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1.1 PREFACE
Thyroid hormone exerts a broad range of effects on development, growth and metabolism 
and in particular plays a crucial role in brain development. Thyroid hormone deficiency in 
the prenatal period and the first years after birth results in a spectrum of neuropsychological 
disorders, dependent on severity and duration of hypothyroidism.
In congenital hypothyroidism (CH) thyroid hormone deficiency is present from the prenatal 
period on, until adequate thyroxine (T4) supplementation is instituted after birth. Although 
substantial amounts of maternal thyroid hormone are transferred across the placenta, 
children with CH born at term only reach 25 to 50% of normal cord blood T4 concentrations. 
Because 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 
and subsequent lifelong cognitive and motor deficits.
At birth symptoms of hypothyroidism are often lacking or not specific which hampers timely 
clinical recognition. Therefore, from 1974 onwards, neonatal CH screening programs have 
been implemented worldwide, enabling early postnatal detection of CH. The ultimate aim 
of neonatal screening is to prevent brain damage due to shortage of thyroid hormone by 
early initiation of T4 supplementation. However, follow-up studies on the originally screened 
cohorts showed that children with CH have persistent subtle cognitive and motor deficits. 
In the past decades the screening procedure and treatment strategy have been adapted in an 
attempt to further improve outcome of CH patients.
It is generally accepted that screening procedures should fulfill specific criteria such as 
sensitivity, specificity and cost-effectiveness. Besides, crucial aspects of screening are 
continuous quality control, monitoring and evaluation. The screening of all neonates for 
the benefit of a relatively small percentage of children is a huge society offer. Therefore an 
accurate and thorough guidance of the screening is incomplete without a scientific based 
evaluation of its efficiency.
In this thesis part of the results of our study entitled “Effect evaluation of the neonatal 
screening on CH in The Netherlands” is described. In this study cognitive and motor outcome 
of 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.
Because the design of this study, the process of fund raising and the execution of this 
study were rather time consuming, the past years also gave us the opportunity to evaluate 
other aspects of CH. Therefore, this thesis also describes the ability of the Dutch neonatal 
screening to detect CH of variable severity and etiology, in particular CH of central origin 
related to maternal Graves’ disease and its course, the initial and long-term response of 
thyroid 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 
phenotypic abnormalities in CH in relation to etiology.
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1.2 THYROIDOLOGY
1.2.1 Macroscopic and microscopic anatomy
The human thyroid gland, located ventral in the neck, just caudal of the thyroid cartilage, 
consists of two lobes connected by the isthmus (Figure 1). The thyroid is in close contact 
with vessels, the parathyroids and the recurrent laryngeal nerves (1).
Two specific cell types are present within the thyroid, the thyrocytes (follicular cells) and the C-
cells (calcitonin producing or parafollicular cells). The thyroid follicles, microscopic spherical 
structures formed by a single layer of follicular cells surrounding a lumen, form the functional 
units in which thyroid hormone is synthesized. The lumen contains huge amounts of protein, 
mainly thyroglobulin. The apical membrane of the thyrocyte faces the lumen, whereas the 
baso-lateral membrane faces the interfollicular connective tissue containing a capillary 
network. Capillaries form a basket-like network around each follicle delivering nutrients and 
regulatory hormones and transporting secreted hormones and waste products (1). 

Figure 1. Adapted from Physiological Reviews 2000;80:1083-1105, with permission. 
Thyroid location, schematic representation of a follicle, and of the biosynthesis of thyroid hormone in the thyroid 
follicular cell. The basolateral surface of the cell is shown on the left, and the apical surface on the right. 
circle: active accumulation of I-, mediated by the Na+/I--symporter (NIS); triangle: Na+-K+-ATPase; square: TSH 
receptor; diamond: adenylate cyclase; ellipse: G-protein; cylinder: I- efflux toward the colloid mediated by pendrin 
(P); DUOX1/2 generating H2O2 necessary for the oxidation of I-; TPO: thyroid perioxidase; arrows: endocytosis 
of 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). 
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1.2.2 The thyroid’s regulatory system
Thyroid hormone production and secretion is regulated via the hypothalamus-pituitary-
thyroid regulatory system (2;3). This system operates via various steps (Figure 2).

TRH (thyrotropin-releasing hormone)
TRH is produced in the paraventricular nuclei of the hypothalamus. Transported via the 
portal vessels TRH stimulates the thyrotropic cells in the anterior pituitary to produce 
TSH (and prolactin). In addition to its role in stimulating TSH (and prolactin) synthesis 
and secretion, TRH also acts as a neurotransmitter in various parts of the central nervous 
system.

TSH (thyrotropin)
TSH is produced in the thyrotropes of the anterior pituitary gland. Its synthesis and 
secretion is stimulated by TRH. TSH binding to its receptor activates the cyclic adenosine 
monophosphate (cAMP) pathway and the Ca2+ inositol 1,4,5-triphosphate (IP3) pathway, 
resulting 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 
belongs to the superfamily of G-protein coupled receptors.

T4 and T3 (thyroxine and tri-iodothyronine)
The thyroid produces predominantly T4, the prohormone, which is converted to the active 
thyroid hormone T3 or the inactive thyroid hormone reverse T3 (rT3) in peripheral tissues. 

Figure 2. The hypothalamic-pituitary-thyroid axis



16

Chapter 1

The thyroid also contributes to the plasma T3 pool by direct production and by intrathyroidal 
conversion of T4 to T3.

The production of thyroid hormone requires several steps (5), see Figure 1, most of them are 
stimulated by TSH:
Plasma iodide is taken up via the basolateral cell membrane by the Na+/I-- symporter 
(NIS), a transmembrane glycoprotein. Iodide is transported through the cell and across the 
apical membrane into the lumen, mediated by anion transporters such as pendrin. Inside 
the lumen iodide is organified through a series of enzymatically catalyzed steps required 
for iodination and thyroid hormone formation (mainly T4). Iodination of specific tyrosine 
residues in thyroglobulin and the coupling of iodinated tyrosine residues are oxidative 
processes catalyzed by thyroid peroxidase (TPO). Dual oxidase 1 and 2 (DUOX1 and 
DUOX2) are involved in generation of H2O2 which plays a role in the iodination and coupling 
processes. The coupling of iodinated tyrosine residues within Tg (mono-iodotyrosine; MIT 
and di-iodotyrosine ;DIT) generates thyroid hormone; mainly T4 formed out of two DIT 
residues and some T3 formed out of a DIT and MIT residue (6). When stimulated by TSH, 
Tg is endocytosed from the follicular lumen into the thyrocyte. Within the cell Tg is broken 
down to amino acids, including T4, T3, MIT and DIT. While T4 and T3 are secreted into the 
circulation, MIT and DIT are deiodinated, mediated by iodotyrosine dehalogenase. Part of 
the freed iodide is re-utilized for Tg iodination. Several genes encoding for proteins involved 
in thyroid hormone synthesis have been characterized (described in more detail in chapter 
1.3.4).

Negative feedback system (Figure 2)
The hypothalamus-pituitary-thyroid axis is under control of a negative feedback system; low 
concentrations of T4 and T3 stimulate, whereas high concentrations of T4 and T3 inhibit the 
secretion of TRH and TSH. Based on neuroanatomical findings, Fliers et al. proposed that 
the feedback action is exerted via various steps involving hypothalamic glial cells expressing 
D2, the hypothalamic paraventricular nucleus expressing MCT8, TRs and D3, the pituitary 
folliculostellate cells expressing D2 and MCT8 and thyrotropes expressing TRs and D3 (7). 
The demonstration of a functional TSH receptor expressed in the pituitary (8;9) suggests that 
via a short loop feedback mechanism TSH can also fine regulate its own secretion by binding 
to the pituitary TSH receptor.
Measurement of plasma FT4 and TSH, and occasionally a TRH test are used to diagnose 
thyroid dysfunction and to interpret the integrity of the feedback system (Chapter 1.3.3).

1.2.3 Development of the thyroid gland and its regulatory system
Thyroid development starts with a thickening of the endodermal epithelium of the foregut, 
referred to as thyroid anlage, at the position of the first and second branchial arches (1). In 
humans the thyroid anlage appears around embryonic day 20. The remnant of this first event 
in thyroid embryogenesis is sometimes visible as the foramen cecum. A few days later the 
thyroid primordium starts migrating. Initially the thyroid primordium is connected to the 
pharyngeal floor via the thyroglossal duct, but after 10 to 20 days this duct disappears. The 
process of migration is thought to be a combination of active migration guided by transcription 
factors expressed in the thyroid primordium and by other morphogenetic events occurring 
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in the direct location of the primordium. Upon losing its connection with the thyroglossal 
duct the thyroid starts expanding laterally. Around embryonic day 45 thyroid migration is 
complete and the thyroid establishes its final position ventral of the trachea and shape, i.e. 
a 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 
from the neural crest. The C cells are responsible for the eventual calcitonin production. The 
thyroid cells will be organized in follicles, first visible at embryonic day 70. By expressing 
various genes the thyroid follicular cells functionally differentiate and become capable of 
synthesizing thyroid hormone.
At 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), 
FOXE1 (formerly called TTF2), PAX8 and NKX2.5, and in later stages of thyroid development, 
TSH-R, will be described in more detail in chapter 1.3.4.
The pituitary gland is formed by the fusion of invaginations of the floor of the third 
ventricle and the oral ectoderm, or Rathke’s pouch. The anterior pituitary gland contains 
five cell lineages that produce the different pituitary hormones: TSH, growth hormone, 
prolactin, gonadotropin (luteinizing hormone and follicle-stimulating hormone) and 
adrenocorticotropic hormone.
Several genes are known to be involved in pituitary gland development (12). The genes LHX3, 
LHX4, HESX1, NKX2.1, PROP1 and POU1F1 will be discussed in relation to the known 
human phenotype in chapter 1.3.4.
At present our knowledge of the development of the hypothalamus and the regulation 
of 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 
homeodomain proteins and transcription and growth factors.

1.2.4 The thyroid hormone receptor
Thyroid hormone exerts its action via binding to the thyroid hormone receptor. Thyroid 
hormone receptors (TRs) belong to the nuclear hormone receptor superfamily. Nuclear 
receptors have two important domains: a central DNA-binding domain which binds to 
thyroid hormone response elements, which are specific DNA-sequences located in the 
promoters of target genes and a carboxy-terminal ligand-binding domain which is important 
for heterodimerization with the retinoid X receptor as well as for interactions with co-
repressors and co-activators.
At least four isoforms exist (TRα1, TRα2, TRβ1 and TRβ2) encoded by two T3-receptor genes 
located on chromosome 17 (α gene) and chromosome 3 (β gene). The major TR isoforms 
(TRα1, TRβ1, TRβ2) bind T3 with high affinity and mediate thyroid hormone-regulated 
transcription. TRα2 is unable to bind T3 and blocks TR-mediated transcription (13).
TRs regulate transcription both in the absence and presence of ligand. In positively regulated 
target genes, unliganded TRs bind to response elements and repress basal transcription. Co-
repressors preferentially interact with unliganded TRs and repress the basal transcription 
of target genes in the absence of their respective hormones. Co-activators interact with the 
liganded TR and promote transcription of positively regulated target genes. In negatively 
regulated genes the unliganded TR activates transcription, whereas thyroid hormone binding 
represses transcription.



18

Chapter 1

In general, the α1, α2 and β1 receptors are distributed widely, with overlapping patterns of 
expression. TRα1 is expressed in skeletal and cardiac muscle whereas TRβ1 is the predominant 
isoform in liver, kidney and brain and TRα2 in testis and brain. In contrast, TRβ2 has a 
rather tissue restricted expression, and is present in the anterior pituitary, hypothalamus and 
cochlea.
Thyroid hormone affects expression of the various TR isoforms in a tissue specific manner. 
In most tissues thyroid hormone decreases TRα1, TRα2, but not TRβ1 mRNA levels (14). The 
regulation of receptor expression in the pituitary is different; thyroid hormone causes TRβ1 to 
increase, and TRβ2, TRα1 and TRα2 to decrease; hypothyroidism leads to an upregulation of 
TRβ2 in the anterior pituitary (14;15). The upregulation of pituitary TRβ2 in hypothyroidism 
facilitates synthesis and secretion of TSH.

1.2.5 Iodothyronine deiodinases
Iodothyronine deiodinases have an important effect on thyroid hormone action. Deiodinases 
are selenoproteins, carrying an essential selenocysteine residue in the active center (16). By 
outer ring deiodination thyroid hormone is activated by converting T4 into T3 and by inner 
ring deiodination thyroid hormone is inactivated by converting T4 into rT3 and T3 to T2. 
Three distinct types are known, iodothyronine deiodinase-type I (D1), II (D2) and III (D3), 
with different actions and distributions.
D1 is mainly expressed in liver, kidneys and the thyroid. Through its outer ring deiodination 
activity, D1 has a major role in the peripheral T3 production, as well as in the clearance of 
plasma rT3. Via its inner ring deiodinating activity D1 plays also a role in the degradation of 
sulphated T4 and T3. The antithyroid drug propylthiouracil is a potent inhibitor of D1; D1 
activity is positively regulated by T3.
D2 is located in the pituitary gland, brain, placenta, thyroid gland, skeletal muscle and heart. 
D2 has outer ring deiodinating activity only. Therefore, it has a major role in modulating 
the 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 
T4 is taken up by astrocytes, intracellularly deiodinated to T3, after which T3 is transferred 
to adjacent neurons by the neuronal membrane T3 transporter, MCT8, which has been 
described recently (17). The clinical observation that inactivated MCT8 results in severe 
brain dysfunction demonstrates the crucial role of this transporter.
D3 is found in brain, especially fetal brain, and a variety of other fetal tissues, particularly in 
the placenta. D3 has inner ring deiodinating activity only and plays a role in clearance of T3 
and converting T4 into rT3. D3 plays an essential role in the regulation of the fetal thyroid 
hormone state. The abundant expression in fetal tissues is illustrated by very low plasma 
T3 and very high rT3 concentration in the fetus (18). A study on local regulation of thyroid 
hormone in the developing human brain by deiodinases showed that D2 and D3 activity have 
region-specific temporal patterns (19).
Recently D3 knockout mice were shown to have central hypothyroidism from the late 
postnatal period, up to adulthood. However, these mice were thyrotoxic in the fetal and 
early postnatal period, with markedly elevated serum T3 concentrations and decreased 
TSH concentrations. The authors concluded that in the absence of D3, the clearance of 
T3 is diminished, contributing to perinatal thyrotoxicosis; central hypothyroidism was 
probably induced by overexposure to T3 during a critical period of thyroid regulatory axis 
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development (20). These observations suggest an important role of D3 in maturation and 
function of the fetal thyroid axis by preventing exposure of the fetus to high thyroid hormone 
concentrations.
Under normal conditions most tissues depend for their T3 provision on circulating plasma 
T3 derived from deiodination of T4 by D1 in liver and kidney. Some critical tissues, such as 
brain are capable of local T4 to T3 conversion, which enables them to maintain adequate 
intracellular T3 concentrations irrespective of variations in plasma T3. It has been shown 
that the brain is capable of keeping T3 concentrations constant over a wide range (30-200% 
of normal) of T4 concentrations (21;22). The expression of the iodothyronine deiodinases 
is modulated in response to changes in the thyroid hormone state. As a consequence 
hypothyroidism leads to a decrease in D1 and D3 activity and an increase in D2 activity, 
whereas hyperthyroidism increases D1 and D3 and decreases D2 activity.

1.2.6 Thyroid function determinants
Thyroid hormone deficiency is the result of impaired thyroid hormone production either 
because of dysfunction in any of the three levels in the hypothalamus-pituitary-thyroid 
regulatory system or because of increased thyroid hormone metabolism or loss. Various 
determinants are helpful to establish thyroid function. Although each determinant alone has 
its specific limitations to interpret thyroid function, a combination of various thyroid function 
determinants is helpful to establish the adequacy of thyroid hormone concentrations and the 
presence and etiology of eventual thyroid dysfunction (23).
For each determinant reference ranges exist but these should be used with care. By definition, 
for 95% of the healthy population the determinant’s concentration is within the reference 
range and for 5% it is not. So, a concentration of a specific determinant outside the reference 
range is not always abnormal. Even so, a concentration within the reference range can not 
always be considered as normal. Therefore, reference ranges should not be considered as 
definite tools to consider a value as normal or abnormal. While using population based 
reference ranges for thyroid function determinants, it should also be considered that the 
thyroid’s regulatory system is under control of a negative feedback system and that each 
individual has his own specific setpoint for TSH secretion (resulting in a specific combination 
of FT4 and TSH) (24-26).
Because of large variety of analytical methods and the improvement of analytical methods 
over time, reference ranges should be interpreted with the knowledge of the assay used. 
Especially in children it is also important to notice that the various thyroid function 
determinants change with age (27;28). Unfortunately age specific reference ranges of the 
various function hormone determinants are scarce.

TSH
TSH synthesis and secretion are inhibited by thyroid hormone and stimulated by TRH. The 
carbohydrate chains are important for the biological activity (29;30). TSH controls thyroid 
function by interacting with the G-protein coupled TSH receptor. The binding of TSH to its 
receptor affects the expression of various thyroidal genes, by stimulating second messenger 
pathways. In general TSH is considered the most specific determinant to establish the 
diagnosis of thyroidal hypothyroidism. In hypothyroidism of central origin, the pituitary will 
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not respond to decreased plasma thyroid hormone concentrations with adequately elevated 
TSH concentrations.
The TSH reference range, used in this thesis and as established in the laboratory of 
endocrinology in the AMC, is 0.4-4.0 mU/l.

T4 and FT4
T4, the major secretory product of the thyroid, is considered the prohormone of the active 
hormone T3. Because circulating T4 is strongly, but reversibly, bound to certain proteins 
the plasma T4 concentration is dependent on the concentrations of these binding proteins. 
The free T4 (FT4) concentration is very low compared to the concentrations of total T4. 
Measurement of FT4 is, in addition to TSH, very helpful to establish the diagnosis of 
hypothyroidism.
Many 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 
should be taken into account when the patient’s FT4 is judged.
The FT4 reference range for adults, as established in the laboratory of endocrinology in the 
AMC is 10.0-23.0 pmol/l. For neonates and young infants we adapted the lower limit of the 
reference range to 12.0 pmol/l.
The role of the plasma FT4 and TSH concentration in treatment evaluation of children with 
CH will be discussed in chapter 4.

Tri-iodothyronine (T3) and free tri-iodothyronine (FT3)
T3 is the active configuration of thyroid hormone. Compared to T4, T3 binds with a much 
higher affinity to the nuclear T3 receptor and with lower affinity to plasma binding proteins. 
In general, the plasma T3 concentration is less useful to interpret thyroid function. First, 
most 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 
deiodinases 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 
T3 concentration. In case of hypothyroidism D1 activity in liver and kidney is decreased 
whereas D2 activity is increased.
In specific conditions, however, measurement of T3 might be helpful e.g. in non-thyroidal 
illness (Iow T3 syndrome) or in T3 toxicosis (high T3 concentrations). Recently it has been 
shown that patients with MCT8 mutations have relatively high T3 concentrations, however, 
the pathophysiological mechanism of these high T3 concentrations is not (yet) completely 
understood (17).

