persistent mild to severe hypothyroidism (131;132). Recently, 2 new genes have 

beenn identified, DuOXAl and DUOXA2, supposed to be maturation factors for the DUOX 

proteinss (133). 

IhyroglobulinIhyroglobulin (Tg) 

Thyroglobulinn (18q24.2-q24.3) serves as a matrix for iodination of tyrosine residues and 

especiallyy the coupling of iodotyrosines to T4 and T3. Mutations in the TG gene have been 

describedd in patients who have moderate to severe hypothyroidism and enlarged thyroids; 

plasmaa Tg is usually low and thyroidal  123I" uptake increased (134;135). 

CHH of central origin 

Inn central CH regulation of thyroid hormone synthesis by TSH is disturbed due to a defect 

att the pituitary or hypothalamic level. Central CH can occur as an isolated entity or can 

bee part of multiple pituitary hormone deficiencies (MPHD). For both types of defects gene 

mutationss have been described (12;136). Patients with central CH often display mild to 

moderatee hypothyroidism. In 50% of the patients with MPHD posterior pituitary ectopy is 

observedd (84). 

IsolatedIsolated central CH 

Isolatedd central CH has been observed in patients with resistance to TRH due to a mutation 

inn the TRH receptor (137), causing absent rise of TSH and PRL after TRH administration, as 

welll  as in patients with mutations in TSHp\ who exhibit (extremely) low TSH concentrations 

withh no or insufficient response to TRH administration (138;139). 

CentralCentral CH as part of MPHD 

MPHD,, including central CH, has been documented in patients with mutations in 

transcriptionn factors involved in pituitary development and hormone expression. Mutations 

inn the pituitary-specific transcription factor POU1F1 (previously called PIT1) result in 

deficienciess of GH, PRL, and TSH, either in a dominant or recessive mode of inheritance 

(140;141).. PROP1 (Prophet of PIT1) is a paired-like homeodomain factor acting upstream 

off  POU1F1 disrupting development and function of somatotropes, lactotropes, thyrotropes, 

andd gonadotropes, but variability in phenotypic expression exists among patients with the 

samee mutation (142). Homozygous mutations in LHX3, a LIM homeodomain transcription 

factor,, also cause deficits of all anterior pituitary hormones, except ACTH. A remarkable 

characteristicc of these patients is their rigid cervical spine which limits the ability to rotate 

thee head (143). Mutations in HESX1 (or RPX, Rathke's pouch homeobox) also lead to a 

syndromicc form of MPHD characterized by septo-optic dysplasia (optic nerve hypoplasia and 

agenesiss of midline structures in the brain) (144;145). Mutations in other genes related to 



thyrotropee disruption are: LHX4, characterized by short stature, MPHD, small sella turcica 

andd deformed cerebellar tonsils (146); GLI2, identified in patients with hypopituitarism 

andd variable craniofacial abnormalities (147); PHF6, described in Borjeson-Forssman-

Lehmannn syndrome, an X-Iinked condition characterized by MPHD, moderate to severe 

mentall  retardation, epilepsy, obesity with marked gynecomastia and optic nerve hypoplasia 

(148;149);; and possibly also S1X6 (150), located in a region that was deleted in patients with 

bilaterall  anophthalmia and pituitary anomalies (151). 

CHH of peripheral origin 

SoluteSolute Carrier Family 16, Member 2 (SLC16A2) 

Recentlyy the monocarboxylate transporter 8 or MCT8 (Xql3.2) has been recognized as an 

activee thyroid hormone transporter. MCT8 is involved in T3 entry in neurons. Mutations 

havee been described in male patients who had severe psychomotor retardation, presumably 

relatedd to impaired neuronal T3 action and metabolism. Patients display normal to mildly 

decreasedd plasma FT4 and T4 concentrations, normal to slightly elevated plasma TSH 

concentrations,, and markedly elevated plasma T3 concentrations (17;152). 

lodotyrosinelodotyrosine dehalogenase (DEHAL1) 

Patientss with iodotyrosine dehalogenase deficiency are unable to deiodinate MIT and DIT. 

Patientss have goiter and excessive losses of MI T and DIT in the urine; the resulting iodine 

deficiencyy causes hypothyroidism (153). By the use of serial analysis of gene expression of 

humann thyroid tissue a gene was identified, DEHAL1; the encoded protein is capable of 

iodotyrosinee dehalogenation. It is expressed mainly in thyroid tissue but also in liver and 

kidneyy (154). 

1,3.55 Treatment 

Thee decision to start T4 supplementation in children with a definite diagnosis of CH is easily 

made,, because of the potential adverse and irreversible effects of the hypothyroid state on 

brainn development. However, in those children with very mild TSH elevation and/or plasma 

FT44 concentrations just below the reference range, in whom the (etiologic) diagnosis can not 

(yet)) be definitely made, this decision is more complex. Especially, because well-designed 

observationall  studies or randomized clinical trials, evidently showing the benefit of T4-

supplementationn in this group, are lacking. 

T44 supplementation restores metabolism and relieves physical and (neuro)psychological 

symptoms.. It also establishes catch-up growth after a long period of hypothyroidism during 

childhoodd (155). 

Inn general, the (practical) treatment goals in CH are 1) to reach euthyroidism as soon as 

possiblee by starting T4 supplementation immediately after the diagnosis of CH has been 

establishedd and 2) to maintain euthyroidism by adapting T4 supplementation dose regularly. 

Sincee the introduction of neonatal CH screening in The Netherlands initial treatment strategy 

hass changed a few times. In the early 1980s T3 was administered prior to administration of 

T4.. However the demonstration in rats that the brain preferably uses T4 for intracerebral 

conversionn to T3 by cerebral deiodinases led to changes in the treatment regimen (156). 