Thyroxine-binding proteins
More than 99% of circulating thyroid hormone is bound to binding proteins. Three binding 
proteins are present in humans: thyroxine-binding globulin (TBG), transthyretin and albumin, 
of which TBG has the highest affinity for thyroid hormone. Because the TBG concentration 
has a major influence on T4 and T3 concentration, the plasma T4 concentration should not 
be interpreted without knowing the TBG or FT4 concentration.
Especially in The Netherlands, where a T4-based neonatal CH screening program is used, 
children with TBG deficiency were frequently referred until 1995 when TBG measurement 
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was added to the screening method (see also chapter 1.3.1 and 1.4). TBG deficiency can be 
partial or total and is generally considered harmless because of normal (in vivo) plasma FT4 
concentrations.

Thyroglobulin (Tg)
Tg is detectable in plasma, but its concentration is only minimal in comparison to the 
large amounts of Tg synthesized by the thyroid (31). Its plasma concentration is helpful to 
specify the etiology of hypothyroidism. Depending on the type of thyroid defect plasma 
Tg concentrations may be absent or very low (in thyroid agenesis or Tg synthesis defect), 
relatively low (in thyroid dysgenesis, TSH unresponsiveness) or high to very high (in iodide 
organification / transport / recycling defects). Plasma Tg concentrations seem to be related 
to plasma TSH concentrations and the amount of thyroid tissue present.

Urinary iodine excretion
Measurement of urinary iodine excretion in neonates is of particular importance when 
transient hypothyroidism is suspected due to iodine excess e.g. by using iodine containing 
disinfectants during caesarean section or X-ray contrast agents containing iodine.

Urinary excretion of Low Molecular Weight Iodinated Material (LOMWIOM)
LOMWIOM refers to a spectrum of iodopeptides. Urinary excretion of LOMWIOM is 
especially high in case of thyroglobulin synthesis defects and is occasionally increased in 
patients with dystopic thyroid remnants.

1.2.7 Thyroid hormone and the maternal-placental-fetal unit
The 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 
by deiodinases in the placenta will limit transfer of thyroid hormone from mother to child 
there 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 
due to thyroid agenesis or dyshormonogenesis, fetal thyroid hormone concentrations at term 
were around 25 to 50% of those seen in healthy infants (32).
Also in the first trimester of pregnancy low concentrations of thyroid hormone have been 
demonstrated in the fetal compartment (33;34). Because this occurs before the onset of 
fetal thyroid hormone production also this thyroid hormone must be of maternal origin. 
The T4 concentrations in coelomic fluid were positively correlated to those in the maternal 
circulation (35). Although concentrations were very low, their significance is supported by 
the fact that also thyroid hormone receptors are found in the human fetal brain in the first 
trimester of pregnancy (36;37).
The 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 
contributes to the fetal thyroid hormone state.

Various conditions may occur in which the maternal thyroid hormone state (and the 
subsequent transplacental transfer of thyroid hormone), the fetal thyroid hormone 
production, or both are compromised.
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Iodine deficiency, unfortunately still endemic in many parts of the world, is an example that 
combined 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, 
short stature, spasticity, and profound mental retardation. De Zegher et al. also gave an 
impressive example that severe central CH secondary to POU1F1 deficiency, in both mother 
and child, led to severe impairment of the child’s brain development (38). Another example 
was reported by Yasuda et al., on a child with severely impaired neuromotor development 
related to combined maternal-fetal thyroid hormone deficiency, due to auto-immune thyroid 
disease, untreated during pregnancy (39).
Maternal auto-immune thyroid diseases (Hashimoto’s thyroiditis and Graves’ disease) are 
notorious 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 
hormone deficiency in 0.3-2.5% of pregnancies (44). Fu et al described that 52.6 % of the 
children born to mothers with auto-immune thyroid disease had thyroid dysfunction in the 
neonatal period (9% thyroidal CH, 1% hyperthyroidism and 42% hyperthyrotropinemia) (45).
Important 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 
hormone state.
Antibodies directed to thyroid tissue may affect maternal thyroid function and subsequently 
cause maternal hypo- or hyperthyroidism dependent on the type of antibody present or 
prevailing.
With the onset of fetal thyroid hormone production from the second trimester onwards, 
antibodies become an important issue for the fetus because they cross the placenta. In 
particular the presence of stimulating thyrotropin binding inhibiting immunoglobulins 
(TBII), usually present in Graves’ disease can stimulate fetal thyroid hormone production, 
whereas inhibiting TBII (present in Hashimoto’s thyroiditis) can inhibit fetal thyroid hormone 
production. Presumably anti-TPO antibodies do not affect fetal thyroid hormone production 
substantially considering that Dussault et al. found that plasma T4, T3 and TSH did not differ 
between those children with detectable anti-TPO antibodies as compared to children without 
anti-TPO antibodies (46). The presence of TBII is reported to result in transient CH (47).
Thionamides (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 
hormone production as well. Occasionally, this effect is used to treat fetal hyperthyroidism 
due to maternally derived TBII.
Also the adequacy of maternal treatment is an important factor for the fetus. In women 
with hypothyroidism pregnancy is complicated by a higher risk of abortion, gestational 
hypertension and the subsequent risk of premature delivery and low birth weight is seen 
more frequently, especially when thyroxine supplementation was inadequate (48;49). In 
maternal gestational hyperthyroidism a higher incidence of abortion, preterm delivery, low 
birth weight and neonatal mortality is seen (41;50).
Anselmo et al. investigated the influence of high maternal thyroid hormone concentrations on 
the fetus by evaluating pregnancy outcome and thyroid hormone concentrations in children 
of women with resistance to thyroid hormone (RTH) due to TRβ mutation (Arg243Gln). 
Pregnant women affected by RTH had a higher rate of miscarriage. Moreover, children 
without RTH born to mothers with RTH had lower birth weight and lower plasma TSH 
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concentrations, suggesting that the relatively high maternal thyroid hormone concentrations 
inhibited fetal pituitary TSH secretion (51).
We have described a population of children with central CH born to mothers with inadequately 
treated Graves’ disease, and suggested that increased maternal transfer of thyroid hormone 
(transiently) disturbed the child’s pituitary function (52) [Chapter 3.1].
It has been described that neonatal thyrotoxicosis leads to intellectual impairment and 
craniosynostosis in later years: Daneman described 9 children born to mothers with Graves’ 
disease; all children had neonatal thyrotoxicosis. Craniosynostosis was present in 6 children 
and 4 had varying degrees of intellectual impairment (53).

Apart from the effects of maternal hypothyroidism on pregnancy outcome and neonatal 
thyroid function, its effect on fetal neurodevelopment has received a lot of attention. In 
the past three decades it has become clear that even a rather subtly insufficient maternal 
thyroid hormone state can impair neurodevelopment in the offspring (54-56). In rats the 
sensitivity of the fetal brain to maternal thyroid hormone deficiency has been shown; even 
subtle thyroid hormone deficiency in pregnant rats disrupted migration of neurons and 
altered histogenesis and cytoarchitecture of the cortex and hippocampus of the progeny (57). 
Pop 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 
psychomotor development of the child at the age of 10 months (54), whereas also neonatal  
behavior 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 
the 98th percentile were at increased risk of poor neuropsychological outcome (55). Based on 
these observations the implementation of screening all pregnant women early in pregnancy 
on thyroid function has been considered. However, no randomized controlled trial has been 
performed yet to provide evidence that T4 supplementation to women with relatively low 
FT4 or high TSH concentrations is beneficial for the child’s neurodevelopmental outcome.

1.2.8 Thyroid hormone and brain development
The importance of thyroid hormone for brain development has been shown in clinical as well 
as experimental studies. This section focuses on data obtained from experimental studies. 
Clinical studies are discussed in chapter 1.3.6.
Most studies on the effects of thyroid hormone on the developing brain have been performed 
in 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. 
Thyroid hormone controls the expression of various genes involved in brain development 
in a time and site dependent fashion; a distinct critical period exists during which thyroid 
hormone can affect expression of certain genes. Thyroid hormone is involved in regulation of 
cell migration, formation of cortical layers and in differentiation of neuronal and glial cells, 
oligodendrocytes and astrocytes (59-62).
In hypothyroid rats peripheral and central neuronal cell bodies are smaller and more 
tightly packed. Axonal and dendritic growth and branching are diminished, the number 
and distribution of dendritic spines is altered, synaptogenesis is reduced, proliferation and 
migration of granule cells is delayed, myelination is reduced and expression of specific 
enzymes is affected (61;63-68).
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The effect of thyroid hormone on oligodendrocyte differentiation and gene expression is 
illustrated by the fact that the expression of many oligodendrocyte genes (especially those 
involved in myelination such as myelin basic protein, proteolipid protein and myelin-
associated glycoprotein) is delayed when thyroid hormone is lacking during the postnatal 
period in rats (the time of onset of myelination) (69;70).
The migration of neurons depends on specific proteins present in the extracellular matrix 
and their interaction with cell surface proteins. Reelin and dab1, essential for neuronal 
migration, lamination and cortical layering, as well as tenascin C and L1, which are reported 
to be involved in cell migration, are under thyroid hormone regulation (71-73). Also changes 
in Ncam (neural cell adhesion molecule) levels, controlling cell-cell interaction might alter 
the rate of neuronal migration (74). It is speculated that thyroid hormone may also influence 
migration via interaction with the actin-cytoskeleton (75). Thyroid hormone regulation of 
neurotrophins (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, 
thyroid hormone affects glucose availability by regulating glucose transporters (GLUT1 and 
GLUT3) in the cerebral cortex in an age specific manner (77).

1.3 CONGENITAL HYPOTHYROIDISM
1.3.1 Neonatal screening
Children with CH suffer from thyroid hormone deficiency from prenatal life onwards, until 
after birth adequate T4 supplementation is instituted. Because 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 and subsequent cognitive and motor 
deficits. However, especially in early infancy CH is hardly detectable clinically. Alm et al. 
retrospectively investigated over 100,000 heel puncture samples from Swedish children and 
found increased TSH in 32 children (0.03%). Of them 15 were detected with CH on clinical 
grounds at a median age of 5 months, whereas 7 had remained undiagnosed up to the age 5 
years (when the study was performed), and 9 were euthyroid upon reexamination at the age 
of 5 years (78).
The method to detect CH varies between countries: Japan, Australia, Canada, most European 
countries 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 
with the lowest T4, which is used in many states in North America (82). Both strategies are 
capable of detecting CH of thyroidal origin (thyroidal CH), but will miss (the majority of) 
patients with CH of central origin (central CH).
The Dutch neonatal CH screening is a unique screening method (in Figure 3 a schematic 
presentation is given of the current screening procedure). It is primarily based on T4 
measurement in filter paper blood spots. Sampling is performed between 4 and 7 days after 
birth. The concentration of T4, expressed as standard deviation (SD) score, is compared to 
the daily mean. If T4 is ≤-0.8 SD, TSH concentration (expressed in mU/l) is additionally 
measured. If T4 is ≤-1.6 SD, TBG concentration (expressed in nmol/l) is also measured. A T4/
TBG ratio is calculated: (T4 SD +5.1)•[TBG]-1•1000. If T4≤-3.0SD or TSH≥50 µU/ml children 
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are immediately referred to a pediatrician. In case of a dubious result (-3.0<T4≤-0.8SD in 
combination with a T4/TBG ratio ≤8.5 and/or 18≤TSH<50 mU/l) a second heel puncture is 
performed and T4, TSH and TBG are repeated. Children are referred to a pediatrician after 
a second heel puncture if the result is dubious again, or abnormal. For children born with a 
gestational age (GA) ≤36.0 weeks in combination with a birth weight (BW) ≤2500 grams the 
referral criterion is based on TSH; if TSH≥50 mU/l the child is referred, if 18≤TSH<50 mU/l 
the result is considered dubious and a second heel puncture is performed after which the 
child is referred if the result is dubious again, or abnormal.
Recently the Dutch T4-TSH-TBG screening method has proven its outstanding ability to 
detect patients with thyroidal as well as central CH (83-85), whereas the extra costs compared 
to other screening methods appear to be acceptable (83).
Of the total group of children screened in The Netherlands, approximately 0.2% is referred 
with abnormal screening results of whom approximately one third has CH. In the majority 
of false-positive referrals TBG deficiency or severe illness is the most probable cause of the 
decreased screening T4 (85).

Figure 3. Schematic presentations of the Dutch neonatal CH screening procedure.
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1.3.2 Incidence
CH is the most frequent endocrine congenital disorder. There is considerable variation in 
incidence figures worldwide, depending e.g. on screening method, iodine status, criteria used 
to diagnose CH, types of CH included and the ethnicity of the patient group (86-89).
Jacobsen calculated an incidence of 1:6,064 in Danish children born before screening, 
whereas after the introduction of screening incidence increased to 1:4,000 (90), comparable   
to estimates of 1:4,461 as reported in the US (82), and 1:3.363 as reported in the United 
Kingdom (91).
Hanna et al. evaluated the incidence of permanent central CH and found 19 cases among 
850,431 children (incidence 1:45,000) of whom 8 were diagnosed by screening, and 11 because 
of clinical features (7 prior to neonatal screening) (92). When only the Oregon population 
was considered (which according to the authors was the most reliable population in terms of 
screening and registration) the incidence was somewhat higher i.e. 1:29,000. The incidence of 
permanent central CH detected by screening was 1:160,516 in Kanagawa Prefecture in Japan, 
where a combined FT4/T4 and TSH approach is used (93).
Reliable incidence figures require a clear definition which cases are included (permanent 
as well as transient, thyroidal as well as central, those patients found by screening as well 
as the false-negatives). In a recent survey we calculated incidence figures for the cohort of 
children born between April 2002 and May 2004 in The Netherlands (85). The incidences of 
the various types of CH is shown in Table 1 (see also Chapter 2).

Table 1. Incidences for the various types of CH
Incidence

CH 1:1,800
Permanent CH 1:2,200

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

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

1.3.3 Diagnosis
When 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 
which FT4 and TSH are determined. These first results are helpful to establish whether the 
diagnosis of CH is definite, likely or absent.
In 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 
be needed to confirm or reject the diagnosis of CH. Even then it is not always possible to 
definitely reject the diagnosis of CH within a few days to weeks. Because of the importance of 
thyroid hormone for brain development T4-supplementation is started as soon as possible to 
prevent cerebral damage as a consequence of supposed thyroid hormone deficiency. In those 
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children 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.
Establishing a detailed etiology, preferably in the neonatal period, helps to initiate an adequate 
treatment strategy, to calculate the risk of other defects (endocrine or associated defects), 
and to inform the parents about the prognosis and the risk of recurrence.

The majority of newborns diagnosed shortly after birth has permanent CH (84%), whereas 
a small group (16%) has transient CH (85). The diagnosis transient CH comprises a clinical 
entity in which the need for T4 supplementation is temporary. Transient CH can be due to 
external factors e.g. iodine excess (due to the use of iodine-containing disinfectants or X-
ray contrast agents), maternal antithyroid antibodies or maternal anti-thyroid medication. 
Chapter 3 shows that the type of central CH as observed in children of mothers with 
inadequately treated Graves’ disease appears to have a transient course; it is hypothesized 
that hyperthyroidism during pregnancy results in a transient inhibition of the pituitary’s 
TSH secretion. Also patients with a heterozygous DUOX2 mutation display a transient type 
of thyroidal hypothyroidism requiring T4 supplementation only in the first years of life (94).

Permanent CH can grossly be divided in the following groups:

CH of thyroidal origin
This group includes disorders of thyroid gland development, referred to as thyroid dysgenesis 
and inborn errors of thyroid hormone synthesis, referred to as thyroid dyshormonogenesis.
CH of thyroidal origin (thyroidal CH) is characterized by low or normal (F)T4 concentrations 
and elevated TSH concentrations.
Recently it has been shown that as a group, patients with trisomy 21 have a persistent mild 
type of CH, presumably of thyroidal origin (95).

CH of central origin
This group includes disorders in the thyroid’s regulatory system at hypothalamic (also called 
tertiary hypothyroidism) or pituitary (also called secondary hypothyroidism) level. Patients 
can have a variety of anterior and/or posterior pituitary hormone deficiencies referred to as 
MPHD (multiple pituitary hormone deficiencies).
Central CH is characterized by low to low-normal (F)T4 concentrations and low, normal or 
slightly elevated TSH concentrations.

CH of peripheral origin
This group includes hypothyroidism due to increased loss or metabolism of thyroid 
hormone.
Patients with congenital nephrotic syndrome may suffer from hypothyroidism due to 
(increased) urinary loss of TBG, T4 and iodine. Patients with infantile hemangiomas may 
also have hypothyroidism due to increased expression of D3 in the affected tissues resulting 
in increased metabolism of T4 and T3 into rT3 and T2, respectively (96).
It can be debated whether iodotyrosine dehalogenase deficiency is a thyroidal or peripheral 
type of CH. Patients are unable to deiodinate MIT and DIT formed by hydrolysis of 
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thyroglobulin in the thyroid. Because the enzyme is also deficient in peripheral tissues 
(especially liver and kidney), MIT and DIT are excreted in the urine.
MCT8 (a neuronal thyroid hormone transporter) gene mutations can also be considered to 
cause a peripheral type of CH. Although plasma thyroid function determinants are rather 
subtly changed (normal or slightly decreased T4 and FT4, normal or slightly increased TSH, 
and increased T3) they probably suffer from severe cerebral hypothyroidism as indicated by 
their severe neurologic defects and psychomotor retardation. The severe phenotype is related 
to a defect in thyroid hormone transport to neurons, mediated by MCT8 (17).

CH of unclassified origin
Sometimes etiology of CH cannot be classified, e.g. when TSH is only moderately increased, 
FT4 normal to decreased and TRH-test not conclusive about the etiology of CH.
Hypothyroidism due to GNAS1 gene mutations, encoding the Gsα subunit is one of the types 
of CH which covers both thyroidal and central CH (both the TRH- and TSH-receptor are 
G-protein coupled receptors).

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

Blood tests
Assessing plasma TSH, FT4, T4, T3, TBG and Tg (chapter 1.2.6), and TSH receptor antibodies 
(TBII), anti-TPO, anti-Tg.
Whenever the results in the child reveal central CH or (mild) thyroidal CH with unknown 
cause, maternal thyroid function should be measured, including antithyroid antibodies.

Pituitary function tests
TRH (thyrotropin-releasing hormone) test, CRH (corticotropin-releasing-hormone) test, 
GnRH (gonadotropin-releasing hormone) test, GH stimulation test (by administration of L-
Dopa/propranolol or arginine).
Pituitary function tests are indicated when central CH (in combination with other pituitary 
hormone deficiencies) is suspected. 
A TRH test can be useful to discriminate between thyroidal and central CH. In the TRH test 
plasma TSH is measured 15, 30, 45, 60, 120 and 180 minutes after intravenous administration 
of TRH (10 µg/kg). Although age-specific reference ranges for the TSH response in the TRH 
test are lacking, we define an adequate response as a maximum TSH concentration between 
15 and 35 mU/L after 20 to 40 minutes. (84;97). 

Urine tests, assessing urinary iodine excretion and LOMWIOM (chapter 1.2.6)
Occasionally di-iodotyrosine (DIT) and mono-iodotyrosine (MIT) are measured in urine. 
MIT and DIT are formed by hydrolysis of thyroglobulin in thyrocytes. In case of an iodide-
recycling defect MIT and DIT are not deiodinated but released into the circulation and 
excreted in the urine.

Imaging studies of the thyroid gland:
Ultrasound imaging: Performing and interpreting a reliable thyroid ultrasound image in 
newborns requires an experienced examiner. The ultrasound image provides information 
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about the presence of thyroid tissue at the normal location, the size of the thyroid gland and 
about thyroid structure and homogeneity.
The advantage is that it is a rapid, non-invasive and directly available procedure. However, 
the results are not always conclusive. Especially when a minimal amount of tissue is visible 
between the trachea and carotid veins it is difficult to conclude whether this is thyroid tissue; 
in this case a 123I- uptake study is the method of choice.
Radio-iodide imaging (123I- uptake): The 123I- uptake provides an excellent procedure to 
visualize thyroid tissue (provided that it is capable of iodide uptake). In case of thyroid 
dysgenesis it can reveal total absence of thyroid tissue (Figure 4a) or the exact location in case 
of a dystopic thyroid remnant (Figure 4b). In case of thyroid dyshormonogenesis it provides 
information about the dynamics of iodide transport and processing (Figure 4c).
In the 123I- uptake study (according to the protocol used in the Emma Children’s Hospital 
AMC) a tracer amount of 123I- is administered intravenously. Every 30 minutes for two hours 
the 123I- uptake of the thyroid is measured, using a pinhole collimator and a gamma camera. 
The percentage of radioiodide uptake is calculated from the activity measured above the 
thyroid in a certain time period subtracted by the activity above a control region of the body, 
and divided by the activity measured above the tracer dose before injection.
The (radioactive) iodide which actively enters the thyrocyte is, after transport to the lumen, 
rapidly 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 
the active 123I- influx, through which the efflux of non-organified tracer becomes immediately 
evident. Sodiumperchlorate is administered after 2 hours and thyroidal radioiodide content 
is measured every 15 minutes for 1 hour. The difference between the 2-hour radio-activity 
measured just preceding sodiumperchlorate administration and the radio-activity measured 
1 hour after sodiumperchlorate administration is calculated and expressed as a percentage 
of the 2-hours uptake value. The percentage indicates the unbound iodide fraction present in 
the thyroid; in case of any defect in iodide transport across the apical membrane or a defect in 
organification, the iodide taken up will not or only partially be processed; a high percentage 
indicates a severely disturbed iodide organification process. The radio-activity reduction 
after 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 
iodide organification (Figure 4c); a reduction between 20 to 90% indicates a partial defect (98). 

Magnetic Resonance Imaging of the hypothalamus-pituitary region
Mainly to visualize location the posterior lobe of the pituitary (the neurohypophysis) because 
posterior pituitary ectopy is found in around 50% of patients with congenital MPHD (84).

Gene mutation analysis
Mutation analysis of those genes known to be involved in thyroid development, thyroid 
hormone 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 
confirmed (see also Chapter 1.3.4).
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Figure 4. Radio-iodide images of the thyroid (123I- uptake). a. Thyroid agenesis: no thyroid tissue is visible. b. 
Thyroid dysgenesis: several markers placed on the ears, hyoid and jugulum show that thyroid tissue is located 
at the location of the hyoid bone. c. Thyroid dyshormonogenesis: a bilobar structure is visible, with reduction 
in radio-activity of >90% after administration of sodiumperchlorate, compatible with a total defect of iodide 
organification. 

a

c

b



General introduction and outline of the thesis

31

1.3.4 Clinical and molecular characteristics of thyroidal, central and 
peripheral CH

CH of thyroidal origin: Thyroid dysgenesis
Thyroid 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 
concentrations are below the detection limit (i.e. <20 pmol/l). Cryptopic thyroid rudiment 
means that there is lack of thyroid hormone (like in thyroid agenesis), the 123I- uptake study 
and ultrasound do not show thyroid tissue (like in thyroid agenesis), but thyroglobulin is 
measurable in plasma (unlike in thyroid agenesis). It indicates that there must be some 
thyroglobulin producing thyroid cells, but presumably they are so badly organized that they 
cannot be visualized in the uptake study and cannot produce T4.
Dystopic thyroid remnant means a thyroid rudiment which is located along the tract the 
median thyroid anlage has passed during the embryonic period. It is often referred to as 
ectopic rudiment. However, the rudiment is not deviated from the glossal-thyroidal tract but 
is just incompletely descended along this tract.

Early human thyroid development is dependent on the interplay of proteins encoded by the 
genes TITF1 (NKX2.1), FOXE1 (TITF2), NKX2.5, and PAX8 (10;11;99), and possibly GLIS3 
(100). Large cohorts of patients with thyroid dysgenesis have been screened for mutations, 
mainly in TITF1, FOXE1, PAX8, and NKX2.5 but mutations have been found in only a small 
percentage of patients (10;11;99;101-103).

TITF1 (14q13) 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 
posterior pituitary, the periventricular regions and the hypothalamus (104).
Titf1 null mice show impaired lung and brain morphogenesis, they lack thyroid and pituitary 
gland and die at birth. It has been shown that the thyroid primordium develops but undergoes 
degeneration leading to its disappearance. This suggests that expression of Titf1 is important 
for survival of thyroid precursors but is not involved in the initial thyroid formation (105).
Heterozygous mutations in the TITF1 gene in humans cause a variable phenotype with 
lung problems (e.g. respiratory failure at birth, frequent pulmonary infections), neurological 
problems (ataxia, chorea, dyskinesia, hypotonia) with normal thyroid, thyroid hypoplasia or 
thyroid agenesis (106).

FOXE1 (9q22) is a forkhead domain transcription factor. In mice Foxe1 is expressed in the 
thyroid 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 
either a small thyroid rudiment at an abnormal position or thyroid agenesis, indicating a 
crucial role of Foxe1 in the migration and survival process (108).
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A 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 
and thyroid agenesis (109).

PAX8 (2q12-14) is a paired domain transcription factor. It is expressed in the thyroid, 
kidney, ureter and in the nervous system.
In Pax8-/- mice a rudimentary thyroid gland has been observed without any follicles and 
thyroid cells, only containing C cells. Like in Titf1-/- mice, the thyroid primordium appears 
but does not survive. No defects were observed in other structures expressing Pax8 (110).
Although mice express a thyroid phenotype only in case of bi-allelic mutations, in humans 
thyroid dysgenesis is described in patients in whom only one allele was found to be affected 
with a PAX8 mutation. The thyroid is mildly to severely hypoplastic; however, subjects 
with a heterozygous mutation but with a normally located thyroid of normal size have 
been reported (111). Unilateral kidney agenesis has been described in a patient with a PAX8 
mutation (112).

The TSH-receptor (14q31) is a G-protein-coupled receptor. It plays a role in the functional 
differentiation of the early thyroid. Due to the role of TSHr in thyroid development and 
thyroid hormone synthesis the phenotype of thyroidal CH due to mutations in TSHr can be 
considered as thyroid dysgenesis as well as thyroid dyshormonogenesis.
Mice with Tshr gene mutations have at birth a normal sized thyroid gland with minor 
alterations in its structure but with severely reduced capability to produce thyroid hormone; 
the adult Tshr-/- mice have hypoplastic thyroids (113).
In humans bi-allelic mutations in the TSH-r gene lead to a variable phenotype ranging from 
hyperthyrotropinemia with normal thyroid gland by radio-iodide imaging to severe CH with 
thyroid hypoplasia (114-116).

Recently a novel gene, NKX2.5 (5q34), involved in pathogenesis of human thyroid 
development was demonstrated (11). NKX2.5 is a homeodomain-containing transcription 
factor with a major role in heart development; several loss of function mutations have been 
described in patients with congenital heart defects (117;118), but their thyroidal status was 
not reported. In 241 patients with thyroid dysgenesis mutation analysis showed heterozygous 
mutations 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 
valve insufficiency). All mutations were inherited from one of the parents; 1 father carrying a 
mutation had minor mitral valve insufficiency, whereas 1 mother with a mutation exhibited 
autoimmune hypothyroidism (11).

Recently three families have been described with mutations in GLIS3 resulting in neonatal 
diabetes mellitus and CH. The CH was characterized by severe thyroid hormone deficiency, 
absence of functional thyroid tissue by radio-iodide imaging and normal to elevated 
thyroglobulin concentrations (100). The physiological role of GLIS3 in (human) thyroid 
development needs to be further established. This also applies to a number of other genes of 
which the targeted disruption in mice is known to result in an aberrant thyroid phenotype 
such as Hhex (absent or hypoplastic thyroid), Hoxa3 (leading to thyroid hypoplasia, absent 
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thymus  and parathyroid) Eya1, Pax3 and Endothelin-1 (leading to thyroid hypoplasia) Fgfr2, 
Fgf10 (thyroid agenesis), and Shh (thyroid hemiagenesis).

CH of thyroidal origin: Thyroid dyshormonogenesis
Iodine is an essential component of thyroid hormone. For adequate thyroid hormone synthesis 
iodide needs to be transported across the basolateral and apical membrane, whereafter it 
is oxidized in the follicular lumen and bound to tyrosine residues in thyroglobulin. After 
thyroglobulin is endocytosed from the lumen, proteolytic enzymes cause the release of T4, 
T3, MIT and DIT. MIT and DIT are deiodinated and iodide is in part recycled. A number of 
genes involved in the various steps of thyroid hormone synthesis are known.

Solute Carrier Family 5, Member 5 (SLC5A5)
The Na+/I- Symporter (NIS), encoded by SLC5A5 (19p12), is responsible for iodide transport 
over the basolateral cell membrane of thyrocytes. It is expressed in the thyroid gland as well 
as in a number of other tissues, like salivary glands and gastric mucosa. Hypothyroidism 
as a result of mutations in the SLC5A5 gene is an autosomal recessive heritable condition 
with a heterogeneous phenotype. Severity of hypothyroidism varies considerably, probably 
depending on dietary iodine intake. Some patients are detected by neonatal screening, but 
in others hypothyroidism is not diagnosed before the age of 20 years (119;120). Some of the 
patients present with goiter, but also normally sized thyroids have been described (121). 
Plasma thyroglobulin concentration is markedly elevated, whereas radio iodide uptake is low 
or absent (119;121;122).

Solute 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 
to be involved in the transport of iodide across the apical membrane. Mutations in the 
SLC26A4 gene have been described in patients with Pendred syndrome. Pendred syndrome 
is an autosomal recessive disorder characterized by developmental abnormalities of the 
cochlea, sensorineural hearing loss, and diffuse thyroid enlargement (123). Most interestingly 
the degree of hypothyroidism and deafness shows inter- but also intraindividual variations 
(124)(Vulsma T, personal communication). Plasma Tg concentration is increased, and after 
sodiumperchlorate administration, the 123I- uptake study shows remarkable reduction of 
radio-activity (124-126).

Thyroid peroxidase (TPO)
The TPO (2p25) gene codes for thyroid peroxidase. TPO catalyzes iodination of tyrosine 
residues and their coupling to iodothyronine residues in Tg. Inactivating mutations of both 
TPO alleles are described in patients with total iodide organification defects, characterized by 
severe hypothyroidism, high plasma Tg concentrations, increased 123I- uptake and subsequent 
total release after sodiumperchlorate administration (127). Total iodide organification defects 
due to monoallelic expression of a mutant (paternal) TPO allele in the thyroid in 3 siblings in 
one family have been reported (128).
In patients with partial iodide organification defects (compound) heterozygous mutations in 
TPO have been described (129;130).
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Dual Oxidase 1 and 2 (DUOX1, DUOX2), previously called THOX1 and THOX2 respectively
DUOX1 and 2, encoded by the DUOX genes (15q15.3) are involved in generation of H2O2 
which plays a role in the oxidation process. In one patient with severe CH and a total iodide 
organification defect homozygous mutations in DUOX2 were demonstrated, whereas 
in three other patients with mild transient CH and a partial iodide organification defect 
heterozygous mutations were demonstrated (94). Compound heterozygous mutations in the 
DUOX2 gene have also been reported in patients with partial iodide organification defects 
causing persistent mild to severe hypothyroidism (131;132). Recently, 2 new genes have 
been identified, DUOXA1 and DUOXA2, supposed to be maturation factors for the DUOX 
proteins (133).

Thyroglobulin (Tg)
Thyroglobulin (18q24.2-q24.3) serves as a matrix for iodination of tyrosine residues and 
especially the coupling of iodotyrosines to T4 and T3.  Mutations in the TG gene have been 
described in patients who have moderate to severe hypothyroidism and enlarged thyroids; 
plasma Tg is usually low and thyroidal 123I- uptake increased (134;135).

CH of central origin
In central CH regulation of thyroid hormone synthesis by TSH is disturbed due to a defect 
at the pituitary or hypothalamic level. Central CH can occur as an isolated entity or can 
be part of multiple pituitary hormone deficiencies (MPHD). For both types of defects gene 
mutations have been described (12;136). Patients with central CH often display mild to 
moderate hypothyroidism. In 50% of the patients with MPHD posterior pituitary ectopy is 
observed (84).

Isolated central CH
Isolated central CH has been observed in patients with resistance to TRH due to a mutation 
in the TRH receptor (137), causing absent rise of TSH and PRL after TRH administration, as 
well as in patients with mutations in TSHβ, who exhibit (extremely) low TSH concentrations 
with no or insufficient response to TRH administration (138;139).

Central CH as part of MPHD
MPHD, including central CH, has been documented in patients with mutations in 
transcription factors involved in pituitary development and hormone expression. Mutations 
in the pituitary-specific transcription factor POU1F1 (previously called PIT1) result in 
deficiencies 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 
of POU1F1 disrupting development and function of somatotropes, lactotropes, thyrotropes, 
and gonadotropes, but variability in phenotypic expression exists among patients with the 
same mutation (142). Homozygous mutations in LHX3, a LIM homeodomain transcription 
factor, also cause deficits of all anterior pituitary hormones, except ACTH. A remarkable 
characteristic of these patients is their rigid cervical spine which limits the ability to rotate 
the head (143). Mutations in HESX1 (or RPX, Rathke’s pouch homeobox) also lead to a 
syndromic form of MPHD characterized by septo-optic dysplasia (optic nerve hypoplasia and 
agenesis of midline structures in the brain) (144;145). Mutations in other genes related to 
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thyrotrope disruption are: LHX4, characterized by short stature, MPHD, small sella turcica 
and deformed cerebellar tonsils (146); GLI2, identified in patients with hypopituitarism 
and variable craniofacial abnormalities (147); PHF6, described in Borjeson-Forssman-
Lehmann syndrome, an X-linked condition characterized by MPHD, moderate to severe 
mental retardation, epilepsy, obesity with marked gynecomastia and optic nerve hypoplasia 
(148;149); and possibly also SIX6 (150), located in a region that was deleted in patients with 
bilateral anophthalmia and pituitary anomalies (151).

CH of peripheral origin
Solute Carrier Family 16, Member 2 (SLC16A2)
Recently the monocarboxylate transporter 8 or MCT8 (Xq13.2) has been recognized as an 
active thyroid hormone transporter. MCT8 is involved in T3 entry in neurons. Mutations 
have been described in male patients who had severe psychomotor retardation, presumably 
related to impaired neuronal T3 action and metabolism. Patients display normal to mildly 
decreased plasma FT4 and T4 concentrations, normal to slightly elevated plasma TSH 
concentrations, and markedly elevated plasma T3 concentrations (17;152).

Iodotyrosine dehalogenase (DEHAL1)
Patients with iodotyrosine dehalogenase deficiency are unable to deiodinate MIT and DIT. 
Patients have goiter and excessive losses of MIT and DIT in the urine; the resulting iodine 
deficiency causes hypothyroidism (153). By the use of serial analysis of gene expression of 
human thyroid tissue a gene was identified, DEHAL1; the encoded protein is capable of 
iodotyrosine dehalogenation. It is expressed mainly in thyroid tissue but also in liver and 
kidney (154).

1.3.5 Treatment
The 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 
brain development. However, in those children with very mild TSH elevation and/or plasma 
FT4 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 
observational studies or randomized clinical trials, evidently showing the benefit of T4-
supplementation in this group, are lacking.
T4 supplementation restores metabolism and relieves physical and (neuro)psychological 
symptoms. It also establishes catch-up growth after a long period of hypothyroidism during 
childhood (155).
In general, the (practical) treatment goals in CH are 1) to reach euthyroidism as soon as 
possible by starting T4 supplementation immediately after the diagnosis of CH has been 
established and 2) to maintain euthyroidism by adapting T4 supplementation dose regularly. 
Since the introduction of neonatal CH screening in The Netherlands initial treatment strategy 
has changed a few times. In the early 1980’s T3 was administered prior to administration of 
T4. However the demonstration in rats that the brain preferably uses T4 for intracerebral 
conversion 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 
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published in 1986 an initial T4 dose of 4-6 µg/kg per day was recommended. In the following 
years the strategy changed towards higher initial T4 doses (also internationally). The most 
recent national guideline, published in 1997, recommends to initiate with a dose of 50 µg 
T4, followed by 10 µg T4/kg per day. However, to date no consensus is reached what the 
most adequate dose would be to ascertain normal development. In the Emma Children’s 
Hospital AMC we currently start with an initial T4 dose of 10 µg/kg per day. FT4 and TSH 
are measured 2 to 3 days after initiation, to adapt the T4 dose when necessary. Subsequently, 
the frequency of testing is twice a week for neonates, gradually liberalized via monthly to 
two-monthly controls for infants and three to four times per year during childhood, to finally 
twice or once yearly for adolescents.
The reference ranges for TSH and FT4, derived from healthy untreated subjects, help 
clinicians to diagnose thyroid dysfunction. In practice, these reference ranges are also used to 
evaluate T4 treatment adequacy in patients treated for a thyroid disease. In a broad spectrum 
of thyroid diseases, TSH is considered the most reliable indicator to monitor the adequacy 
of treatment strategy (157). Especially in children treatment control, and adjustment of the 
T4 dose accordingly, should anticipate on the increasing body weight and the gradually 
decreasing need of T4 per unit of weight.
In neonates with CH plasma TSH reaches the reference range by 3 to 4 weeks after initiation 
of T4 supplementation, whereas plasma FT4 already reaches the lower limit of the reference 
range by 3 days (158). So, during the initial period the plasma FT4 rather than the plasma TSH 
concentration is the proper determinant for assessing the T4 supplementation dose.
Also after the initial treatment phase dynamics of TSH and FT4 determinants in patients with 
CH differ from acquired forms of hypothyroidism. In patients with thyroidal CH, establishing 
FT4 concentrations well within the reference range will result in elevated TSH concentrations, 
at least up till adulthood. To maintain plasma TSH concentrations within the reference range, 
substantially higher FT4 concentrations (than can be expected from the reference range) are 
needed, as compared to patients with acquired thyroidal hypothyroidism (159).
In T4-supplemented patients with central CH plasma TSH concentrations are suppressed; 
95% of the plasma TSH concentrations are below the lower limit of the reference range (0.4 
mU/l), 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 
guideline for treatment adequacy in patients with central CH.

1.3.6 Outcome
In the early 1970’s, i.e. the prescreening era, studies on patients with CH showed that if 
CH was treated within 3 months after birth patients had far better intellectual outcome 
as 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 
diagnosed that early (90). Because CH was difficult to diagnose clinically, with irreversible 
effects on mental and motor outcome if treatment was not initiated early, CH was considered  
ideally suited for mass screening (162). The availability of Guthrie cards, used for neonatal 
screening of phenylketonuria, and the development of techniques to measure T4 and TSH in 
filter paper blood spots enabled the introduction of mass screening on CH. It was started in 
1974 in Quebec, and followed by several countries.
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When neonatal CH programs were first implemented, it was thought that mental retardation 
and 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 
insufficient postnatal treatment, starting relatively late with low initial T4 doses, screening 
procedures and treatment strategies were adapted several times (171)[Chapter 1.4]. Some 
studies from more recent years show better outcome when treatment was earlier and 
starting dose was higher than in the initial years of screening. However, there is still a debate 
whether CH patients can develop indistinguishably from their peer group in all aspects of 
development, i.e. cognition, motor development, socio-emotional development, behavior, 
self-esteem etc. From the optimistic view on outcome exposed in various reports and from 
the ‘disbelief ’ displayed by some of the reviewers judging our manuscripts with less optimistic 
results (172;173) it appears that it is not generally accepted that also prenatal hypothyroidism 
might cause subtle persistent deficits which cannot be prevented by postnatal treatment.