Subsequently,, patients started with relatively low doses of T4. In the national guideline 



publishedd in 1986 an initial T4 dose of 4-6 ug/kg per day was recommended. In the following 

yearss the strategy changed towards higher initial T4 doses (also internationally). The most 

recentt national guideline, published in 1997, recommends to initiate with a dose of 50 ug 

T4,, followed by 10 ug T4/kg per day. However, to date no consensus is reached what the 

mostt adequate dose would be to ascertain normal development. In the Emma Children's 

Hospitall  AMC we currently start with an initial T4 dose of 10 ug/kg per day. FT4 and TSH 

aree measured 2 to 3 days after initiation, to adapt the T4 dose when necessary. Subsequently, 

thee frequency of testing is twice a week for neonates, gradually liberalized via monthly to 

two-monthlyy controls for infants and three to four times per year during childhood, to finally 

twicee or once yearly for adolescents. 

Thee reference ranges for TSH and FT4, derived from healthy untreated subjects, help 

clinicianss to diagnose thyroid dysfunction. In practice, these reference ranges are also used to 

evaluatee T4 treatment adequacy in patients treated for a thyroid disease. In a broad spectrum 

off  thyroid diseases, TSH is considered the most reliable indicator to monitor the adequacy 

off  treatment strategy (157). Especially in children treatment control, and adjustment of the 

T44 dose accordingly, should anticipate on the increasing body weight and the gradually 

decreasingg need of T4 per unit of weight. 

Inn neonates with CH plasma TSH reaches the reference range by 3 to 4 weeks after initiation 

off  T4 supplementation, whereas plasma FT4 already reaches the lower limi t of the reference 

rangee by 3 days (158). So, during the initial period the plasma FT4 rather than the plasma TSH 

concentrationn is the proper determinant for assessing the T4 supplementation dose. 

Alsoo after the initial treatment phase dynamics of TSH and FT4 determinants in patients with 

CHH differ from acquired forms of hypothyroidism. In patients with thyroidal CH, establishing 

FT44 concentrations well within the reference range wil l result in elevated TSH concentrations, 

att least up til l adulthood. To maintain plasma TSH concentrations within the reference range, 

substantiallyy higher FT4 concentrations (than can be expected from the reference range) are 

needed,, as compared to patients with acquired thyroidal hypothyroidism (159). 

Inn T4-supplemented patients with central CH plasma TSH concentrations are suppressed; 

95%% of the plasma 'I'SH concentrations are below the lower limi t of the reference range (0.4 

mU/1),, when the established plasma FT4 concentrations were within the reference range 

(159).. Therefore the TSH reference range for the healthy population cannot be used as a 

guidelinee for treatment adequacy in patients with central CH. 

1.3.66 Outcome 

Inn the early 1970s, i.e. the prescreening era, studies on patients with CH showed that if 

CHH was treated within 3 months after birth patients had far better intellectual outcome 

ass compared to those patients in whom treatment initiation was delayed after 3 months 

(160;; 161). However, because of lack of clinical symptoms only a minority of the patients were 

diagnosedd that early (90). Because CH was difficult to diagnose clinically, with irreversible 

effectss on mental and motor outcome if treatment was not initiated early, CH was considered 

ideallyy suited for mass screening (162). The availability of Guthrie cards, used for neonatal 

screeningg of phenylketonuria, and the development of techniques to measure T4 and TSH in 

filterfilter  paper blood spots enabled the introduction of mass screening on CH. It was started in 

19744 in Quebec, and followed by several countries. 



Whenn neonatal CH programs were first implemented, it was thought that mental retardation 

andd all other signs of hypothyroidism would be prevented. However, a series of follow-up 

studies,, especially on the originally screened cohorts, showed that children had persistent 

(subtle)) cognitive and motor deficits (163-170). Because these deficits were attributed to 

insufficientt postnatal treatment, starting relatively late with low initial T4 doses, screening 

proceduress and treatment strategies were adapted several times (171)[Chapter 1.4]. Some 

studiess from more recent years show better outcome when treatment was earlier and 

startingg dose was higher than in the initial years of screening. However, there is still a debate 

whetherr CH patients can develop indistinguishably from their peer group in all aspects of 

development,, i.e. cognition, motor development, socio-emotional development, behavior, 

self-esteemm etc. From the optimistic view on outcome exposed in various reports and from 

thee 'disbelief' displayed by some of the reviewers judging our manuscripts with less optimistic 

resultss (172;173) it appears that it is not generally accepted that also prenatal hypothyroidism 

mightt cause subtle persistent deficits which cannot be prevented by postnatal treatment. 

Outcomee of CH patients has been evaluated in a broad perspective. Mildl y impaired hearing 

hass been observed in part of the CH patients (174;175). Behavioral problems are also reported 

inn CH patients (176-178), but these might be related to their intellectual or motor deficits. 

Linearr growth has been reported to be normal at the age of 3 and 4 years (179;180) as well as 

pubertall  development and attained adult height (181;182), but head circumference and body 

masss index (BMI) tend to be higher, especially in children with severe CH (179;180). 

Tablee 2. Disease related factors which might influence outcome of CH patients 

Etiologyy of CH 
Severityy of CH 
Individuall  variations in the susceptibility to thyroid hormone deficiency 
Timingg of T4 treatment 
Initiall  treatment strategy 
Long-termm treatment strategy 
Thyroidd hormone status at the time of intellectual and motor assessments 
Treatmentt compliance 
Associatedd problems as a consequence of specific genetic defects 
Associatedd problems related to sequela of neonatal thyroid hormone deficiency e.g. goiter, feeding 
difficulty,, gestational age, asphyxia 
Maternall  thyroid function 
Adjuvantt care (such as physiotherapy, speech-training) 

Manyy factors have been proven or are assumed to affect outcome in CH patients (Table 2). 