Outcome of CH patients has been evaluated in a broad perspective. Mildly impaired hearing 
has been observed in part of the CH patients (174;175). Behavioral problems are also reported 
in CH patients (176-178), but these might be related to their intellectual or motor deficits. 
Linear growth has been reported to be normal at the age of 3 and 4 years (179;180) as well as 
pubertal development and attained adult height (181;182), but head circumference and body 
mass index (BMI) tend to be higher, especially in children with severe CH (179;180).

Table 2. Disease related factors which might influence outcome of CH patients
Etiology of CH
Severity of CH
Individual variations in the susceptibility to thyroid hormone deficiency
Timing of T4 treatment
Initial treatment strategy
Long-term treatment strategy
Thyroid hormone status at the time of intellectual and motor assessments
Treatment compliance
Associated problems as a consequence of specific genetic defects
Associated problems related to sequela of neonatal thyroid hormone deficiency e.g. goiter, feeding 
difficulty, gestational age, asphyxia
Maternal thyroid function
Adjuvant care (such as physiotherapy, speech-training)

Many factors have been proven or are assumed to affect outcome in CH patients (Table 2).
In the hereafter presented concise overview of the many reports on outcome of CH patients, 
the focus is on cognitive and motor outcome in relation to age at start of treatment, severity 
and etiology of hypothyroidism, initial T4 dose and adequacy of T4 supplementation in the 
first months to years of life and at the time of testing, longitudinal follow-up and outcome in 
adult patients.
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Considerable 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 
on outcome is the lack of any randomized controlled trial comparing the influence of timing 
of T4 supplementation. So, one has to rely on the comparison of outcome of patients treated 
early (e.g. patients diagnosed by screening, especially in recent years) or late (e.g. patients 
born in the prescreening era or patients diagnosed in the early years after introduction of 
screening).
Smith et al. studied a large group of patients with CH between 1935 and 1955 and reported 
that 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 
patients in whom treatment started after the age of 1 year achieved an IQ higher than 90 
whereas 45% of the patients in whom treatment was started before the age of 6 months 
achieved an IQ above 90 (183). Raiti et al, investigating a group of 141 patients with CH born 
in the prescreening era, found that 74% of patients in whom treatment was started within the 
first 3 months after birth had an IQ score >90, whereas only 37% of the patients treated after 
the age of 4 months had an IQ score >90 (160). Klein et al. studied 31 patients with severe 
CH born before 1970; mean IQ was 72 for the total group, 89 in those patients treated before 
the age of 3 months, 70 in those patients treated between 3 and 7 months and 54 in those 
patients treated after the age of 7 months (161). Mendorla et al, investigated 18 patients born 
before screening, in whom treatment was started at ages varying from 0.2 to 9.8 years, and 
found that IQ was <70 in 44% of patients at the age of 6.8 to 15.8 years (184). Similar results 
were obtained by other groups (185;186).
Studies evaluating outcome in patients born after the introduction of screening have presented 
contrasting results. Dubuis et al. and Simoneau-Roy et al. investigated intellectual outcome 
in 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-dose of 12 µg/kg per day) was associated with normal global intelligence at 18 months 
and when retested at 5 years (187;188). In a sample of Dutch patients born between 1993 
and 1996 and tested between 11 and 30 months of age, no correlation was found between 
developmental indices and age at start of treatment, but subdivision in groups revealed that a 
treatment delay of 6 days in children with severe CH receiving a mean initial dose of 10.8 µg/
kg per day resulted in a loss of 25 developmental index score points (189). However, retesting 
the same patients between 5.5 and 7 years of age showed that a delay of 7 days in the high 
T4 dose group was accompanied by a small (non-significant) increase of 3.6 IQ points (190). 
Many studies have not been able to demonstrate a clear effect of the age at which treatment 
was initiated on outcome: Murphy et al. investigating 58 children at the age of 3 years whose 
treatment started at a median age of 26 days (range 7-48), found no correlation between 
the age at which treatment was started and cognitive or motor outcome (191); Salerno et al. 
found no significant differences in IQ scores between early treated patients (mean 18.3 days) 
and late treated patients (mean 42.4 days) (192); Leger et al. found that school achievement 
in 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 
tested at 5 years of age (194).
The discrepancy between studies which did and did not find an effect of age might be caused 
by relative small patient groups and a limited variation in age at start of treatment. Besides, 
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there might be a threshold effect as well, implicating a non-linear effect of the age of start of 
treatment.

Another difficulty is that the age at which treatment is initiated is closely related to the 
severity of CH. In the prescreening era diagnosis was dependent on the recognition of 
clinical symptoms, so patients with severe CH were more likely to be diagnosed earlier. This 
probably contributes to the fact that some of the pre-screening reports could not find an 
effect of the timing of initiation of treatment. Birrell et al. found significant intellectual and 
motor deficits in their patients diagnosed with CH between 10 days and 13 years, but no 
effect was seen of the age at start of treatment (195). This probably indicates that patients 
with severe hypothyroidism were detected earlier than those with milder hypothyroidism.
Also in the screened population patients with severe CH tend to be treated earlier; partly 
because in some of the screening programs patients with more severely deviated screening 
results are referred earlier and partly because the diagnosis of CH is in general easier to 
establish when thyroid function determinants are clearly abnormal. So the onset of treatment 
is partly biased by the severity of CH.
Since important steps in brain development take place from early gestation until several years 
after birth, outcome determinants of CH patients should be correlated to both pre- and early 
postnatal thyroid hormone concentrations. In infants diagnosed by screening, information 
on their prenatal thyroid hormone state is lacking. According to term cord plasma T4-
concentrations, the prenatal thyroid hormone state in fetuses without (functioning) thyroid 
tissue 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 
likely that this maternal contribution to the fetal thyroid hormone state is a major factor in 
protecting brain development, but it is not known whether it is always sufficient to completely 
preserve prenatal brain development. After birth, in particular in patients with severe CH, 
T4-concentrations rapidly decline. This is undoubtedly a dangerous condition with respect 
to thyroid hormone dependent brain development. Therefore, severity of CH is likely to be 
an important determinant of outcome, especially for the period between birth and start of 
T4 supplementation.
Frequently, severity of CH is judged by the postnatal pretreatment (F)T4 concentration. 
Sometimes skeletal maturation is used as an indication of severity of prenatal hypothyroidism 
by counting the number of ossified centers of the knee. One of the first reports on outcome 
of CH patients detected by screening was published in The Lancet in 1981 (196). This study of 
the New England Hypothyroidism Collaborative reported that the mean IQ score at the age 
of 3-4 years (no motor scores were reported) in patients with CH, treated from a mean age 
of 25 days, was comparable to that of controls (106 in both groups). However, no distinction 
was made for severity of CH. From this report it is unclear whether also patients with severe 
CH had normal cognitive development. Later on, the same group of patients was retested 
at the age of 6 years: IQ scores were similar to controls, but patients had significantly lower 
speed of motor performance (197). Many studies have found that IQ scores of CH patients 
studied as a group are within the reference range but observe differences when distinctions 
are made according to severity. Murphy et al. found that at the age of 3 years IQ scores for the 
total group were not significantly different from the normative population. However, those 
children with the lowest initial T4 concentration (<20 nmol/l) tended to have significantly 
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lower IQ scores (mean IQ 94) compared to children with higher initial T4 concentrations 
(>60 nmol/l) who had a mean IQ score of 106 (198). Kooistra et al. found that at the age 
of 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 
motor development was also most affected in the severe CH group (163). Others have also 
shown that severity of CH is an important factor determining outcome (Rovet J Pediatr 1987, 
(164;167;168;192;199;200), including school achievement (193). On the other hand, Illicki 
investigating CH patients in whom treatment was initiated at mean 15 days after birth with 
an initial T4 dose of 8.7 µg/kg per day, found that a small subgroup (n=8) of patients with 
severe CH did not score differently from the total group or controls (IQ scores 112, 108 and 
106 respectively) (201;202). Tillotson et al. suggested a threshold effect; the IQ of children 
with severe CH (i.e. initial T4 concentration <42.8 nmol/l) was 10.3 points lower than of 
those children with higher initial T4 concentrations and controls (194).

The importance of the initial T4-dose as a key factor for preservation of brain development 
has become a subject of major interest. Since the introduction of neonatal screening initial T4 
dose has been gradually increased, with the motivation that higher initial T4 doses establish 
normalisation of (F)T4 concentrations within a shorter time period, but the evidence that 
this is accompanied by a positive effect on outcome is poor. The many studies investigating 
the effect of (differences in) the initial T4 dose on outcome do not provide evidence in favor 
of a definite treatment strategy (203). So, to date the optimal initial T4 dose for infants with 
CH remains unclear (204;205).
Salerno et al., investigating CH patients at the age of 7 years found similar IQ scores in 
patients treated with initial T4 doses of 6.0 µg/kg per day (IQ score 96) as compared to 
patients treated with 8.1 µg/kg per day (IQ score 94), however, the patients treated with the 
higher doses had more severe CH as judged by their lower bone age (192). Another study of 
the same group investigated children at 4 years of age and compared 3 different initial T4 
doses (6.3, 9.1 and 13.4 µg/kg per day). Although children who started with the highest initial 
T4 dose had significantly higher IQ scores (IQ score 98) than patients with the lowest initial 
T4 dose (IQ score 88), a confounding factor was that treatment started significantly earlier 
in the high dose group; of note within the high dose group the 10 patients with severe CH 
performed equally to those with moderate CH (206). Rovet studied differences in outcome 
between those children receiving <7.8 µg/kg per day and those receiving ≥7.8 µg/kg per day. 
The high dose group had significantly higher Full Scale and Verbal IQ scores, but treatment 
was initiated earlier in this group (mean 11.6 days as compared to mean 20.2 days in the low 
dose group). Moreover, more behavioral problems were reported in the high dose group, but 
thyroid hormone concentrations at the time of testing also differed significantly between the 
groups (207).
Dubuis et al. found that patients with severe CH starting at a median age of 14 days with a 
median initial T4 dose of 12.1 µg/kg per day had IQ scores (107 mean) not different from 
patients with moderate hypothyroidism (110 mean) (187). Because in previous studies they 
found that patients with severe CH treated at a mean age of 5 weeks with initial T4 dose of 6 
µg/kg per day scored significantly lower than patients with moderate CH (84 versus 104 at 7 
years of age and 89 vs 104 at 12 years of age) (208) they concluded that due to early treatment 
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and/or high initial T4 dose, early developmental outcome of CH patients had normalized 
(187;209).
Also recently published studies addressing the impact of the height of the initial T4 dose 
present conflicting results. In the study by Selva et al. patients starting treatment at a mean 
postnatal age of 10.9 days with a mean initial T4-dose of 10.9 µg/kg  per day (which was 
considered 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 
days with an equivalent dose of 10.9 µg/kg per day (which was in this study considered 
relatively high) scored equal to controls (104.6 vs. 105.0 IQ) (190). Any effect of the initial 
T4 dose on cerebral development is likely to take place via the established plasma (F)T4 
concentration and hence intracellular thyroid hormone availability. However, by measuring 
plasma FT4 concentration as an indication of the patients thyroid hormone state, we could 
not find a correlation between the height of the initial T4-dose and the time that was needed 
to establish a FT4 concentration within the reference range (158).
Both the studies of Bongers-Schokking et al. (189) and Dubuis et al. (187) presented figures 
with the established plasma FT4 concentrations during T4 supplementation, from which 
it appears that the higher initial T4-dose was accompanied by higher FT4 concentrations 
until two (189) to nine (187) months after birth. Therefore, it might be that the satisfactory 
outcome in their patients was not merely a consequence of the height of the initial dose but 
of a different treatment regimen in the long run as well.

Another important factor to consider when evaluating outcome of CH patients is the 
adequacy of T4 supplementation during the first years of life. Because the critical period of 
thyroid hormone dependent brain development endures the first years of life, it is likely that 
adequacy of treatment contributes to outcome. However, a major problem is that adequacy 
of treatment is difficult to determine or quantify. Methods used in literature all have their 
specific limitations. Some studies evaluated the influence of timing of TSH normalization 
after initiation of treatment on outcome variables (211). However, the exact timing of TSH 
normalization can only be determined when thyroid function determinants are measured 
frequently, preferably in a prospective manner. Similarly calculating the number of times 
TSH 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 
decision cannot be taken into account and treatment compliance cannot be judged. Others 
have determined adequacy of treatment by using the mean T4 and TSH in a certain time 
period (165;189;194;212). This method is not reliable since an equal amount of FT4 or TSH 
concentrations below or above the reference range will result in a ‘normal’ mean. Even so, 
when only one measurement of FT4 or TSH is used to correlate with outcome variables (192) 
the problem is that neither FT4 nor TSH can be used as a continuous variable because both 
high and low concentrations might affect outcome in a negative manner.

Hypothyroidism is known to induce major neurological and psychological dysfunction and 
several studies have addressed the issue of the influence of thyroid function determinants 
at the time of testing in relation to outcome variables. Song et al. observed that thyroid 
hormone concentration at the time of testing was positively correlated with indices of 
memory, language, speed of processing and fine motor performance, whereas TSH (varying 
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from mean 4.4 to mean 7.9 mU/l in three etiology subgroups) was negatively associated with 
receptive language and recognition memory skills (211). Alvarez et al. also investigated the 
influence of T4 and TSH at the time of testing on outcome. Children with high T4 and high 
TSH were less able to sustain attention, but parents saw them as less behaviorally problematic. 
Attention was poorest when T4 was highest, especially when TSH concentrations were high 
(213).
Some other studies have tested their patients after improved hormonal status. In one study 
patients were tested at the age of 14 and 15-16 years. At 14 years of age 44% of patients and 
at 15-16 years 9% of patients showed poorly controlled hypothyroidism (i.e. TSH>15 mU/
l). The improvement of hormonal control from 14 to 15-16 years was accompanied by an 
increase in IQ from 106 to 112, indicating that adequate treatment at the time of testing is an 
important determinant of outcome (214). In adult patients with subclinical hypothyroidism 
(mean TSH 8.8) their memory skills and behavioral reactivity significantly improved after T4 
supplementation (establishing a mean TSH of 1.3 mU/l) (215).
Although the above mentioned studies might give a limited insight in the effect of current 
thyroid hormone status on outcome variables the primary aim of most studies is to evaluate 
the effect of perinatal thyroid hormone deficiency on eventual outcome. Therefore the 
establishment of euthyroidism at the time of neuropsychological assessments seems an 
inevitable 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 
under euthyroid conditions (163;184-186;189;192;200;210;216), whereas in the majority a clear 
statement that psychological and motor assessments were done under euthyroid conditions 
is lacking (165;167;168;187;188;190;191;194;196-199;201;202;206-208;211;212).

Several longitudinal follow-up studies have been performed in CH children. Murphy et al. 
found in 3 year old CH patients a significant difference in cognitive development as compared 
to controls, whereas developmental scores of 1 year old children were unremarkable (191). 
Illig et al. found that global IQ scores and subscores were significantly lower in patients 
tested at 1, 4 and 7 years of age, than in controls, but results were most remarkable in the 
1 year group (217). Others found that scores obtained at young age were good predictors of 
scores obtained at later age (167;192;197). Rovet et al. showed that retesting children several 
times between the age of 1 and 14 years of age was accompanied by a decline in IQ and they 
concluded that apparently CH children were not capable of making the same age-related 
gain as controls do (169). Moreover, in CH patients tested in the 3th and the 6th grade, it was 
shown that some aspects improved (word decoding), some remained unchanged (arithmetic, 
written language, comprehension skills) and some deteriorated (teacher rating of the child’s 
school performance) (218). So, apart from the validity of the test procedure, the specific 
population being tested must also be taking into account when interpreting outcome.

Reports on outcome are particularly scarce when adult CH patients or patients with central 
CH are concerned. Frost reported on outcome of adult patients diagnosed before screening. 
Mean 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 
two groups have reported on outcome of adult patients diagnosed by screening (165;216). 
These studies show that there are persistent deficits in intellectual and motor outcome.
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Rarely neonatal screening programs do systematically screen on central CH. So reports on 
outcome of early treated patients with central CH are lacking. One study by Frisch et al. 
reported on intellectual outcome of 48 children suffering from isolated growth hormone 
deficiency 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 
with TSH deficiency results of Full Scale IQ scores were significantly lower (220). In this 
thesis outcome of patients with central CH is reported in Chapter 5.2 and 5.3.

1.4 OUTLINE OF THE THESIS
The title of this thesis - congenitalhypothyroidism.nl - was chosen because various aspects of 
CH and CH screening in The Netherlands were investigated.

The Dutch Neonatal screening
The Dutch T4-TSH-TBG based neonatal CH screening approach is unique in the world. By 
means 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).
In chapter 2 we investigated the capability of the T4-TSH-TBG approach to detect CH of 
various etiology and severity. Thyroid function determinants and clinical characteristics of 
all children born in a 2-yr period with an abnormal screening result (true and false positives) 
and of the reported patients with CH not detected by the neonatal screening (false negatives) 
were evaluated and  the incidence figures of various types of CH were studied.

Thyroid dysfunction as a consequence of (inadequately treated) maternal 
Graves’ disease
The presence of maternal auto-immune thyroid disease during gestation is an important issue, 
especially because both lack and excess of thyroid hormone in fetus and infant constitute a 
major 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 

neonatal thyroid function can be disturbed with high variability in type and severity of effects.
As mentioned before, the Dutch T4-based neonatal screening also detects CH of central 
origin (central CH). From 1999 onwards we faced an increasing number of children with 
central CH born to mothers with inadequately treated Graves’ disease. In some of the mothers 
maternal Graves’ disease was diagnosed after their child presented with a thyroid problem. 
To gain more insight in the disease characteristics of these children and their mothers, we 
studied neonatal thyroid function determinants in 18 children with this type of central CH, 
as well as the characteristics of their mothers in terms of timing of diagnosis, thyroid function 
determinants and treatment of their thyroid disease (Chapter 3.1).

Although the occurrence of central CH in neonates born to mothers with Graves’ disease 
has been reported earlier (221-225), the course of thyroid function after withdrawal of T4 
supplementation was not yet studied in detail. It has been reported that plasma concentrations 
of FT4 and TSH remained within their reference ranges when T4 supplementation was 
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withdrawn a few months after birth and that the impaired TSH response after TRH 
administration recovered as well, indicating that central CH related to maternal Graves’ 
disease is a transient condition.
We followed the Dutch group of these patients carefully, for several years after withdrawal of 
T4 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 
novel entity, we evaluated thyroid function and performed thyroid ultrasound imaging in 
patients with central CH due to inadequately treated maternal Graves’ disease after T4 
supplementation withdrawal. We also performed thyroid ultrasound imaging in children 
with central CH as part of MPHD and in children born to mothers with Graves’ disease 
adequately treated during pregnancy, for comparison. These results are presented in chapter 
3.2

Treatment aspects
Adequate T4 supplementation must start shortly after birth to achieve euthyroidism as soon 
as possible and to minimize the risk of cognitive and motor defects. In general the plasma 
TSH concentration is considered a useful determinant to evaluate treatment adequacy in 
patients with thyroidal hypothyroidism. However, during follow up of CH patients elevated 
plasma TSH concentrations are frequently encountered (226;227).
In chapter 4.1 we analyzed the plasma concentrations of various diagnostic determinants of 
thyroid function in children with CH in the first weeks after the start of T4 supplementation. 
A 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 
of treatment, treated with initial daily T4 dosages ranging from 4.8 to 11.1 µg/kg. We studied 
the dynamics of reaching plasma FT4, T3 and TSH concentrations within the reference 
range, and its relation to severity of CH and initial T4 dose.

Maintenance of euthyroidism by adequate T4 supplementation in the long run is also 
considered to be an important determinant of outcome in CH patients. However, also 
after this initial phase, TSH concentrations above the reference range are frequently 
encountered despite FT4 concentrations within the reference range (228). These elevated 
TSH concentrations have been attributed to pituitary resistance to thyroid hormone. Some 
authors concluded that such pituitary resistance occurred only in a subset of patients 
and improved with age (226). In many reports it is recommended to establish FT4 in the 
upper normal range thereby normalizing plasma TSH concentration. However, evidence 
supporting that this strategy is most adequate to ensure tissue (and most important cerebral) 
euthyroidism is lacking.
For children with central CH no guidelines for adequate T4 supplementation exist and 
studies on (F)T4/TSH dynamics in children with central CH during T4 supplementation 
were lacking. In adults with central hypothyroidism it has been shown that during T4 
supplementation, TSH concentrations are low or undetectable despite FT4 concentrations 

within the reference range.
To gain insight in the thyroid’s regulatory system in patients with CH we investigated the 
relationship between thyroid function determinants in various patient groups. Retrospectively, 
plasma FT4, TSH and T3 concentrations were analyzed in T4 supplemented children aged 
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0.5-20.0 years with thyroidal CH, central CH or auto-immune thyroid disease, and in control 
children with type1 diabetes mellitus without thyroid disease. The results are presented in 
Chapter 4.2.

Intellectual and motor outcome
The introduction of the nationwide neonatal screening on CH in The Netherlands in 1981, 
aimed at early detection of hypothyroid children, prompt institution of thyroid hormone 
treatment and thus preventing potentially severe neurological damage due to shortage 
of thyroid hormone. In spite of the overall improvement in neuropsychological outcome, 
compared to the pre-screening period, test results of children born in the first years of 
screening, were not optimal.
In the Netherlands L. Kooistra, T. Vulsma and co-workers (163) have evaluated the effect 
of the screening method and treatment modality as used in the first years of screening; 
intellectual and motor outcome was tested at the age 7.5 and 9.5 years in a national cohort 
of 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 
performance 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 
in all children with CH.
In the past 25 years the screening procedure (e.g. day of heel puncture) and treatment 
modality have been changed several times:

Changes in screening procedure:
In 1982 a special procedure for premature born babies was introduced. Based on the finding 
that with increasing gestational age and birth weight heel puncture T4 concentrations showed 
an increase (229), it was decided that children born ≤ 36 weeks gestational age and ≤2500 
grams birth weight were only to be referred when heel puncture plasma TSH concentrations 
were increased.
In 1995 additional measurement of TBG was introduced resulting in 40% reduction of false-
positive referrals (due to TBG-deficiency) and improved detection of children with central 
CH.

Changes in timing of heel puncture:
In 1981 heel puncture was performed between 6-14 days after birth (day 0 is the day of birth). 
This was put forward to day 6-8 in the early eighties and day 5-7 in the early nineties. The 
current recommendation, introduced in 1999 is to perform heel puncture preferably at day 
4, but at least before day 7.

Changes in treatment strategy:
Guidelines of 1981: Two treatment schemes were advocated. In scheme 1 patients started 
with T3-supplementation. After 1 week T4 was added (4 µg/kg per day), with a gradual 
increase to 8-10 µg/kg per day after 2 weeks. With the start of T4-supplementation the T3-
dose was gradually diminished and stopped after 3 weeks. In scheme 2 patients started with 
T4 (6 µg/kg per day) which was increased to 8-10 µg/kg per day after 1 week. Already in the 



46

Chapter 1

early 1980’s the strategy to start with T3 was replaced by the strategy to start with relatively 
low doses of T4.
Guidelines of 1986: In these guidelines the recommended initial T4-dose was 4-6 µg/kg per 
day, increased to 6-8 µg/kg per day after 1 week.
Guidelines of 1997: Already in the early 1990’s initial T4 dose was gradually increased, in 
accordance with international guidelines that recommended to start with initial T4 doses 
of 10 µg/kg per day. The guidelines of 1997 (which are the most recent ones published) 
recommend to start with 50 µg in all children, except those born with gestational age ≤36 
weeks and birth weight ≤2500 grams. Thereafter, treatment is continued with ±10 µg/kg per 
day. Children born ≤36 weeks gestational age and ≤2500 grams birth weight immediately 
start with ±10 µg/kg per day. In the Emma Children’s Hospital AMC we do not apply a fixed 
universal dose of 50 µg for all children but prescribe a specific dose taking into account the 
patients weight and the severity of CH (i.e. 10 µg/kg once a day, for all children; 12 hours after 
the first T4 administration one extra gift of 10 µg/kg is given to those children with severe or 
moderate CH (i.e. initial FT4<8 pmol/l).

Most of these changes aimed to further improve outcome with the ultimate aim to establish 
a completely normal life for all children with CH i.e. without any persistent brain damage due 
to hypothyroidism in early life. However, the effect of advancement of treatment initiation 
and changes in treatment strategy was never properly evaluated.

It is generally accepted that screening procedures should fulfill criteria such as sensitivity, 
specificity 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 
that evaluation of screening methods is obligatory with regard to good clinical practice. 
Another important aspect is that the CH-screening program is performed together with the 
PKU (PhenyIKetonUria) and CAH (Congenital Adrenal Hyperplasia)-screening program. So, 
some of the changes made in the last twenty years did not exclusively concern children with 
CH (or PKU/CAH) but also all other ‘healthy’ children who were screened.

The screening of all neonates for the benefit of a relatively small percentage of children has 
a huge impact on society. In The Netherlands approximately 200.000 children are screened 
every year to detect around 10 to 20 children with phenylketonuria, 70 to 100 children with 
CH and 10 to 20 with congenital adrenal hyperplasia due to 21-hydroxylase deficiency. If 
changes in screening procedure are to be made for the benefit of children with CH, evaluation 
of the value and impact of these changes is mandatory. Based on the lack of a structural effect 
evaluation of the Dutch CH screening we felt scientifically and morally obliged to evaluate 
its efficiency and we decided to perform a nationwide study entitled “Effect evaluation of the 
Dutch neonatal CH screening“.

In 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 
intellectual and motor outcome of CH patients (i.e. not different from the normative 
population)?
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-  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?

Study design
The variety of starting conditions of three different age groups representing specific time 
periods of the screening was used to evaluate the screening.
Group I consisted of patients with CH born in 1981-82, the first two years of screening. In 
this group intellectual and motor outcome was previously tested at the age of 7.5 and 9.5 
years (163). In the present study patients were tested at adult age.
Group II consisted of children with CH born in 1992-93, tested at the age of 10 years.
Group III consisted of children with CH born in 2002-04 tested at the age of 1 year (presented 
in this thesis) and 2 years.
To create an unbiased study population we primarily included all CH patients born in 
these year cohorts. In every cohort few patients were excluded, mainly because of the co-
existence of a syndrome or mental retardation not related to thyroid hormone deficiency or 
because treatment was initiated extremely late. Prior to the study we considered adequacy 
of treatment at the time of the assessments indispensable in order to create a reliable answer 
on 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 
necessary T4 dose was adapted. Patients in whom treatment was still considered insufficient 
at the time of testing, despite efforts to optimalize treatment, were excluded.
In all three age groups cognitive and motor outcome were assessed. In the 1981-82 and 1992-
93 cohorts cognitive outcome was tested with age-appropriate Dutch versions of the Wechsler 
Intelligence Scales. With the subjects performance three intelligence quotients (IQ) were 
derived: Full scale IQ, verbal IQ and performance IQ. Motor outcome was assessed with 
the Movement Assessment Battery for children (MABC) which determines performance in 
three domains of motor skills: manual dexterity, ball skills and balance skills. In the 2002-04 
the Bayley Scales of Infant Development (BSID-II-NL) was used.
Within each group mild, moderate and severe CH, as well as different treatment aspects 
were compared. The results are described in the Chapter 5.
In addition, socio-emotional functioning was assessed by questionnaires filled in by the 
patients or parents (these results are still under construction and will not be presented in 
this thesis).

Bone mineral density
Childhood is an important phase determining bone quality in later life. During childhood bone 
mineralization increases with age, until the peak bone mass is achieved in early adulthood. 
Thyroid hormone has an important role in bone remodeling and in the development and 
maintenance of bone mass.
During supposedly adequate T4-supplementation patients with thyroidal CH are exposed 
to upward-shifted FT4 concentrations from early childhood on, continuing at least up till 
adulthood. Thyroid hormone excess is known to shorten the remodeling cycle which creates 
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an 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.
In Chapter 6 we investigated bone mineral density in young adult female CH patients, who 
had been treated with T4 since the first month of life, to investigate whether the relatively 
high FT4 concentrations established during T4 supplementation in CH patients, were 
harmful for bone mineral density.

Phenotype abnormalities
In the vast majority of CH patients with thyroid dysgenesis no mutations in the genes 
known to be involved in human thyroid development (PAX8, TITF1, FOXE1, NKX2.5, and 
possibly GLIS3) can be demonstrated. In the patients who do have mutations in these genes 
concomitant major malformations, apart from thyroid dysgenesis, have been reported, such 
as choanal atresia and cleft palate in FOXE1  mutations (109), pulmonary anomalies and 
choreoathetosis in TITF1 mutations (231) renal agenesis in PAX8 mutations (112), cardiac 
malformations in NKX2.5 mutations (11) and neonatal diabetes mellitus in GLIS3 mutations 
(100).
In addition, several reports mention an increased incidence of congenital anomalies in CH 
patients (88;89;232-244). However, in most studies patients were not actually physically 
examined in detail and phenotype abnormalities were not systematically correlated to 
etiology of CH. In Chapter 7 we report on a study in which we investigated a large group of 
well characterized CH patients for morphological characteristics, in relation to the type of 
CH.
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ABSTRACT
Context: The Dutch T4-TSH-TBG-based neonatal screening program detects patients with 
congenital hypothyroidism (CH) of thyroidal (CH-T) as well as central (CH-C) origin. The 
numbers and characteristics of true-positive and false-positive referrals will differ from 
other, predominantly TSH-based, screening methods. 
Objective: The present study describes the characteristics of the referred neonates, both CH 
patients and false-positives, and of the reported CH patients with a false-negative screening 
result born in the study period.
Design/Setting/Patients/Main Outcome Measure: Of each referred child born between 
April 1, 2002 and May 31, 2004 screening results and first venous sample results were 
recorded and classified as transient or permanent CH-T or CH-C, or as no CH. 
Results: In the study period 430,764 children were screened. Of the 772 children with 
abnormal screening results 224 (29%) had CH; another 13 CH patients did not have abnormal 
screening results, giving an overall CH incidence of 1:1,800. Incidences of permanent CH, 
permanent CH-T, permanent CH-C and transient CH were 1:2,200, 1:2,500, 1:21,000 and 
1:12,000, respectively. The most frequent explanations for the 548 false-positive referrals 
(71% of the referred cohort) were severe illness and TBG deficiency (occurring in 198 and 
200 children, respectively).
Conclusions: The Dutch incidence figures for CH belong to the highest worldwide, 
suggesting that the T4-TSH-TBG screening program is an efficient method to detect CH of 
variable etiology and severity. Still, a small percentage of children with CH escaped detection 
via this screening approach. Severe illness and TBG deficiency appear to be responsible for 
the majority of false-positive referrals. 
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INTRODUCTION
Thyroid hormone is important for normal development of the central nervous system (1). 
The critical period for the central nervous system to be dependent on thyroid hormone is 
known to extend from fetal life until at least the first 2 yr after birth (2;3) Therefore, children 
with congenital hypothyroidism (CH), if left untreated, are at risk for impaired cognitive and 
motor development. In many countries, neonatal screening programs have been instituted 
aiming to prevent cerebral damage by early initiation of T4 supplementation. 
Several countries, such as Japan, Australia, and most European countries, have a TSH-
based screening program, whereas many states in North America have a T4-based 
screening program with additional measurement of TSH in the samples with the lowest 
T4 concentration. Both strategies are capable of detecting CH of thyroidal origin (CH-T), 
but will miss (the majority of) patients with CH of central origin (CH-C) (4). Recently the 
Dutch T4-TSH-TBG screening method has proven its outstanding ability to detect patients 
with CH-T as well as CH-C (5-7), whereas the extra costs compared with other screening 
methods are acceptable (4). 
In addition to the difference in proportion of patients with CH-T and CH-C detected by a T4-
TSH-TBG screening method (true positives) compared to other methods, such an approach 
may also have consequences for the numbers and characteristics of patients with an abnormal 
screening result but without CH (false positives). In the present study, thyroid hormone 
determinants and clinical characteristics were analyzed of all children born in a 2-yr period 
with an abnormal screening result (true and false positives) and of the reported patients with 
CH not detected by the neonatal screening (false negatives). This design allowed us: 1) to 
investigate the capability of the T4-TSH-TBG method to detect CH of various etiology and 
severity and 2) to calculate the incidence of various types of CH. 

PATIENTS AND METHODS
Screening method (Figure 1)
The Dutch neonatal CH screening method is primarily based on T4 measurement in filter 
paper blood spots. Sampling is performed between 4 and 7 d after birth. The concentration of 
T4, expressed as SD score, is compared with the day mean. If T4 is ≤-0.8 SD, TSH concentration 
(expressed in µU/ml) is additionally measured. If T4 is ≤-1.6 SD, TBG concentration 
(expressed in nmol/l) is also measured. A T4/TBG ratio is calculated as follows: (T4 SD 
+5.1)X[TBG]-1X1000. If T4≤-3.0SD or TSH≥50 µU/ml, children are immediately referred to 
a pediatrician. In case of a dubious result (-3.0<T4≤-0.8SD in combination with a T4/TBG 
ratio ≤8.5 and/or 20≤TSH<50 µU/ml), a second heel puncture is performed and T4, TSH and 
TBG are repeated. Children are referred to a pediatrician after a second heel puncture if the 
result is dubious again, or abnormal (4). For children born with a gestational age (GA) ≤36.0 
wk in combination with a birth weight (BW) ≤2500 g the referral criterion is based on TSH; 
if TSH≥50 µU/ml, the child is referred, if 20≤TSH<50 µU/ml, the result is considered dubious 
and a second heel puncture is performed after which the child is referred if the result is 
dubious again or abnormal (4). 
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In the following text ‘abnormal screening result’ refers to one heel puncture sampling with 
an abnormal screening result, or two with a dubious result.

Patients
The study was coordinated and executed by the department of pediatric endocrinology 
of the Emma Children’s Hospital Academic Medical Center (AMC) in collaboration with 
the Dutch Health Administrations (DHA) and The Netherlands Organization of Applied 
Scientific Research (TNO). The study protocol was approved by the Institutional Review 
Board (which judges medical ethical aspects of research proposals) of the AMC and the 
Privacy Committee of the Dutch CH Screening Board (which judges logistic, scientific and 
ethical aspects of research proposals concerning neonatal screening). The studied patients, 
living all over the country, were not actually referred to the Emma Children’s Hospital AMC, 
only their medical data were recorded.
When in The Netherlands a child is born, parents get a heel puncture package with written 
information, upon registering the birth of their child. When the healthworker visits the 
parents’ home, the heel puncture is performed only after parents give their implicit consent.

Figure 1. Schematic presentation of the Dutch screening procedure: laboratory tests, interpretation, and 
decision.

* From January 1, 2005 the cutoff for TSH is lowered from 20 to 18 mU/l
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The regional CH screening laboratory notifies the DHA on abnormal and dubious CH 
screening results. Whenever referral to a pediatrician is indicated, the DHA immediately 
contacts the general practitioner. Of those children, born from April 1, 2002 until May 31, 
2004 (referred to as the study period), with an indication for referral, the DHA has sent faxes 
with data containing heel puncture results, GA, BW and the name of the general practitioner 
to the AMC. This enabled the researchers of the AMC to contact the pediatrician and ask for 
the laboratory and clinical data of the referred child. 
TNO documents the screening results and diagnostic findings of Dutch children with 
abnormal screening results and data of CH patients missed by neonatal screening, when 
reported by pediatricians. All local hospitals can determine free T4 (FT4) and TSH, but for 
less common thyroid function tests (such as TBG, thyroglobulin or T3) material has to be sent 
to a few specialized laboratories (e.g. the AMC). Tests for urinary iodine and low molecular 
weight iodinated material are exclusively performed in the AMC. The AMC keeps records 
of patients whose blood or urine samples were sent to confirm or specify the diagnosis of 
CH, or whose pediatrician consulted the department of pediatric endocrinology for advice. 
Usually this concerns referred patients with abnormal CH screening results, but occasionally 
the records belong to CH patients with normal screening results (false negatives). To get the 
most complete cohort of CH patients born in the study period, datasets of TNO and AMC 
were combined. 

Classification based on screening results and diagnostic work-up
For all subjects born during the study period CH screening results, first venous plasma 
FT4 and TSH (and optionally TBG), GA, BW and any remarkable clinical characteristics 
(e.g. family history and maternal thyroid function) were recorded. Based on the provided 
information diagnosis was classified as no CH, transient CH or permanent CH. The category 
of no CH was subdivided according to the alleged reason of the abnormal screening result: 
severe illness, TBG-deficiency (total when heel puncture TBG was <0.3mg/dl (i.e.<50 nmol/l); 
partial when 0.3 mg/dl≤heel puncture TBG<1.8 mg/dl (i.e.50≤TBG<300 nmol/l), errors in the 
screening procedure, exchange blood transfusion, delayed blood sampling, pre/dysmaturity, 
and no obvious explanation. The diagnosis transient CH was further classified into transient 
CH-T or transient CH-C. When known, the cause of transient CH was documented. The 
diagnosis ‘permanent CH’ was further classified into CH-T, CH-T21 (i.e. CH-T related to 
trisomy 21) (8), CH-C, or CH not yet specified. 
Reference ranges for children born at term at the age of 2-6 wk for T4, FT4, TSH and TBG are 
6.5-16.3 µg/dl (84-210 nmol/l), 0.9-2.2 ng/dl (12-28 pmol/l), 1.7-9.1 µU/ml and 1.0-4.5 mg/dl 
(160-750 nmol/l), respectively (9). For 2-wk-old preterm children the reference ranges of T4, 
FT4 and TSH (mean ±SD) of Williams et al. (10) were adopted: for GA 23-27 wk, T4 is 4.7 
±2.6 µg/dl (61 nmol/l), FT4 is 1.4 ±0.5 ng/dl (18.6 pmol/l), TSH is 3.9 ±2.7 mU/l; for GA 28-
30 wk, T4 is 6.6 ±2.3 µg/dl (85 nmol/l), FT4 is 1.6 ±0.4 ng/dl (21.2 pmol/l), TSH is 4.9 ±11.2 
mU/l; for GA 31-34 wk T4 is 9.1 ±3.6 µg/dl (117 nmol/l), FT4 is 2.0 ±0.4 ng/dl (25.2 pmol/l), 
TSH is 3.8 ±9.3 mU/l.    
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RESULTS
Between April 1, 2002 and May 31, 2004, 432,082 children were born in The Netherlands of 
whom 430,764 (99.7%) participated in the neonatal screening program. In total, 772 children 
(one for every 558 screened children) with an abnormal CH screening result were referred, 
534 after one heel puncture, 238 after the second one. In 190 patients (25%) permanent and 
in 34 (4%) transient CH was diagnosed (Table 1). Of those children referred because of T4≤-
3.0SD (n=474), 72 (15%) had permanent CH, 12 (3%) had transient CH and 390 (82%) had no 
CH (Table 1). All 112 patients with TSH≥50 µU/ml had CH-T, of whom the majority (n=110) 
were diagnosed permanent (Table 1b).  
Within the permanent CH group, 72 patients (38%) had T4≤-3.0SD (Table 1) and 110 (58%) 
had TSH≥50 mU/l (Table 2); 34 (18%) had TSH<20 mU/l (Table 2), of whom 15 had CH-C, 13 
CH-T, and 6 CH not yet specified. 