Inn the hereafter presented concise overview of the many reports on outcome of CH patients, 

thee focus is on cognitive and motor outcome in relation to age at start of treatment, severity 

andd etiology of hypothyroidism, initial T4 dose and adequacy of T4 supplementation in the 

firstfirst months to years of lif e and at the time of testing, longitudinal follow-up and outcome in 

adultt patients. 



Considerablee difficulties are encountered when the literature on outcome of CH patients is 

reviewed.. One of the major drawbacks in judging the influence of the age of start of treatment 

onn outcome is the lack of any randomized controlled trial comparing the influence of timing 

off  T4 supplementation. So, one has to rely on the comparison of outcome of patients treated 

earlyy (e.g. patients diagnosed by screening, especially in recent years) or late (e.g. patients 

bornn in the prescreening era or patients diagnosed in the early years after introduction of 

screening). . 

Smithh et al. studied a large group of patients with CH between 1935 and 1955 and reported 

thatt of the patients classified as having severe congenital hypothyroidism ('cretinism') only 

15%% achieved an IQ above 90 and one-third of patients had motor problems. None of the 

patientss in whom treatment started after the age of 1 year achieved an IQ higher than 90 

whereass 45% of the patients in whom treatment was started before the age of 6 months 

achievedd an IQ above 90 (183). Raiti et al, investigating a group of 141 patients with CH born 

inn the prescreening era, found that 74% of patients in whom treatment was started within the 

firstt 3 months after birth had an IQ score >90, whereas only 37% of the patients treated after 

thee age of 4 months had an IQ score >90 (160). Klein et al. studied 31 patients with severe 

CHH born before 1970; mean IQ was 72 for the total group, 89 in those patients treated before 

thee age of 3 months, 70 in those patients treated between 3 and 7 months and 54 in those 

patientss treated after the age of 7 months (161). Mendorla et al, investigated 18 patients born 

beforee screening, in whom treatment was started at ages varying from 0.2 to 9.8 years, and 

foundd that IQ was <70 in 44% of patients at the age of 6.8 to 15.8 years (184). Similar results 

weree obtained by other groups (185;186). 

Studiess evaluating outcome in patients born after the introduction of screening have presented 

contrastingg results. Dubuis et al. and Simoneau-Roy et al. investigated intellectual outcome 

inn a small group of patients (n=9) with severe CH (based on measurement of area of the knee 

epiphysis)) and found that treatment initiated at a median age of 14 days (with a mean initial 

T4-dosee of 12 ug/kg per day) was associated with normal global intelligence at 18 months 

andd when retested at 5 years (187;188). In a sample of Dutch patients born between 1993 

andd 1996 and tested between 11 and 30 months of age, no correlation was found between 

developmentall  indices and age at start of treatment, but subdivision in groups revealed that a 

treatmentt delay of 6 days in children with severe CH receiving a mean initial dose of 10.8 ug/ 

kgg per day resulted in a loss of 25 developmental index score points (189). However, retesting 

thee same patients between 5.5 and 7 years of age showed that a delay of 7 days in the high 

T44 dose group was accompanied by a small (non-significant) increase of 3.6 IQ points (190). 

Manyy studies have not been able to demonstrate a clear effect of the age at which treatment 

wass initiated on outcome: Murphy et al. investigating 58 children at the age of 3 years whose 

treatmentt started at a median age of 26 days (range 7-48), found no correlation between 

thee age at which treatment was started and cognitive or motor outcome (191); Salerno et al. 

foundd no significant differences in IQ scores between early treated patients (mean 18.3 days) 

andd late treated patients (mean 42.4 days) (192); Leger et al. found that school achievement 

inn a cohort of 682 CH patients was unaffected by age at start of treatment (193); Tillotson et 

al.. found that age at start of treatment (range 1-173 days) did not influence IQ in 361 children 

testedd at 5 years of age (194). 

Thee discrepancy between studies which did and did not find an effect of age might be caused 

byy relative small patient groups and a limited variation in age at start of treatment. Besides, 



theree might be a threshold effect as well, implicating a non-linear effect of the age of start of 

treatment. . 

Anotherr difficulty is that the age at which treatment is initiated is closely related to the 

severityy of CH. In the prescreening era diagnosis was dependent on the recognition of 

clinicall  symptoms, so patients with severe CH were more likely to be diagnosed earlier. This 

probablyy contributes to the fact that some of the pre-screening reports could not find an 

effectt of the timing of initiation of treatment. Birrell et al. found significant intellectual and 

motorr deficits in their patients diagnosed with CH between 10 days and 13 years, but no 

effectt was seen of the age at start of treatment (195). This probably indicates that patients 

withh severe hypothyroidism were detected earlier than those with milder hypothyroidism. 

Alsoo in the screened population patients with severe CH tend to be treated earlier; partly 

becausee in some of the screening programs patients with more severely deviated screening 

resultss are referred earlier and partly because the diagnosis of CH is in general easier to 

establishh when thyroid function determinants are clearly abnormal. So the onset of treatment 

iss partly biased by the severity of CH. 

Sincee important steps in brain development take place from early gestation until several years 

afterr birth, outcome determinants of CH patients should be correlated to both pre- and early 

postnatall  thyroid hormone concentrations. In infants diagnosed by screening, information 

onn their prenatal thyroid hormone state is lacking. According to term cord plasma T4-

concentrations,, the prenatal thyroid hormone state in fetuses without (functioning) thyroid 

tissuee is comparable to the postnatal thyroid hormone state in neonates with moderate CH 

(32).. This must be the effect of a substantial but limited maternal-fetal transfer of T4. It is 

likelyy that this maternal contribution to the fetal thyroid hormone state is a major factor in 

protectingg brain development, but it is not known whether it is always sufficient to completely 

preservee prenatal brain development. After birth, in particular in patients with severe CH, 

T4-concentrationss rapidly decline. This is undoubtedly a dangerous condition with respect 

too thyroid hormone dependent brain development. Therefore, severity of CH is likely to be 

ann important determinant of outcome, especially for the period between birth and start of 

T44 supplementation. 

Frequently,, severity of CH is judged by the postnatal pretreatment (F)T4 concentration. 

Sometimess skeletal maturation is used as an indication of severity of prenatal hypothyroidism 

byy counting the number of ossified centers of the knee. One of the first reports on outcome 

off  CH patients detected by screening was published in The Lancet in 1981 (196). This study of 

thee New England Hypothyroidism Collaborative reported that the mean IQ score at the age 

off  3-4 years (no motor scores were reported) in patients with CH, treated from a mean age 

off  25 days, was comparable to that of controls (106 in both groups). However, no distinction 

wass made for severity of CH. From this report it is unclear whether also patients with severe 

CHH had normal cognitive development. Later on, the same group of patients was retested 

att the age of 6 years: IQ scores were similar to controls, but patients had significantly lower 

speedd of motor performance (197). Many studies have found that IQ scores of CH patients 

studiedd as a group are within the reference range but observe differences when distinctions 

aree made according to severity. Murphy et al. found that at the age of 3 years IQ scores for the 

totall  group were not significantly different from the normative population. However, those 

childrenn with the lowest initial T4 concentration (<20 nmol/1) tended to have significantly 



lowerr IQ scores (mean IQ 94) compared to children with higher initial T4 concentrations 

(>600 nmol/1) who had a mean IQ score of 106 (198). Kooistra et al. found that at the age 

off  9.5 years Full Scale IQ in CH patients was not statistically different from controls (97.3 

vs.. 103.4) but children with severe CH had significantly lower IQ scores (91.8), whereas 

motorr development was also most affected in the severe CH group (163). Others have also 

shownn that severity of CH is an important factor determining outcome (Rovet I Pediatr 1987, 

(164;167;168;192;199;200),, including school achievement (193). On the other hand, Illick i 

investigatingg CH patients in whom treatment was initiated at mean 15 days after birth with 

ann initial '14 dose of 8.7 fag/kg per day, found that a small subgroup (n=8) of patients with 

severee CH did not score differently from the total group or controls (IQ scores 112, 108 and 

1066 respectively) (201;202). Tillotson et al. suggested a threshold effect; the IQ of children 

withh severe CH (i.e. initial T4 concentration <42.8 nmol/1) was 10.3 points lower than of 

thosee children with higher initial T4 concentrations and controls (194). 

'Ihee importance of the initial T4-dose as a key factor for preservation of brain development 

hass become a subject of major interest. Since the introduction of neonatal screening initial '14 

dosee has been gradually increased, with the motivation that higher initial T4 doses establish 

normalisationn of (F)T4 concentrations within a shorter time period, but the evidence that 

thiss is accompanied by a positive effect on outcome is poor. The many studies investigating 

thee effect of (differences in) the initial T4 dose on outcome do not provide evidence in favor 

off  a definite treatment strategy (203). So, to date the optimal initial T4 dose for infants with 

CHH remains unclear (2()4;205). 

Salernoo et al., investigating CH patients at the age of 7 years found similar IQ scores in 

patientss treated with initial T4 doses of 6.0 fig/kg per day (IQ score 96) as compared to 

patientss treated with 8.1 ug/kg per day (IQ score 94), however, the patients treated with the 

higherr doses had more severe CH as judged by their lower bone age (192). Another study of 

thee same group investigated children at 4 years of age and compared 3 different initial T4 

dosess (6.3, 9.1 and 13.4 ug/kg per day). Although children who started with the highest initial 

T44 dose had significantly higher IQ scores (IQ score 98) than patients with the lowest initial 

'144 dose (IQ score 88), a confounding factor was that treatment started significantly earlier 

inn the high dose group; of note within the high dose group the 10 patients with severe CH 

performedd equally to those with moderate CH (206). Rovet studied differences in outcome 

betweenn those children receiving <7.8 ug/kg per day and those receiving >7.8 ug/kg per day. 

Thee high dose group had significantly higher Full Scale and Verbal IQ scores, but treatment 

wass initiated earlier in this group (mean 11.6 days as compared to mean 20.2 days in the low 

dosee group). Moreover, more behavioral problems were reported in the high dose group, but 

thyroidd hormone concentrations at the time of testing also differed significantly between the 

groupss (207). 

Dubuiss et al. found that patients with severe CH starting at a median age of 14 days with a 

mediann initial T'4 dose of 12.1 ug/kg per day had IQ scores (107 mean) not different from 

patientss with moderate hypothyroidism (110 mean) (187). Because in previous studies they 

foundd that patients with severe CH treated at a mean age of 5 weeks with initial '14 dose of 6 

ug/kgg per day scored significantly lower than patients with moderate CH (84 versus 104 at 7 

yearss of age and 89 vs 104 at 12 years of age) (208) they concluded that due to early treatment 



and/orr high initial T4 dose, early developmental outcome of CH patients had normalized 

(187;209). . 

Alsoo recently published studies addressing the impact of the height of the initial T4 dose 

presentt conflicting results. In the study by Selva et al. patients starting treatment at a mean 

postnatall  age of 10.9 days with a mean initial T4-dose of 10.9 ug/kg per day (which was 

consideredd relatively low) scored lower than controls (Full Scale IQ 89.5 vs. 100.2) (210). 