No CH
Of the 548 children classified as no CH, 436 (80%) had GA>36.0 wk and BW>2500 g, 49 
(9%) had GA>36.0 wk and BW≤2500 g, 61 (11%) had GA≤36.0 wk and BW>2500 g, and 2 had 
GA≤36.0 wk and BW≤2500 g (Table 3). 

Table 2. Classification of CH according to the (first) heel puncture TSH

Heel puncture Classification of CH
TSH (µU/ml) No CH Transient CH Permanent CH n
TSH ³ 50 0 2 110 112
20 £ TSH < 50 1 19 46 66
TSH < 20 547 13 34 594
Total 548 34 190 772

Table 1. Classification of CH according to the (first) heel puncture T4 
Heel puncture measurements Interpretation

T4 (SD) TSH (µU/ml) No
CH

Transient 
CH

Permanent
CH

Number of 
referrals

T4 £ -3.0
TSH ³ 50 0 0 53 53

20 £ TSH < 50 1 7 3 11
TSH < 20 389 5 16 410

Subtotal 390 12 72 474

-3.0 < T4 £ -0.8
TSH ³ 50 0 2 57 59

20 £ TSH < 50 0 12 43 55
TSH < 20a 158 8 18 184

Subtotal 158 22 118 298
Total (out of 430,764 
screened neonates)

548 34 190 772

Percentage 71% 4% 25% 100%
a In combination with a T4/TBG-ratio £8.5 (see also Figure 1). 
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In the group with ‘no CH’, 198 children (36%) were already hospitalized because of severe 
illness. The primary indications for hospitalization were: asphyxia (n=28), pulmonary 
problems (n=61: in 31 extracorporeal membrane oxygenation was necessary), congenital heart 
defect (n=23), neurological problems (n=5), gastrointestinal problems (n=11), sepsis (n=12), 
surgery not otherwise specified (n=6), dysmorphic features (n=3) or syndromes (n=2). In 47 
cases, the indication was not specified. Heel puncture T4, TSH and TBG in the group no CH 
ranged from 0.8-8.2 µg/dl (10-106 nmol/l), 0.16-18.4 µU/ml, and 0.3-3.7 mg/dl (42-613 nmol/
l), respectively; venipuncture FT4 and TSH, measured within 7 days after the heel puncture, 
ranged from 0.4-3.0 ng/dl (5.1-38.6 pmol/l) and 0.16-18.4µU/ml, respectively.
TBG-deficiency was diagnosed in 200 children (36% of those with no CH), of whom 77 (39%) 
had total TBG-deficiency. Plasma FT4 measured in the first venous blood sample ranged 
from 0.5 to 3.7 ng/dl (6.3-47.8 pmol/l). Of the 9 children with FT4<0.9 ng/dl (<12 pmol/l) 8 
had total TBG-deficiency at verification and 1 had a very low TBG (0.3 mg/dl;58 nmol/l) in 
the heel puncture (no confirmatory TBG was available). Of the 12 children with a plasma 
FT4>2.3 ng/dl (>30 pmol/l), 11 had a total TBG-deficiency (TBG<0.3 mg/dl). 
In 7 children an error was made in the screening procedure: in 2, both ≤36.0 wk GA and ≤2500 g 
BW, their GA and BW was not reported correctly on the filter paper; in 2, initial T4 determination, 
upon which the child was referred, turned out to be normal after repeated measurement on 
the same heel puncture sample (executed because of the mismatch between the results of heel 
puncture and venous blood sampling); in 1, a second heel puncture, with an abnormal result, 
was performed  despite a normal first result; in 2, both with T4≤-3.0SD and normal TSH, the 
filter paper blood spots arrived at the laboratory with a delay of more than 2 wk.
In 57 children the abnormal screening results could be ascribed to an exchange blood 
transfusion (n=2), a delay of more than 2 wk in heel puncture sampling (n=9), low BW (≤2500 

Table 3. Most likely explanation for the abnormal screening results of the 548 referred neonates out of 430,764 
screened neonates diagnosed as ‘no CH’. 

Gestational age and birth weight Total
Explanation for abnormal GA>36.0 wk GA>36.0 wk GA£36.0 wk n
screening result BW>2500 g BW£2500 g BW>2500 g
Severe illness 144 27 27 198
TBG-deficiency 191 6 3 200
Error in screening procedure 5 0 0 7c

Exchange blood transfusiona 1 0 1 2
Delayed samplingb 9 0 0 9
Prematurity or dysmaturity 0 16 30 46
No obvious explanation 86 0 0 86
Total 436 49 61 548c

(percentage) 80% 9% 11% 100%
a Compared to neonatal blood, adult donor used during exchange blood transfusion contains a lower T4 

concentration
b Heel puncture was >2 wk delayed. Because, after an initial peak shortly after birth, plasma (F)T4 concentration 

gradually decreases (14), this was considered the reason for the abnormal CH screening result
c Two children were born £36.0 wk GA and £2500 g BW, but their GA and BW was not reported correctly on 

the filter paper
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g) in combination with normal GA (>36.0 wks) without severe illness (n=16), and low GA 
(≤36.0 wk) in combination with normal BW (>2500 g) without severe illness (n=30). 
In the remaining 86 children, there was no obvious reason for the abnormal screening results. 
Their heel puncture T4 concentration ranged from 4.8-10.3 µg/dl (62-133 nmol/l) with TSH 
2-10 µU/ml and TBG 1.8-4.1 mg/dl (305-678 nmol/l).

Transient CH
In 34 patients the abnormal CH screening result led to the diagnosis of transient CH. 
Twenty-four were diagnosed with transient CH-T. Their heel puncture T4 varied from 0.8-
13.1 µg/dl (10-169 nmol/l) and TSH varied from 18-67 µU/ml. Nine patients were born ≤36.0 
wk GA of whom 6 had BW≤2500 g. Six patients had been exposed to excessive amounts 
of iodine during caesarean section (n=1), neonatal surgery (n=4), and treatment with 
amiodarone because of cardiac arrhythmia (n=1); 2 patients were born to a mother with 
autoimmune thyroid disease.
Ten were diagnosed with transient CH-C. Their heel puncture T4 varied from 2.7-9.0 µg/
dl (35-120 nmol/l), TSH 2-12 µU/ml and TBG 1.7-4.0 mg/dl (288-657 nmol/l). All mothers 
appeared to have Graves’ disease; 6 were diagnosed before pregnancy but inadequately 
treated throughout pregnancy; in 4, Graves’ disease remained unrecognized until their child 
was diagnosed with CH-C. 

Permanent CH
In 190 patients, the abnormal CH screening result led to the diagnosis of permanent CH; 
16 patients were born ≤36.0 wk GA of whom 11 had BW≤2500 g; 11 had BW≤2500 g and 
GA>36.0 wk. 
In this group, 151 patients (79%) had CH-T, 15 patients (8%) had CH-T21 and 15 patients 
(8%) had CH-C. In the CH-T group 78 (52%) had thyroid dysgenesis, 21 (14%) had thyroid 
dyshormonogenesis, and in 52 (34%) the diagnosis is not yet further specified (Table 4). In the 
CH-C group 1 patient had septo-optic dysplasia and 1 had trisomy 13. 

Table 4. Etiology of permanent CH 

Etiology n
CH-T due to thyroid dysgenesis 78 (78;0)
CH-T due to thyroid dyshormonogenesis 23 (21;2)
CH-T not yet specified 54 (52;2)
CH-T21 15 (15;0)
CH-C 21 (15;6a)
CH not yet specified 9 (9;0)
Total 200 (190;10a)
For each etiology, the number of patients is presented. The numbers in parenthesis represent the number of 
patients diagnosed by screening (first number) and the number of patients with a normal CH screening result 
(second number, further specified in Table 5). 
Thyroid dysgenesis means agenesis or hypoplastic or dystopic rudiment. 
CH-T not yet specified means that imaging studies were not conclusive about the etiology. CH not yet specified 
means CH had not yet been classified as CH-T or CH-C
a Children with transient CH-C due to materal Graves’ disease are not included (see Table 5).
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In 9 of the 190 patients (5%) insufficient data were available to classify the origin of the CH as 
thyroidal or central: 1 patient had a congenital nephrotic syndrome (in fact a type of CH caused 
by the loss of thyroid hormone in the urine) and 1 had Xp22 deletion with partial trisomy 19p.

Table 5. Reason that CH screening was not abnormal and clue to the diagnosis of CH in the patients with normal 
CH screening result 

Heelpuncture result
ID Type of 

CH
Reason that CH-
screening result was 
not abnormal

Clue to the diagnosis 
of CH

T4 µg/dl 
(nmol/l)

T4
SD

TSH
µU/ml

T4/TBG
ratio

1 CH-T Diagnosis and start of T4 Sib with CH-T 15.8 (203) -0.2 - -
suppl. before screening

2 CH-T Diagnosis and start of T4  
suppl. before screening

Sib with CH-T 8.2 (105) -1.4 24 -

3 CH-Ca Diagnosis and start of T4 
suppl. before screening

Maternal Graves’ 
disease

15.3 (197) 1.0 - -

4 CH-T Too mild for detection Sib with CH-T and 
Johansson-Blizzard 
syndrome

9.9 (128) -0.6 - -

5 CH-T Support by heart-lung 
machine

Routine thyroid 
function determination

3.1 (40) -2.6 5 12.4

6 CH-C Too mild for detection Failure to thrive 9.6 (123) -1.1 3 -
7 CH-Cb Too mild for detection Failure to thrive 6.4 (82)

5.0 (64)
-2.0
-2.4

7
8

8.3
9.2

8 CH-C GA £36 wks & 
BW £2500 g

Cornelia de Lange 
syndrome

9.6 (123) -0.7 - -

9 CH-C GA £36 wks &
BW £2500 g

Microgenitalism 4.3 (55) -2.7 3 9.0

10 CH-C Too mild for detection Prader-Willi syndrome 10.9 (140) -0.7 - -
11 CH-C Too mild for detection Twin brother 9.6 (124) -1.2 5 -

diagnosed with CH-C
12 CH-Ca GA £36 wks & 

BW £2500 g
Maternal Graves’ disease 3.7 (47) -3.0 3 5.7

13 CH-Ca GA £36 wks &
BW £2500 g 

Maternal Graves’ disease 1.2 (16) -4.2 <3 4.2

In the first three patients, CH screening results were in fact true normal because T4 supplementation had already 
started before screening. Their FT4 concentrations prior to treatment were: 1.1, 0.7 and 0.7 ng/dl, and their TSH 
concentrations were 19.8, 295 and 3.8 mU/l, respectively. In the other ten patients the CH screening result was 
really false negative. ID, Numbers that refer to those mentioned in the text.
a Refers to transient CH; all other cases are permanent.
b In this patient, the top numbers refer to the first heel puncture, and the bottom numbers to the second heel 

puncture.
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CH with normal CH screening result (Table 5)
Three patients (nos.1 and 2 with permanent CH-T and no. 3 with transient CH-C) had 
already started T4-supplementation before the heel puncture was performed. Ten patients 
had false-negative screening results. 
In 1 patient with permanent CH-T 1 (no. 4) hypothyroidism was too mild for detection by 
screening. The co-existence of Johansson-Blizzard syndrome led to the diagnosis of CH. 
The other patient with permanent CH-T (no.5) was supported by a heart-lung machine at 
the time of heel puncture sampling because of a congenital heart defect. Routine thyroid 
function determination after weaning led to the diagnosis of CH.
Of the 6 patients with permanent CH-C, 2 were diagnosed in the first year after birth because 
of failure to thrive (no. 6 and 7); 3, of whom 2 were born ≤36.0 wk GA with a BW≤2500 g, 
were diagnosed with CH-C because of the co-existence of Cornelia de Lange syndrome (no. 
8), microgenitalism (no. 9), or Prader-Willi syndrome (no. 10); 1 (no. 11) was diagnosed after 
the diagnosis CH-C in his twin brother was made (with an abnormal CH screening result). 
In 2 patients with transient CH-C (nos. 12 and 13) born to mothers with inadequately treated 
Graves’ disease, screening results were not judged abnormal because of the restricted referral 
criteria in children with GA≤36.0 wk and BW≤2500 g. 

DISCUSSION
In 224 (29%) of the 772 children born between April 1, 2002 to May 31, 2004, and referred 
because of abnormal screening results the diagnosis CH, either permanent or transient, 
could be confirmed. Another 13 CH patients, born in the same period, were not detected 
by screening. Of them, 3 children started with T4-supplementation before heel puncture 
was performed, and 10 had false-negative screening results. Sensitivity and specificity of the 
Dutch screening approach were 95.8% and 99.9%, respectively. 
Among the 430,764 screened children, the incidence of CH was 1:1,800 of whom 85% 
had permanent CH (incidence 1:2,200). The incidences of permanent CH-T (1:2,500) 
and permanent CH-C (1:21,000) in the present 2002-04 cohort are quite similar to those 
calculated for the cohort of 346,335 children screened in 1981-82 (1:2,900 and 1:22,000 
respectively) (11). These incidence figures belong to the highest worldwide. Because there is 
no reason to assume that the Dutch population has a higher risk of developing CH compared 
with other well-developed, iodine-repleted countries, the high number of patients found is 
most probably the result of an efficient screening method detecting CH of variable etiology, 
including mild cases. The incidence of transient CH is 5- to 6-fold reduced from 1:2,200 in 
1981-82 (11) to 1:12,000 at present. This substantial reduction is probably because of the 
reduced perinatal use of iodine-containing disinfectants and possibly because of reduced use 
of iodine-containing X-ray contrast agents. 
We classified children with CH-C resulting from inadequately treated maternal Graves’ disease 
as having transient CH-C because it has been reported that pituitary function recovers after 
some time (12;13). From our present data, an incidence of 1:33,000 for transient CH-C related 
to maternal Graves’ disease could be calculated (n=13), which is substantially higher than in 
1981-82, when only 1 out of 346,335 screened children had been diagnosed with this type of 
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CH (11). We have to be aware that even in the present cohort some cases might have escaped 
diagnosis. In 4 mother-child pairs, the abnormal neonatal screening result was the first clue 
to both the infant’s thyrotropic dysfunction and the mother’s thyroid disease. Therefore, 
whenever CH-C is suspected, we recommend screening the mother for thyroid disease, in 
addition to screening of the child for additional pituitary hormone deficiencies (5). 
In two previous publications, it was concluded that the Dutch T4-TSH-TBG screening 
approach provided an excellent strategy to detect CH of thyroidal as well as central origin 
(4;6). In the present cohort, early detection would have failed in 47 CH patients, including 
15 patients with permanent CH-C, if an elevated TSH concentration had been used as the 
only referral criterion. Especially in permanent CH-C, early detection is of vital importance 
because of the possible co-existence of other pituitary hormone deficiencies for which 
adequate and timely supplementation will reduce morbidity and prevent mortality. 
The relatively high number of referred children in whom the diagnosis of hypothyroidism 
could not be confirmed at the time of referral is considered a drawback of the T4-TSH-TBG 
approach. In over one-third of these false-positive cases partial or total TBG-deficiency was 
diagnosed. We chose a cut-off of 1.8 mg/dl (300 nmol/l) for the diagnosis of partial TBG-
deficiency even though this is higher than the lower limit of the reference range as reported 
in the literature of 1.3 mg/dl (14) and 1.0 mg/dl (9) in children aged 2-6 wk. However, because 
of the high affinity binding between T4 and TBG, we hold the relatively low TBG responsible 
for the low heel puncture T4 in these children. Determination of TSH and TBG in all children 
with T4≤-3.0 SD before the indication for referral was made could have prevented referral of 
all 77 cases with total TBG-deficiency. However, this would have caused impermissible delay 
in referral of those children with severe CH. 
In general TBG-deficiency is considered a harmless condition, not influencing thyroid 
function. Nevertheless, in children with total TBG-deficiency, we often encountered FT4 
concentrations below as well as above the reference range, dependent on the FT4 assay used. 
Indeed, methodological limitations might make FT4 assays unreliable in case of total absence 
of TBG (15;16). Therefore, the diagnosis of TBG-deficiency should be based on determination 
of plasma TBG rather than FT4. 
The other major subgroup of referred children in whom none of the classical types of CH 
could be diagnosed (about one fourth of all referrals), consisted of severely ill neonates 
hospitalized on an intensive care unit at the time of heel puncture sampling. Most likely, their 
severe illness was responsible for the decreased heel puncture T4, whereas also medication 
or the use of iodine might have transiently disturbed their thyroid hormone state (17;18). 
The decreased heel puncture T4 in these severely ill children somewhat resembles that of 
children born prematurely (19). Because early postnatal T4 levels are strongly related to GA 
and BW (20;21), Dutch children born ≤36.0 wk and ≤2500 g are referred only if screening 
TSH is elevated. Using this TSH only referral criterion also for severely sick children born 
at term would have prevented the majority of referrals in this group. This evokes some 
important considerations. First, these patients can only be considered as truly false-positives 
when the altered thyroid hormone state does not carry a risk of (preventable) brain damage. 
Although it is still a matter of debate whether adult patients with so-called nonthyroidal 
illness benefit from T4-supplementation (22;23), it is as yet unknown whether especially 
neonates with severe illness might benefit from T4-supplementation in terms of reduction 
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of long-term morbidity and preservation of brain development. Furthermore, like in preterm 
born children, such adapted referral criteria will hamper the (timely) diagnosis of CH-C. 
Indeed, during the study period we encountered 4 preterm children with proven CH-C not 
detected by screening because of the TSH-only approach for this group. On the other hand, 
also in 4 term children with CH-C heel puncture T4 concentrations did not indicate referral. 
The coexistence of a syndrome, microgenitalism, failure to thrive, maternal Graves’ disease 
or a family member with CH-C led to the diagnosis of CH-C.   
The relatively short observational period is considered a limitation in the detection of false 
negatives. In the forthcoming years more false-negative cases might be identified. The 
measurement of T4, TSH and TBG in all heel puncture samples will provide the highest 
chance of detecting patients with various types of CH (including central CH) as well as 
cases with mild CH (including those with normal T4 concentrations but elevated TSH). 
However, this will be a very costly approach and presumably hardly any extra patient will be 
discovered, with a preventable risk of brain damage. Furthermore, with such an approach, 
patients with mild CH-C may still escape detection, whereas also some patients with delayed 
TSH elevation still escape early detection (as was presumably the case in patient no. 5 in 
Table 5). 
The present study showed that in 15 patients with trisomy 21, CH was detected by screening, 
i.e. about 3% of the patients with trisomy 21 born in the study period. This is quite similar to 
the 3.5% reported by van Trotsenburg et al. in a cohort of Dutch patients with trisomy 21 born 
in 1996-97 (24). Recently, it has been shown that as a group, these patients have a persistent 
mild type of CH, presumably of thyroidal origin (CH-T21) and that T4-supplementation 
started early subtly improves early motor development and growth (8;25). This implicates 
that also in patients with mild CH not related to trisomy 21 it should be established whether 
T4-supplementation is beneficial for brain development.   
In summary, the T4-TSH-TBG screening method as used in The Netherlands has the potential 
to detect CH of thyroidal as well as of central origin, either permanent or transient, severe 
or mild. The Dutch incidence figures belong to the highest worldwide, both for CH-T and 
CH-C. Among the referred children in whom the diagnosis of CH could not be confirmed, 
TBG-deficiency and severe illness could be held responsible for the great majority of low heel 
puncture T4 concentrations. 
An important pitfall of any screening method is the occurrence of false-negative results. For 
the Dutch CH screening in particular, this pitfall concerns children with very mild types of 
CH having T4 concentrations within the normal range, and prematurely born babies with 
CH-C. 
Neonatal screening has proven its benefits in terms of improving development in patients 
with the classical types of (severe) CH. Future studies should focus on severely ill neonates, 
and the very mild cases of CH-T and CH-C to investigate whether also these patients 
might benefit from (temporary) T4-supplementation in terms of reduction of morbidity or 
improvement of developmental outcome.  
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ABSTRACT
Much worldwide attention is given to the adverse effects of maternal Graves’ disease on the 
fetal and neonatal thyroid and its function. However, reports concerning the adverse effects 
of maternal Graves’ disease on the pituitary function, illustrated by the development of 
central congenital hypothyroidism (CCH) in the offspring of these mothers, are scarce.
We studied thyroid hormone determinants of 18 children with CCH born to mothers with 
Graves’ disease. Nine mothers were diagnosed after pregnancy, the majority after their 
children were detected with CCH by neonatal screening.
Four mothers were diagnosed during pregnancy and treated with antithyroid drugs since 
diagnosis. Another four mothers were diagnosed before pregnancy, but they used antithyroid 
drugs irregularly; free T4 concentrations less than 1.7 ng/dl (<22 pmol/ liter) were not 
encountered during pregnancy.
All neonates had decreased plasma free T4 concentrations (range 0.3– 0.9 ng/dl, 3.9 –
11.5 pmol/liter); plasma TSH ranged between 0.1 and 6.6 mU/liter. TRH tests showed 
pituitary dysfunction. Seventeen children needed T4 supplementation. Because all mothers 
were insufficiently treated during pregnancy, it is hypothesized that a hyperthyroid fetal 
environment impaired maturation of the fetal hypothalamic-pituitary-thyroid system. The 
frequent occurrence of this type of CCH (estimated incidence 1:35,000) warrants early 
detection and treatment to minimize the risk of cerebral damage. A T4-based screening 
program appears useful in detecting this type of CCH. However, the preferential and 
presumably best strategy to prevent CCH caused by maternal Graves’ disease is preserving 
euthyroidism throughout pregnancy.
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INTRODUCTION
The influence of the maternal thyroid hormone state on the development of the fetal 
thyroid and its regulatory system is an important issue, particularly because lack of thyroid 
hormone in fetus and infant constitutes a major risk for damage to the developing brain. 
This is dramatically demonstrated by conditions in which both fetus and mother are unable to 
produce adequate amounts of thyroid hormone, as in severe iodine deficiency or in fetomaternal 
POU1F1 (i.e. PIT1) deficiency (1, 2). In contrast, when the condition is confined to fetal thyroid 
dysfunction as in classical forms of congenital hypothyroidism (CH), brain damage can largely 
be prevented by early postnatal T4 supplementation, presumably because transfer of T4 from 
mother to fetus compensates, at least in part, for impaired fetal thyroid hormone production 
(3, 4). Along with these observations, even subtle changes in the maternal thyroid hormone 
state have been a subject of major interest in recent years (5, 6).
In case of maternal gestational autoimmune Graves’ disease, the preservation of a normal fetal 
thyroid hormone state to ensure normal brain development is a complex issue. Dependent on 
the presence of antithyroid antibodies, the use of antithyroid drugs, and the maternal thyroid 
hormone state, the fetal and neonatal thyroid function can be disturbed with high variability 
in type of effects as well as in severity (7–11). Remarkably, only a minority of newborns from 
mothers with gestational autoimmune thyroid disease demonstrates a disturbed thyroid 
hormone state (8, 12–14). A probably undervalued risk is the occurrence of central CH, in 
infants of mothers with Graves’ disease, first described in 1988 by Matsuura et al. (7). The 
published reports on this condition suggest a rare occurrence (7, 8, 12, 15–21), but because of 
its clinical course, we speculate that it often remains unrecognized unless it is given specific 
attention.
Because the Dutch T4-based neonatal CH screening also detects congenital hypothyroidism 
of central origin, we explored this issue. The case histories of 18 infants with central CH, 
born to 17 mothers with untreated or inadequately treated Graves’ disease are presented.