However,, in the study of Bongers et al. patients treated from a mean postnatal age of 10.8 

dayss with an equivalent dose of 10.9 ug/kg per day (which was in this study considered 

relativelyy high) scored equal to controls (104.6 vs. 105.0 IQ) (190). Any effect of the initial 

T44 dose on cerebral development is likely to take place via the established plasma (F)T4 

concentrationn and hence intracellular thyroid hormone availability. However, by measuring 

plasmaa FT4 concentration as an indication of the patients thyroid hormone state, we could 

nott find a correlation between the height of the initial T4-dose and the time that was needed 

too establish a FT4 concentration within the reference range (158). 

Bothh the studies of Bongers-Schokking et al. (189) and Dubuis et al. (187) presented figures 

withh the established plasma FT4 concentrations during T4 supplementation, from which 

itt appears that the higher initial T4-dose was accompanied by higher FT4 concentrations 

untill  two (189) to nine (187) months after birth. Therefore, it might be that the satisfactory 

outcomee in their patients was not merely a consequence of the height of the initial dose but 

off  a different treatment regimen in the long run as well. 

Anotherr important factor to consider when evaluating outcome of CH patients is the 

adequacyy of T4 supplementation during the first years of life. Because the critical period of 

thyroidd hormone dependent brain development endures the first years of life, it is likely that 

adequacyy of treatment contributes to outcome. However, a major problem is that adequacy 

off  treatment is difficult to determine or quantify. Methods used in literature all have their 

specificc limitations. Some studies evaluated the influence of timing of TSH normalization 

afterr initiation of treatment on outcome variables (211). However, the exact timing of TSH 

normalizationn can only be determined when thyroid function determinants are measured 

frequently,, preferably in a prospective manner. Similarly calculating the number of times 

TSHH is elevated (193) should only be done in relation to the total number of measurements of 

TSH.. But even then, it is hard to determine treatment (in)adequacy, because the physicians 

decisionn cannot be taken into account and treatment compliance cannot be judged. Others 

havee determined adequacy of treatment by using the mean T4 and TSH in a certain time 

periodd (165;189;194;212). This method is not reliable since an equal amount of FT4 or TSH 

concentrationss below or above the reference range wil l result in a 'normal' mean. Even so, 

whenn only one measurement of FT4 or TSH is used to correlate with outcome variables (192) 

thee problem is that neither FT4 nor TSH can be used as a continuous variable because both 

highh and low concentrations might affect outcome in a negative manner. 

Hypothyroidismm is known to induce major neurological and psychological dysfunction and 

severall  studies have addressed the issue of the influence of thyroid function determinants 

att the time of testing in relation to outcome variables. Song et al. observed that thyroid 

hormonee concentration at the time of testing was positively correlated with indices of 

memory,, language, speed of processing and fine motor performance, whereas TSH (varying 



fromm mean 4.4 to mean 7.9 mU/1 in three etiology subgroups) was negatively associated with 

receptivee language and recognition memory skills (211). Alvarez et al. also investigated the 

influencee of T4 and TSH at the time of testing on outcome. Children with high T4 and high 

TSHH were less able to sustain attention, but parents saw them as less behaviorally problematic. 

Attentionn was poorest when T4 was highest, especially when TSH concentrations were high 

(213). . 

Somee other studies have tested their patients after improved hormonal status. In one study 

patientss were tested at the age of 14 and 15-16 years. At 14 years of age 44% of patients and 

att 15-16 years 9% of patients showed poorly controlled hypothyroidism (i.e. TSH>15 mil / 

1).. The improvement of hormonal control from 14 to 15-16 years was accompanied by an 

increasee in IQ from 106 to 112, indicating that adequate treatment at the time of testing is an 

importantt determinant of outcome (214). In adult patients with subclinical hypothyroidism 

(meann TSH 8.8) their memory skills and behavioral reactivity significantly improved after T4 

supplementationn (establishing a mean TSH of 1.3 mU/1) (215). 

Althoughh the above mentioned studies might give a limited insight in the effect of current 

thyroidd hormone status on outcome variables the primary aim of most studies is to evaluate 

thee effect of perinatal thyroid hormone deficiency on eventual outcome. Therefore the 

establishmentt of euthyroidism at the time of neuropsychological assessments seems an 

inevitablee condition to avoid a bias in the results due to inadequate treatment conditions. 

Remarkably,, only a few studies referred to in this section mention that patients were tested 

underr euthyroid conditions (163;184-186;189;192;200;210;216), whereas in the majority a clear 

statementt that psychological and motor assessments were done under euthyroid conditions 

iss lacking (165;167;168;187;188;190;191;194;196-199;201;202;206-208;211;212). 

Severall  longitudinal follow-up studies have been performed in CH children. Murphy et al. 

foundd in 3 year old CH patients a significant difference in cognitive development as compared 

too controls, whereas developmental scores of 1 year old children were unremarkable (191). 

Illi gg et al. found that global IQ scores and subscores were significantly lower in patients 

testedd at 1, 4 and 7 years of age, than in controls, but results were most remarkable in the 

11 year group (217). Others found that scores obtained at young age were good predictors of 

scoress obtained at later age (167;192;197). Rovet et al. showed that retesting children several 

timess between the age of 1 and 14 years of age was accompanied by a decline in IQ and they 

concludedd that apparently CH children were not capable of making the same age-related 

gainn as controls do (169). Moreover, in CH patients tested in the 3t h and the 6th grade, it was 

shownn that some aspects improved (word decoding), some remained unchanged (arithmetic, 

writtenn language, comprehension skills) and some deteriorated (teacher rating of the child's 

schooll  performance) (218). So, apart from the validity of the test procedure, the specific 

populationn being tested must also be taking into account when interpreting outcome. 

Reportss on outcome are particularly scarce when adult CH patients or patients with central 

CHH are concerned. Frost reported on outcome of adult patients diagnosed before screening. 

Meann IQ score (measured with the WAIS) was 92,2 and 16% experienced gross motor 

problems,, whereas 44% showed difficulty with fine motor movements (219). To date, only 

twoo groups have reported on outcome of adult patients diagnosed by screening (165;216). 

Thesee studies show that there are persistent deficits in intellectual and motor outcome. 



Rarelyy neonatal screening programs do systematically screen on central CH. So reports on 

outcomee of early treated patients with central CH are lacking. One study by Frisch et al. 

reportedd on intellectual outcome of 48 children suffering from isolated growth hormone 

deficiencyy or MPHD (presumably congenital and acquired), all diagnosed in late infancy. 

Overall,, scores of the patients were not lower than in controls, but remarkably in patients 

withh TSH deficiency results of Full Scale IQ scores were significantly lower (220). In this 

thesiss outcome of patients with central CH is reported in Chapter 5.2 and 5.3. 

1.44 OUTLINE OF THE THESIS 

Thee title of this thesis - congenitalhypothyroidism.nl - was chosen because various aspects of 

CHH and CH screening in 'Ihe Netherlands were investigated. 

Thee Dutch Neonatal screening 

Ihee Dutch T4-TSH-TBG based neonatal CH screening approach is unique in the world. By 

meanss of rather complex referral criteria patients with thyroidal as well as central CH are 

detected,, the number of false-positives is minimized and the costs are acceptable (83). 

Inn chapter 2 we investigated the capability of the T4-TSH-TBG approach to detect CH of 

variouss etiology and severity. Thyroid function determinants and clinical characteristics of 

allall children born in a 2-yr period with an abnormal screening result (true and false positives) 

andd of the reported patients with CH not detected by the neonatal screening (false negatives) 

weree evaluated and the incidence figures of various types of CH were studied. 

Thyroidd dysfunction as a consequence of (inadequately treated) maternal 
Graves'' disease 

Thee presence of maternal auto-immune thyroid disease during gestation is an important issue, 

especiallyy because both lack and excess of thyroid hormone in fetus and infant constitute a 

majorr risk for damage to the developing brain. Dependent on the presence of anti-thyroid 

antibodies,, the use of antithyroid drugs, and the maternal thyroid hormone state, the fetal and 

neonatall  thyroid function can be disturbed with high variability in type and severity of effects. 

Ass mentioned before, the Dutch T4-based neonatal screening also detects CH of central 

originn (central CH). From 1999 onwards we faced an increasing number of children with 

centrall  CH born to mothers with inadequately treated Graves' disease. In some of the mothers 

maternall  Graves' disease was diagnosed after their child presented with a thyroid problem. 

Too gain more insight in the disease characteristics of these children and their mothers, we 

studiedd neonatal thyroid function determinants in 18 children with this type of central CH, 

ass well as the characteristics of their mothers in terms of timing of diagnosis, thyroid function 

determinantss and treatment of their thyroid disease (Chapter 3.1). 

Althoughh the occurrence of central CH in neonates born to mothers with Graves' disease 

hass been reported earlier (221-225), the course of thyroid function after withdrawal of T4 

supplementationn was not yet studied in detail. It has been reported that plasma concentrations 

off  FT4 and TSH remained within their reference ranges when T4 supplementation was 
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withdrawnn a few months after birth and that the impaired TSH response after TRH 

administrationn recovered as well, indicating that central CH related to maternal Graves' 

diseasee is a transient condition. 

Wee followed the Dutch group of these patients carefully, for several years after withdrawal ol 

T44 supplementation. In some of them, to our surprise, we encountered a persistent thyroid 

dysfunction.. To gain more insight in the occurrence and pathogenesis of this completely 

novell  entity, we evaluated thyroid function and performed thyroid ultrasound imaging in 

patientss with central CH due to inadequately treated maternal Graves' disease after T4 

supplementationn withdrawal. We also performed thyroid ultrasound imaging in children 

withh central CH as part of MPHD and in children born to mothers with Graves' disease 

adequatelyy treated during pregnancy, for comparison. These results are presented in chapter 

3.2 2 

Treatmentt aspects 
Adequatee T4 supplementation must start shortly after birth to achieve euthyroidism as soon 

ass possible and to minimize the risk of cognitive and motor defects. In general the plasma 

TSHH concentration is considered a useful determinant to evaluate treatment adequacy in 

patientss with thyroidal hypothyroidism. However, during follow up of CH patients elevated 

plasmaa TSH concentrations are frequently encountered (226;227). 

Inn chapter 4.1 we analyzed the plasma concentrations of various diagnostic determinants ol 

thyroidd function in children with CH in the first weeks after the start of T4 supplementation. 

AA retrospective analysis was performed of frequent plasma TSH, total T4 (T4), FT4 and total 

T3'(T3)) measurements in 30 CH neonates with a well-defined etiology during the first weeks 

off  treatment, treated with initial daily T4 dosages ranging from 4.8 to 11.1 ug/kg. We studied 

thee dynamics of reaching plasma FT4, T3 and TSH concentrations within the reference 

range,, and its relation to severity of CH and initial T4 dose. 

Maintenancee of euthyroidism by adequate T4 supplementation in the long run is also 

consideredd to be an important determinant of outcome in CH patients. However, also 

afterr this initial phase, TSH concentrations above the reference range are frequently 

encounteredd despite FT4 concentrations within the reference range (228). These elevated 

TSHH concentrations have been attributed to pituitary resistance to thyroid hormone. Some 

authorss concluded that such pituitary resistance occurred only in a subset of patients 

andd improved with age (226). In many reports it is recommended to establish FT4 in the 

upperr normal range thereby normalizing plasma TSH concentration. However, evidence 

supportingg that this strategy is most adequate to ensure tissue (and most important cerebral) 

euthyroidismm is lacking. 