MATERIALS AND METHODS
Data collection
The Department of Pediatric Endocrinology in the Emma Children’s Hospital Amsterdam 
Medical Center functions as a national center for consultation on diagnostics and treatment 
of children with thyroid diseases. Since the start of the Dutch CH screening, the department 
has been involved in at least half of all cases of CH. In 1994 the first patient with central CH 
born to a mother with Graves’ disease was recognized and since 1999, 19 more children were 
diagnosed. Detailed information could be retrieved from 18 patients.

Neonatal screening
The Dutch screening, performed 4 to 7 d after birth, is based on measurement of T4 in filter 
paper blood spots. T4 concentrations are compared with the day mean and expressed as sd 
scores. If heel puncture blood spot concentration of T4 is -0.8 sd or less, TSH is additionally 



84

Chapter 3.1

measured in the blood spot. If T4 is -1.6 sd or less, TSH and T4-binding globulin concentration 
are additionally measured in the blood spot.
Depending on T4, and if measured TSH and T4-binding globulin concentrations, the test 
is interpreted as abnormal, borderline, or normal. Children with borderline tests undergo a 
second screening. Children with one abnormal test (T4 ≤ -3.0 sd and/or TSH ≥50 mU/liter) or 
two consecutive borderline tests (T4 moderately decreased, not caused by T4-binding globulin 
deficiency and/or TSH moderately increased) are referred to a pediatrician. This method 
enables detection of CH of thyroidal origin (decreased T4, elevated TSH concentration) and 
central origin (decreased T4, not caused by T4-binding globulin deficiency with normal TSH 
concentration).

Diagnosis of CH of central origin
The criteria for diagnosis of central CH are a free T4 concentration of less than 0.9 ng/dl (<12 
pmol/liter) in combination with a TSH concentration of less than 20 mU/liter and at least 
one other entity that suggests disintegrity of the thyroid’s regulatory system (e.g. abnormal 
response to TRH administration, multiple pituitary hormone deficiencies, anatomical 
abnormalities on brain magnetic resonance imaging, mutations in genes involved in 
embryogenesis, or function of hypothalamus or pituitary).

Diagnosis of maternal thyroid disease
Based on the moment the diagnosis of maternal Graves’ disease is made, three groups 
were composed: group A, after delivery, group B, during pregnancy, and group C, before 
pregnancy. Because all mothers were supposedly hyperthyroid during (part of) pregnancy, 
the maternal condition was defined as gestational hyperthyroidism; the fetal condition was 
defined as hyperthyroid fetal environment.

Laboratory measurements
The plasma free T4 and plasma TSH concentration were measured by time-resolved 
fluoroimmunoassays (Delfia Free T4 and Delfia hTSH Ultra, Wallac Oy, Turku, Finland). The 
free T4 normal range at the age of 2–3 wk is 0.9 –2.3 ng/dl (12–29 pmol/liter) (22, 23). The 
TSH normal range at the age of 0 –3 months is 1–10 mU/liter (22, 23), thereafter 0.4 – 4.0 
mU/liter. TSH receptor antibodies were measured using the TRAK assay (Brahms, Berlin, 
Germany) either with radioactive label or by luminescence.

RESULTS
Diagnostics in mothers
Group A. Mothers A1–9 were diagnosed with hyperthyroidism because of Graves’ disease 
during the first weeks after delivery (Table 1), seven of them after their children were 
diagnosed with central CH. Mother A4 was diagnosed a few days after delivery because 
she experienced tachycardia; simultaneously her daughter was referred to the pediatrician 
because of an abnormal CH-screening result. Mother A9 was diagnosed 2 wk after delivery, 
after she encountered problems with breast-feeding. No information was available on 
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maternal thyroid function during pregnancy, except that mother A1 had noticed a neck 
swelling from the third month of pregnancy.

Group B. Mothers B1– 4 were diagnosed with hyperthyroidism because of Graves’ disease 
during the second (B4) or third (B1–3) trimester of pregnancy (Table 1) and were treated 
since then with antithyroid drugs and propranolol.
At the time of delivery, plasma free T4 concentrations had normalized, except for those of 
mother B4.

Group C. Mothers C1–5 were diagnosed with Graves’ disease before pregnancy, but none of 
them was treated adequately. The mothers of children C1and C2 (twin pregnancy) and C3 
stopped using antithyroid drugs in the first trimester. Mother C4 stopped using antithyroid 
drugs a few months before pregnancy. Only mother C5 was treated with antithyroid drugs 
throughout pregnancy. Plasma free T4 concentrations measured throughout pregnancy were 
all above 1.7 ng/dl (22 pmol/liter).

Table 1. Patient Characteristics
Case
No.

 sex Native Dutch
mother/father

G.A.
(wks)

B.W.
(gr)

Heelpuncture Maternal thyroid function
T4 TSH FT4

ug/dL mU/L Day ng/dL Day
A1 m no/no 40.9 3530 4.4 3 7 3.5 17 d pp
A2 f no/no 39.9 3660 5.4 <2 14 >5.4 43 d pp
A3 f no/no 36.7 3330 4.4 3 4 5.0 18 d pp
A4 f no/yes 38.0 3100 1.9 5 10 2.7 4 d pp
A5 f no/yes 38.3 3470 3.2 n.d. 4 4.6 14 d pp
A6 m no/no 37.0 2500 4.7 3 9 4.2 36 d pp
A7 f no/yes 38.0 2825 8.4 3 12 3.5 21 d pp
A8 m no/no 38.0 2750 3.1 3 5 4.8 8 d pp
A9 f yes/yes 37.4 3125 8.9 2 a >5.4 17 d pp
B1 m no/no 38.3 1940 T T T >5.4 31.1 wk GA
B2 f yes/no 36.9 2150 6.8 3 8 3.5 30.0 wk GA
B3 m yes/yes 36.9 2480 16.9 n.d. 4 >5.4 30.7 wk GA
B4 m yes/yes 35.4 2256 7.1 2 4 >5.4 14.3 wk GA
C1b f yes/yes 34.6 1970 16.6 n.d. 4 2.5 33.4 wk GA
C2b f yes/yes 34.6 1840 11.8 3 4 2.5 33.4 wk GA
C3 f yes/yes 37.0 3090 5.1 3 5 1.9->5.4 range

during
pregnancy

C4 f yes/yes 36.0 2400 7.5 3 4 2.5-4.0
C5 f yes/yes 37.0 2580 12.8 3 8 1.8-4.0
T4 and TSH concentrations of the children represent the heel puncture blood spot concentrations expressed in 
g/dl and mU/liter, respectively. 
T, Child was already treated at the time of heel puncture blood spot sampling; n.d., not determined; GA, gestational 
age; BW, birth weight; 
pp, postpartum. To convert T4 to Systeme Internationale (SI) Units, multiply by 12.87. To convert free T4 to 
Systeme Internationale (SI) Units, multiply by 12.87. 
a Day of sampling not exactly known. 
b Twin pregnancy. 

}
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Table 1 shows that in the three groups together 44% of the parents (50% of the mothers) were 
not native Dutch, whereas in group A even 89% of the mothers were not native Dutch.
Table 2 shows that in the majority of the mothers TSH-receptor antibodies were present. In 
two subjects in whom TSH-receptor antibody measurements in the mothers were lacking, 
they were detectable in the children.

Table 2. TSH-receptor antibody concentrations
Mother Child

Case
No.

Conc.
IU/La

Time of
sampling

Conc.
IU/La

Time of 
sampling

A1 24 17 d pp 11 24 d pp
A2 43 43 d pp <5 85 d pp
A3 12 22 d pp 9 22 d pp
A4 19 14 d pp n.d.
A5 <9 14 d pp n.d.
A6 10.3 b 36 d pp n.d.
A7 1.2 b 21 d pp n.d.
A8 n.d. 1.8 b 8 d pp
A9 4.9 b 17 d pp n.d.
B1 26 31.1 wk GA 8 Cord bloodc

B2 n.d. <5 40 d pp
B3 247 34.9 wk GA 1.3 b 114 d pp
B4 37.6 b 22.3 wk GA 21.9 b 1 d pp
C1 41 33.4 wk GA n.d.
C2 41 33.4 wk GA n.d.
C3 26 9.7 wk GA 11 5 d pp
C4 n.d. 12 8 d pp
C5 18.4 b 18 wk GA 91 Cord bloodc

pp, Postpartum; n.d., not determined; GA, gestational age. 
a <6 IU/liter  negative, 6 –10 IU/liter  dubious, >10 IU/liter positive. 
b TSH receptor antibodies measured by luminescence; <1.0 IU/liter  negative, 1.0 –1.5 IU/liter  dubious, >1.5 
IU/liter  positive. 
c Cord blood determination at delivery. 

Diagnostics in children
Group A. Children A1– 8 were referred to the pediatrician because of abnormal CH-
screening results (Table 1); child A9 was referred at the age of 4 wk after disclosure of maternal 
hyperthyroidism 2 wk earlier. All children had, when measured in venous blood samples, 
abnormally low plasma free T4 concentrations and plasma TSH concentrations within the 
age-specific normal range, except for child A6 whose TSH was initially suppressed (Fig. 1). 
The children A1 and A3–7 underwent a TRH test, demonstrating a blunted TSH response 
(Fig. 2). CRH tests, performed in three children, revealed normal ACTH and cortisol 
responses (data not shown). Because maternal hyperthyroidism was diagnosed before the 
diagnostic work-up was completed, investigation of the other hormonal systems were not 
performed. Magnetic resonance imaging of the hypothalamic-pituitary region performed in 
children A4and A6 showed no abnormalities.
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Plasma free T4 (upper panel) and TSH concentrations (lower panel) are shown for group A (red), group B (blue), 
and group C (green). The results represent measurements before T4 supplementation was started. Open and 
closed symbols are used to discriminate between different lines. The gray line in the upper panel represents the 
lower limit of the plasma free T4 normal range [i.e. 0.9 ng/dl (12 pmol/liter)]. To convert free T4 to Systeme 
Internationale (SI) units, multiply by 12.87. Colour figures are shown at page 263.

Figure. 1. Plasma free T4 and TSH concentrations in the children 
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Group B. Children B1 and B2 had decreased plasma free T4 concentrations with normal and 
initially suppressed plasma TSH concentration respectively (Fig. 1). In child B3 plasma free 
T4 was initially normal but increased to above the normal range after a few days. Without 
intervention plasma free T4 decreased to below the normal range within a few weeks although 
with suppressed TSH. In child B4 plasma free T4 was initially normal, which gradually 
decreased to below the normal range; plasma TSH was suppressed. TRH tests, performed in 
the children B2– 4, showed blunted TSH responses.

Group C. Cord blood examination in the children C1–3 and C5 showed normal plasma free 
T4 concentrations and low TSH concentrations (Fig. 1). Child C4 had low-normal plasma 
free T4 1 d after birth [1.0 ng/dl (13 pmol/liter)]; TSH was not measured. In the children C3 
and C4 plasma free T4 decreased in the first week after birth; in the other children, free T4 
increased initially but decreased after a few weeks below the normal range. Children C1–2 
and C4 –5 underwent a TRH test that showed a blunted TSH response (Fig. 2).

Treatment in children
Child A1 was not treated because his plasma free T4 concentration spontaneously normalized, 
already during the phase of diagnostic work-up. Although the TSH response after TRH 
administration was blunted in the neonatal period, the response had become normal when 
retested at the age of 1 yr (Fig. 2). In all other children, T4 supplementation was initiated. In 
child A5 T4 supplementation was interrupted at the age of 4 months; she remained euthyroid 
afterward. In child B1 T4 supplementation was interrupted at the age of 6 months. At the age 
of 1 yr, his TRH test showed a normal TSH response (Fig. 2). However, because at that time 

TRH test results at neonatal age are shown for group A (red), group B (blue), and group C (green). In child A1 
(who also underwent a TRH test in the neonatal period) and child B1 (after T4 supplementation was interrupted 
for a few months) a TRH test was performed at the age of 1 yr (black). Colour figure is shown at page 264.

Figure 2. TSH response after administration of TRH 
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plasma free T4 concentration was below the normal range [0.8 ng/dl (10.7 pmol/liter)] with 
slightly increased TSH (7.1 mU/liter), T4 supplementation was restarted and has continued 
to date. In the other patients, the effect of interruption of T4 supplementation was not sorted 
out because of the potential risk of cerebral damage under the age of 3 yr.