Forr children with central CH no guidelines for adequate T4 supplementation exist and 

studiess on (F)T4/TSH dynamics in children with central CH during T4 supplementation 

weree lacking. In adults with central hypothyroidism it has been shown that during T4 

supplementation,, TSH concentrations are low or undetectable despite FT4 concentrations 

withinn the reference range. 

Too gain insight in the thyroid's regulatory system in patients with CH we investigated the 

relationshipp between thyroid function determinants in various patient groups. Retrospectively, 

plasmaa FT4, TSH and T3 concentrations were analyzed in T4 supplemented children aged 



ü.5-20.00 years with thyroidal CH, central CH or auto-immune thyroid disease, and in control 
childrenn with typel diabetes mellitus without thyroid disease. The results are presented in 
Chapterr 4.2. 

Intellectuall  and motor outcome 

Thee introduction of the nationwide neonatal screening on CH in The Netherlands in 1981, 

aimedd at early detection of hypothyroid children, prompt institution of thyroid hormone 

treatmentt and thus preventing potentially severe neurological damage due to shortage 

off  thyroid hormone. In spite of the overall improvement in neuropsychological outcome, 

comparedd to the pre-screening period, test results of children born in the first years of 

screening,, were not optimal. 

Inn the Netherlands L. Kooistra, T. Vulsma and co-workers (163) have evaluated the effect 

off  the screening method and treatment modality as used in the first years of screening; 

intellectuall  and motor outcome was tested at the age 7.5 and 9.5 years in a national cohort 

off  children with CH born in 1981-82. Children with CH scored lower on IQ-tests (IQ 97.3 

+/-- 14.4) than children in a control group (IQ 103.4 +/- 13.6) and performed worse in motor 

performancee tests. Children with the most severe hypothyroidism scored worst (IQ 91.8 +/'-

13.8).. Apparently then, the screening program was not able to establish normal development 

inn all children with CH. 

Inn the past 25 years the screening procedure (e.g. day of heel puncture) and treatment 

modalityy have been changed several times: 

ChangesChanges in screening procedure: 

Inn 1982 a special procedure for premature born babies was introduced. Based on the finding 

thatt with increasing gestational age and birth weight heel puncture T4 concentrations showed 

ann increase (229), it was decided that children born < 36 weeks gestational age and <2500 

gramss birth weight were only to be referred when heel puncture plasma TSH concentrations 

weree increased. 

Inn 1995 additional measurement of TBG was introduced resulting in 40% reduction of false-

positivee referrals (due to TBG-deficiency) and improved detection of children with central 

CH. . 

ChangesChanges in timing of heel puncture: 

Inn 1981 heel puncture was performed between 6-14 days after birth (day 0 is the day of birth). 

Thiss was put forward to day 6-8 in the early eighties and day 5-7 in the early nineties. The 

currentt recommendation, introduced in 1999 is to perform heel puncture preferably at day 

4,, but at least before day 7. 

ChangesChanges in treatment strategy: 

GuidelinesGuidelines of 1981: Two treatment schemes were advocated. In scheme 1 patients started 

withh T3-supplementation. After 1 week T4 was added (4 fig/kg per day), with a gradual 

increasee to 8-10 ug/kg per day after 2 weeks. With the start of T4-supplementation the T3-

dosee was gradually diminished and stopped after 3 weeks. In scheme 2 patients started with 

T44 (6 ug/kg per day) which was increased to 8-10 ug/kg per day after 1 week. Already in the 



earlyy 1980's the strategy to start with T3 was replaced by the strategy to start with relatively 

loww doses of T4. 

GuidelinesGuidelines of 1986: In these guidelines the recommended initial T4-dose was 4-6 ug/kg per 

day,, increased to 6-8 ug/kg per day after 1 week. 

GuidelinesGuidelines of 1997: Already in the early 1990s initial T4 dose was gradually increased, in 

accordancee with international guidelines that recommended to start with initial T4 doses 

off  10 ug/kg per day. The guidelines of 1997 (which are the most recent ones published) 

recommendd to start with 50 ug in all children, except those born with gestational age <36 

weekss and birth weight <2500 grams. Thereafter, treatment is continued with 0 ug/kg per 

day.. Children born <36 weeks gestational age and <2500 grams birth weight immediately 

startt with 0 |ig/kg per day. In the Emma Children's Hospital AM C we do not apply a fixed 

universall  dose of 50 ug for all children but prescribe a specific dose taking into account the 

patientss weight and the severity of CH (i.e. 10 ug/kg once a day, for all children; 12 hours after 

thee first T4 administration one extra gift of 10 ug/kg is given to those children with severe or 

moderatee CH (i.e. initial FT4<8 pmol/1). 

Mostt of these changes aimed to further improve outcome with the ultimate aim to establish 

aa completely normal lif e for all children with CH i.e. without any persistent brain damage due 

too hypothyroidism in early life. However, the effect of advancement of treatment initiation 

andd changes in treatment strategy was never properly evaluated. 

Itt is generally accepted that screening procedures should fulfil l criteria such as sensitivity, 

specificityy and cost-effectiveness. Besides, crucial aspects of screening are continuous quality 

control,, monitoring and evaluation. In the Journal of Pediatrics (230) it was thoroughly argued 

thatt evaluation of screening methods is obligatory with regard to good clinical practice. 

Anotherr important aspect is that the CH-screening program is performed together with the 

PKUU (PhenylKetonUria) and CAH (Congenital Adrenal Hyperplasia)-screening program. So, 

somee of the changes made in the last twenty years did not exclusively concern children with 

CHH (or PKU/CAH) but also all other 'healthy' children who were screened. 

Thee screening of all neonates for the benefit of a relatively small percentage of children has 

aa huge impact on society. In The Netherlands approximately 200.000 children are screened 

everyy year to detect around 10 to 20 children with phenylketonuria, 70 to 100 children with 

CHH and 10 to 20 with congenital adrenal hyperplasia due to 21-hydroxylase deficiency. If 

changess in screening procedure are to be made for the benefit of children with CH, evaluation 

off  the value and impact of these changes is mandatory. Based on the lack of a structural effect 

evaluationn of the Dutch CH screening we felt scientifically and morally obliged to evaluate 

itss efficiency and we decided to perform a nationwide study entitled "Effect evaluation of the 

Dutchh neonatal CH screening". 

Inn this study the following research questions were addressed: 

-- Did adaptations of the screening procedure (i.e. putting forward the day of heel puncture 

sampling)) and treatment strategy (i.e. increments in initial T4 dose) result in improved 

intellectuall  and motor outcome of CH patients (i.e. not different from the normative 

population)? ? 



-- What is the influence of timing of treatment and treatment modalities on outcome? 

-- Is the current screening method and treatment strategy already optimal? If not, which 

(further)) improvements would be possible? 

-- Are there compelling reasons to further modify the screening and treatment of CH? 

StudyStudy design 

Thee variety of starting conditions of three different age groups representing specific time 

periodss of the screening was used to evaluate the screening. 

Groupp I consisted of patients with CH born in 1981-82, the first two years of screening. In 

thiss group intellectual and motor outcome was previously tested at the age of 7.5 and 9.5 

yearss (163). In the present study patients were tested at adult age. 

Groupp II consisted of children with CH born in 1992-93, tested at the age of 10 years. 

Groupp III consisted of children with CH born in 2002-04 tested at the age of 1 year (presented 

inn this thesis) and 2 years. 

Too create an unbiased study population we primarily included all CH patients born in 

thesee year cohorts. In every cohort few patients were excluded, mainly because of the co-

existencee of a syndrome or mental retardation not related to thyroid hormone deficiency or 

becausee treatment was initiated extremely late. Prior to the study we considered adequacy 

off  treatment at the time of the assessments indispensable in order to create a reliable answer 

onn our primary research questions and to avoid a bias created by insufficient treatment. 

Therefore,, in all participating patients FT4 and TSH were determined prior to testing, and if 

necessaryy T4 dose was adapted. Patients in whom treatment was still considered insufficient 

att the time of testing, despite efforts to optimalize treatment, were excluded. 

Inn all three age groups cognitive and motor outcome were assessed. In the 1981-82 and 1992-

933 cohorts cognitive outcome was testedd with age-appropriate Dutch versions of the Wechsler 

Intelligencee Scales. With the subjects performance three intelligence quotients (IQ) were 

derived:: Full scale IQ, verbal IQ and performance IQ. Motor outcome was assessed with 

thee Movement Assessment Battery for children (MABC) which determines performance in 

threee domains of motor skills: manual dexterity, ball skills and balance skills. In the 2002-04 

thee Bayley Scales of Infant Development (BSID-II-NL) was used. 

Withinn each group mild, moderate and severe CH, as well as different treatment aspects 

weree compared. The results are described in the Chapter 5. 

Inn addition, socio-emotional functioning was assessed by questionnaires filled in by the 

patientss or parents (these results are still under construction and wil l not be presented in 

thiss thesis). 

Bonee mineral density 

Childhoodd is an important phase determining bone quality in later life. During childhood bone 

mineralizationn increases with age, until the peak bone mass is achieved in early adulthood. 

Thyroidd hormone has an important role in bone remodeling and in the development and 

maintenancee of bone mass. 

Duringg supposedly adequate T4-supplementation patients with thyroidal CH are exposed 

too upward-shifted FT4 concentrations from early childhood on, continuing at least up til l 

adulthood.. Thyroid hormone excess is known to shorten the remodeling cycle which creates 



ann imbalance between bone resorption and formation, leading to a net loss of mineralized 

bone.. Hyperthyroid subjects are shown to have a decreased bone mineral density. 

Inn Chapter 6 we investigated bone mineral density in young adult female CH patients, who 

hadd been treated with T4 since the first month of life, to investigate whether the relatively 

highh FT4 concentrations established during T4 supplementation in CH patients, were 

harmfull  for bone mineral density. 

Phenotypee abnormalities 
Inn the vast majority of CH patients with thyroid dysgenesis no mutations in the genes 

knownn to be involved in human thyroid development (PAX8, TITF1, FOXE1, NKX2.5, and 

possiblyy GLIS3) can be demonstrated. In the patients who do have mutations in these genes 

concomitantt major malformations, apart from thyroid dysgenesis, have been reported, such 

ass choanal atresia and cleft palate in FOXE1 mutations (109), pulmonary anomalies and 

choreoathetosiss in TITF1 mutations (231) renal agenesis in PAX8 mutations (112), cardiac 

malformationss in NKX2.5 mutations (11) and neonatal diabetes mellitus in GLIS3 mutations 

(100). . 

Inn addition, several reports mention an increased incidence of congenital anomalies in CH 

patientss (88;89;232-244). However, in most studies patients were not actually physically 

examinedd in detail and phenotype abnormalities were not systematically correlated to 

etiologyy of CH. In Chapter 7 we report on a study in which we investigated a large group of 

welll  characterized CH patients for morphological characteristics, in relation to the type of 

CH. . 
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