DISCUSSION
Eighteen infants with central CH were born to mothers with Graves’ disease. The endocrine 
characteristics of the mothers varied considerably with respect to time of diagnosis, antibody 
concentrations, and treatment, but the common denominator was the lack of adequate 
treatment during pregnancy leading to elevated maternal plasma free T4 concentrations 
when measured after or during pregnancy.
All children developed moderately to extremely decreased neonatal free T4 concentrations 
in combination with normal or suppressed TSH concentrations. Most children were already 
hypothyroid at the first thyroid function measurements within a few days after birth, although 
one child became hypothyroid after a short hyperthyroid phase and six children after an 
initial euthyroxinemic phase. The blunted TSH response on TRH administration confirmed 
the disturbance of the child’s thyroid regulatory system. As shown in Fig. 1, the initiation of 
T4 treatment was incidentally delayed for several weeks, presumably as a consequence of the 
un- familiarity with this specific thyroid entity in children of mothers with Graves’ disease.
The reported incidence of permanent central CH detected by neonatal screening in The 
Netherlands is around 1 in 20,000 children, i.e. about 10 patients every year (24, 25), of whom 
the great majority has permanent deficiency of multiple pituitary hormones. Although the 
Dutch T4-based screening was introduced in 1981, the first patient with central CH because 
of maternal gestational hyperthyroidism was detected as late as 1994. The other 17 children 
presented here were born over a 3-yr period since 1999; they represent an incidence of central 
CH because of maternal gestational hyperthyroidism of 1:35,000. However, the total number 
of children with central CH because of maternal gestational hyperthyroidism is probably 
even higher because not all patients might have come to our attention. Therefore, the total 
incidence of central CH in The Netherlands is at least 1 in 15,000 newborns.
For the Dutch population, accurate incidence figures of Graves’ disease during pregnancy are 
not available. International estimations of the incidence of Graves’ disease during gestation 
of about 1 in 500 (26 –29) indicate that about 1 in 70 women (1.5%) with Graves’ disease 
gives birth to a child with central CH. However, because all presented children were born 
to inadequately treated mothers, the risk seems to be restricted to these mothers. This 
implies that, within the spectrum of neonatal thyroid dysfunction related to maternal 
Graves’ disease, the occurrence of central CH seems of the same magnitude as that of 
congenital hyperthyroidism, estimated as 1–5% (26,27,30). Neonatal screening appeared to 
be indispensable in the diagnosis of at least seven mother-child pairs (i.e. 40%). However, also 
in the Dutch T4-based neonatal screening program, several cases might remain undetected 
because they became hypothyroid after an initial euthyroid or hyperthyroid phase (40% of 
the present cohort).
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Intriguingly, an impressive percentage (44%) of the parents originated from outside The 
Netherlands, mostly underdeveloped countries. Especially in group A, 70% of parents 
(and even 90% of mothers) were not native Dutch; language problems together with the 
unfamiliarity with the Dutch health care system might have led to insufficient medical care.
The finding that all women with Graves’ disease who gave birth to children with central CH 
were inadequately treated suggests a causal relationship. We hypothesize that the maternal 
gestational hyperthyroidism causes a hyperthyroid fetal environment. Because substantial 
maternal-fetal transfer of T4 occurs in euthyroid mothers pregnant with children with 
thyroidal CH (3), maternal hyperthyroidism may result in increased T4 transfer. The exposure 
of the fetal hypothalamic-pituitary-thyroid system to higher-than-normal thyroid hormone 
concentrations might have impaired its physiologic maturation during intrauterine life. The 
system was not triggered to produce its own thyroid hormone through TSH and TRH secretion 
and not prepared to become selfsupporting. After birth pituitary TSH secretion in response 
to dropping plasma (free) T4 concentrations as well as to TRH administration is inadequate; 
likewise, hypothalamic TRH secretion might be inadequate as well. Hyporesponsiveness 
of the pituitary is also observed in adult patients with hyperthyroidism; after initiation of 
treatment (antithyroid drugs or 131I) and normalization of thyroid hormone concentrations, 
the reinstitution of adequate TSH secretion, either basal or after TRH administration, takes 
weeks to months (31, 32). Other factors (putatively) involved in pituitary hyporesponsiveness 
during Graves’ disease are e.g. TSH-receptor antibodies occupying the pituitary TSH 
receptor (33) or pituitary autoantibodies associated with lymphocytic hypophysitis (34), 
which is especially seen in women during or shortly after pregnancy, sometimes associated 
with autoimmune thyroid disease. However, these factors fail to explain why central CH 
is strictly confined to inadequately treated maternal gestational hyperthyroidism. For the 
fetal thyroid system, the only relevant feature, distinguishing pregnant mothers with overt 
hyperthyroidism from those mothers with adequately treated Graves’ disease, is the presence 
of a hyperthyroid fetal environment. Therefore, it is very likely that instituting adequate 
maternal treatment might have prevented the central CH in the children we studied.
According to reports in literature (8, 15, 17–20) discussing the course of central congenital 
hypothyroidism related to maternal Graves’ disease, this type of central CH has a transient 
expression; thyroid hormone concentrations remain within the normal range after withdrawal 
of T4 treatment or the TSH response in response to TRH administration normalizes. In one 
of our patients who demonstrated a spontaneous normalization of free T4 concentration, the 
TSH response to TRH administration became normal within a year. In two other patients, 
interruption of T4 supplementation was evaluated: One remained euthyroid and the other 
became hypothyroid within a few months, despite a normal TRH test result. At the moment 
we cannot exclude that subtle changes in the thyroid regulatory system may persist. The 
hypothesized overexposure of the fetal hypothalamic-pituitary-thyroid system to thyroid 
hormone might have permanently altered the tuning of the pituitary set point of TSH 
secretion. Consequently, plasma free T4 and TSH concentrations, albeit in the normal range 
after interruption of T4 supplementation, might differ from those of children prenatally 
exposed to a euthyroid environment. Animal studies suggest that short-term overexposure of 
neonatal rats to T4 results in permanent alterations of the hypothalamic-pituitary regulatory 
system (35–37). Besides, patients with CH of thyroidal origin, prenatally underexposed to 
thyroid hormone, need plasma free T4 concentrations in the high normal range to normalize 
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TSH secretion during postnatal thyroxine treatment (38). This suggests that their regulation 
in the negative feedback system differs from children without CH.
Maternal Graves’ disease during pregnancy carries the risk of a variety of adverse effects for 
the offspring with a wide spectrum of abnormalities in the thyroid function. All patients 
presented here experienced a phase of central hypothyroidism, starting before or just after 
birth, which we explained by postulating a prenatal phase of hyperthyroidism that affected 
the thyroid’s regulatory system. Especially because both conditions are known to impair 
brain development (39, 40), preventive action or timely correction is important.
Certainly, the most effective management would be the preservation of euthyroidism in all 
pregnant women. This, however, would imply routine screening on thyroid function during 
gestation because at least some of the women with Graves’ disease appear to escape from 
recognition of this diagnosis. As long as such a preventive maternal screening method is not 
available, the neonatal CH screening, on the condition that it is T4 based, seems helpful to 
detect central congenital hypothyroidism. In the diagnostic work-up of patients with central 
CH, evaluation of maternal thyroid function should be incorporated. The thyroid function 
of the offspring of mothers with Graves’ disease, especially those with inadequate treatment 
throughout pregnancy, should be controlled carefully, at least up to a few weeks after birth. 
If there is any doubt about the integrity of the child’s thyroid regulatory system [free T4 < 0.9 
ng/dl (< 12 pmol/liter) and TSH < 20 mU/liter], a TRH test should be performed. In case of a 
(partly) suppressed TSH response after administration of TRH, the presence of central CH is 
proven and T4 supplementation should be given for at least several months.
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ABSTRACT
Context
Central congenital hypothyroidism (CH-C) in neonates born to mothers with inadequately 
treated Graves’ disease usually needs T4-supplementation. The thyroid and its regulatory 
system have not yet been extensively studied after T4-withdrawal, until we observed 
disintegrated thyroid glands in some patients.
Objective
To study the occurrence and pathogenesis of disintegrated thyroid glands in CH-C patients.
Design/Setting/Patients/Participants
Thyroid function was measured and thyroid ultrasound imaging performed in 13 children 
with CH-C due to inadequately treated maternal Graves’ disease after T4-supplementation 
withdrawal (group Aa). In addition, thyroid ultrasound imaging was done in 6 children 
with CH-C born to inadequately treated mothers with Graves’ disease, in whom T4-
supplementation was not withdrawn yet (group Ab) or never initiated (group Ac), in 6 
euthyroid children born to adequately treated mothers with Graves’ disease (group B) and in 
10 T4-supplemented children with CH-C as part of multiple-pituitary-hormone-deficiency 
(group C).
Main Outcome Measure
Thyroid function and aspect (volume, echogenicity, echotexture).
Results
In group A 5 children had developed thyroidal hypothyroidism characterized by persistently 
elevated TSH-concentrations and exaggerated TSH-responses after TRH-stimulation 
(determined in 4). In the majority of patients of group A and C thyroid echogenicity and 
volume was decreased and echotexture inhomogeneous. Thyroid ultrasound imaging was 
normal in group B children.
Conclusion
Inadequately treated maternal Graves’ disease may not only lead to CH-C but also carries an, 
until now, unrecognized risk of thyroid disintegration in the offspring as well. We speculate 
that insufficient TSH-secretion due to excessive maternal-fetal thyroid hormone transfer 
inhibits physiological growth and development of the child’s thyroid.
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INTRODUCTION
Central hypothyroidism is a condition characterized by impaired secretion of thyroid 
hormone due to a defect in the thyroid’s regulatory system. In The Netherlands neonates with 
central congenital hypothyroidism (CH-C) are detected by a T4-based neonatal screening 
program (1;2). Usually, permanent CH-C is part of multiple pituitary hormone deficiencies (2). 
Recently we have reported on the occurrence of isolated CH-C in neonates born to mothers 
with Graves’ disease, presumably with a transient course. Although maternal characteristics 
were heterogeneous with respect to timing of diagnosis, thyroid antibody concentrations, 
and treatment, one consistent feature in all mothers was inadequate treatment during 
pregnancy, resulting in hyperthyroidism (3). Although this type of CH-C has been reported 
frequently (4-13), the course of thyroid function after withdrawal of T4-supplementation 
has been studied less extensively. It has been reported that plasma concentrations of FT4 
(free thyroxine) and TSH (thyrotropin) remain within their reference ranges when T4-
supplementation was withdrawn after a few months (5;6;8;10;11) and that the TSH response 
after TRH (thyrotropin-releasing hormone) administration recovers (5;11;13), suggesting a 
transient condition.
When evaluating the thyroid function after withdrawal of T4-supplementation in our 
patients with CH-C due to inadequately treated maternal Graves’ disease, we disclosed a 
persistent thyroid dysfunction in some of them, as a novel outcome. To gain more insight in 
the occurrence and pathogenesis of this finding we analyzed thyroid function and performed 
thyroid ultrasound imaging in these patients in the phase without T4 treatment. In addition 
we performed thyroid ultrasound imaging in children with CH-C as part of multiple pituitary 
hormone deficiencies and in children born to mothers with adequately treated Graves’ disease 
during pregnancy.

PATIENTS
Children with CH-C due to inadequately treated maternal Graves’ disease (Group A, n=19)
In the AMC records are kept of patients whose blood and/or urine samples were sent for 
confirmation of diagnosis of CH, or whose pediatrician consulted our pediatric endocrinology 
team. When this report was prepared 28 children with CH-C due to inadequately treated 
maternal Graves’ disease were known in the pediatric endocrinology department of the 
Emma Children’s Hospital AMC.
Inadequate treatment was concluded when Graves’ disease was either not treated at all 
during pregnancy (obviously in those diagnosed after pregnancy and also those who 
stopped medication themselves) or insufficiently treated, resulting in persistently high FT4 
concentrations during pregnancy. The children were followed in the AMC or in a local 
Dutch hospital. All but one started T4-supplementation after diagnosis of CH-C. Timing 
of diagnosis of maternal Graves’ disease, maternal thyroid function determinants measured 
during pregnancy or after delivery and neonatal thyroid function determinants before the 
start of T4-supplementation were known. In 13 children T4-supplementation was stopped 
(group Aa). Their thyroid function determinants after withdrawal were monitored. In 
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5 of them TSH response after TRH administration was measured. In 11 children thyroid 
ultrasound imaging was performed (2 children were not able to visit the AMC). In 3 children 
(whose TSH persisted >10 mIU/L) a thyroid 123I--uptake study was performed.
In the 5 children whose T4-supplementation could not be withdrawn yet because of young 
age (group Ab), exclusively thyroid ultrasound imaging was performed. Also in the child in 
whom T4-supplementation was never initiated (group Ac) thyroid ultrasound imaging was 
performed.
Of 9 children with the same type of CH-C follow-up data are not (yet) available because 
they had moved abroad, were lost to follow-up, or are considered too young to withdraw 
T4-supplementation and thyroid ultrasound imaging. The characteristics of these 9 patients 
in terms of maternal characteristics or neonatal thyroid function determinants were not 
different from the 19 presented.

Children born to mothers with adequately controlled Graves’ disease (Group B, n=6)
Adequate treatment was concluded when Graves’ disease was diagnosed before or in the 
first trimester of pregnancy, for which patients received adequate treatment resulting in 
normal FT4 concentrations throughout pregnancy, or, when diagnosis was made in the first 
trimester, within a few weeks after initiation of antithyroid drugs.
To evaluate thyroid function and structure in children born to mothers with adequately 
controlled Graves’ disease, group B was formed. Three children already participated in an 
earlier study on psychomotor outcome (14). Another 3 children were recruited amongst the 
younger sibs from group A children. Neonatal thyroid function determinants were recorded, 
thyroid ultrasound imaging was performed, and thyroid function was measured again.

Children with CH-C as part of multiple pituitary hormone deficiencies (Group C, n=10)
To evaluate thyroid function and morphology in children with permanent CH-C as part 
of multiple pituitary hormone deficiencies, group C was formed. Ten patients, who were 
detected by the neonatal screening program and treated since then in the AMC were willing 
to participate. During one of their routine visits for treatment control, thyroid ultrasound 
imaging was performed.

METHODS
The study protocol was approved by the institutional review board of the AMC. All parents, 
and patients >12 years of age, gave their written informed consent.
Thyroid ultrasound imaging was performed in the pediatric radiology department in the 
AMC.Thyroid volume (if the age of the child allowed accurate measurement), echogenicity 
and echotexture were recorded by one of the pediatric radiologists (RvR or AS), and blindly 
re-examined by the other (AS or RvR), as well as a pediatric endocrinologist (TV). The volume 
(in mL) of each thyroid lobe was estimated as follows: transversal x sagittal x longitudinal 
maximum diameters x 0.479 (15) and was compared to age-matched reference values (16-
18). Echogenicity was scored as ‘decreased’, ‘normal’ or ‘increased’. Echotexture was scored 
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as ‘normal’, ‘inhomogeneous’ or ‘abnormal’ (when substantial irregularities were visible, e.g. 
nodules or cysts).
In the TRH test plasma TSH was measured 15, 30, 45, 60, 120 and 180 minutes after 
intravenous administration of TRH (10 µg/kg). An adequate response was defined as a 
maximum TSH concentration between 15 and 35 mIU/L after 20 to 40 minutes (2;19).
Thyroid 123I--imaging was performed by administering 2 MBq of Na123I- intravenously; an 
uptake of 10-15% after two hours was considered normal [extrapolated from the reported 
uptake after 24 hours (20)].
The plasma FT4 and TSH reference ranges, measured by time-resolved fluoroimmunoassays 
(Delfia® Free T4 and Delfia® hTSH Ultra, Perkin Elmer, Wallac Oy, Turku, Finland), as 
established in our laboratory, are 0.78-1.79 ng/dl (10.0-23.0 pmol/l) and 0.4-4.0 mIU/l 
respectively; for neonates the lower limit of the FT4 reference range is 0.93 ng/dl (12.0 pmol/
l). When ‘FT4’ and ‘TSH’ are mentioned in the text, their plasma concentrations are meant, 
unless otherwise mentioned. TSH receptor antibodies were measured using the TRAK assay 
(Brahms, Berlin, Germany), either with radioactive label or by luminescence.

RESULTS
Group Aa
The mothers were diagnosed with Graves’ disease before (n=3, one twin pregnancy), during 
(n=3) or after pregnancy (n=6). As presented in Table 1A, maternal FT4 measured during or 
shortly after pregnancy was markedly elevated and accompanied by suppressed TSH (data 
not shown). In the neonatal period, all children had FT4 <0.93 ng/dl (<12.0 pmol/l), while 
TSH never exceeded 8.0 mIU/L (Table 1A). TSH-receptor antibodies were measurable in 
variable concentrations in both mothers and children (Table 1B).

Figure 1. TRH test with normal and exaggerated TSH response

Dashed lines: normal TSH response
Continuous lines: exaggerated TSH response.
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Patients with persistently elevated TSH after T4 withdrawal (Table 2)
In patient Aa:4 T4 withdrawal appeared successful at the age of 0.5 year both FT4 and TSH 
remained within their reference ranges and maximum TSH response in the TRH test was 
normal (21.7 mIU/l after 30 minutes). However, after 8 months TSH increased >4.0 mIU/
l, and T4-supplementation was restarted. After another withdrawal at the age of 4.9 years 
TSH remained elevated up to 9 months (11.3 mIU/l), and T4-supplementation was restarted 
again. Also in patient Aa:12, whose TSH was within the reference range 5 months after 
T4 withdrawal, TSH increased >4.0 mIU/l after one year. In patients Aa:7 and Aa:8 TSH 
increased immediately after T4 withdrawal and remained elevated until supplementation 
was restarted a few months later. In all 4 patients (Aa:4, Aa:7, Aa:8 , Aa:12) the maximum 
TSH response in the TRH test, performed during the T4 withdrawal period, was exaggerated 
(47.9, 53.0, 127.0 and 37.2 mIU/l, respectively, Figure 1). The 123I--uptake, performed in patient 
Aa:4, Aa:7 and Aa:8 was low (4.4%, 5.2% and 3.4% after 120 minutes respectively). Thyroid 
ultrasound imaging showed decreased echogenicity in all 4 patients, with a cyst and a nodule 
in patient Aa:4, inhomogeneous echotexture in patients Aa:8 and Aa:12 and decreased 
volume in patients Aa:7 and Aa:8 (Table 3A). In none of the patients thyroid antibodies were 
detectable at ages 3.2, 2.3, 3.0, and 1.1 years, respectively.

Table 1A. Characteristics of thyroid function of children and their mothers (group A)

Mother Child
Timing of 
diagnosis

FT4
ng/dl

(pmol/l)

Timing G.A.
(wk)

B.W. FT4
ng/dl a

(pmol/l)

TSH a
mIU/l

Day

Aa:1 Before pregnancy 2.5 (32.2) 33.4 wk GA 34.6 1970 0.9 (11.5) 1.1 61 d pp
Aa:2 Before pregnancy 2.5 (32.2) 33.4 wk GA 34.6 1840 0.8 (10.8) 1.1 71 d pp
Aa:3 Before pregnancy 1.8-4.0 during pregnancy 37.0 2580 0.6 (7.9) 0.7 50 d pp

(23.2-51.5)
Aa:4 During pregnancy >5.4 (>70.0) 31.1 wk GA 38.3 1940 0.6 (7.5) 4.1 2 d pp
Aa:5 During pregnancy >5.4 (>70.0) 30.7 wk GA 36.9 2480 0.6 (7.6) 0.7 96 d pp
Aa:6 During pregnancy 3.5 (45.0) 30.0 wk GA 36.9 2150 0.5 (6.4) 0.9 40 d pp
Aa:7 After pregnancy 2.7 (34.7) 1st wk pp b 38.0 3100 0.4 (5.0) 1.2 12 d pp
Aa:8 After pregnancy >5.4 (>70.0) 7th wk pp b 39.9 3660 0.6 (8.0) 3.3 24 d pp
Aa:9 After pregnancy 3.5 (45.0) 3rd wk pp b 38.0 2825 0.9 (11.3) 2.4 16 d pp
Aa:10 After pregnancy 4.6 (59.0) 2nd wk pp b 38.3 3470 0.5 (6.5) 5.9 11 d pp
Aa:11 After pregnancy 5.0 (64.0) 3rd wk pp b 36.7 3330 0.5 (6.2) 1.8 11 d pp
Aa:12 Before pregnancy 4.7 (60.0) 30.0 wk GA 38.0 4445 0.8 (10.8) 7.5 6 d pp
Aa:13 After pregnancy 4.4 (56.0) 3rd wk pp b 38.9 2900 0.8 (10.9) 2.1 17 d pp
Ab:1 Before pregnancy >5.4 (>70.0) 1st wk pp b 28 1200 0.7 (8.7) 0.1 15 d pp
Ab:2 During pregnancy >5.4 (>70.0) 14.3 wk GA 35 2250 0.8 (10.0) 0.1 9 d pp
Ab:3 After pregnancy 3.1 (40.0) 3rd wk pp b 40 3385 0.8 (10.1) 3.0 18 d pp
Ab:4 Before pregnancy 4.8 (61.8) 2nd wk pp b 38 2750 0.3 (4.0) 2.8 7 d pp
Ab:5 Before pregnancy >5.4 (>70.0) 3rd wk pp b 38 3260 0.4 (5.1) 3.4 18 d pp
Ac:1 After pregnancy 3.5 (45.0) 3rd wk pp b 40.9 3530 0.6 (8.2) 1.2 10 d pp
a Measurement before initiation of T4 supplementation 
b If no FT4 concentration during pregnancy was determined (because of undiagnosed or uncontrolled Graves’ 
disease), the first measurement after pregnancy is presented, indicated by b.
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Also in patient Aa:13 TSH increased immediately after withdrawal of T4 and remained 
elevated up till 6 months after withdrawal. Because T4 supplementation was restarted, no 
stimulation test could be performed yet. Thyroid ultrasound imaging showed a small thyroid 
with decreased echogenicity and inhomogeneous echotexture.

Patients with transiently elevated TSH after T4 withdrawal (Table 2)
In 4 patients (Aa:1, Aa:2, Aa:10, Aa:11) TSH spontaneously returned into the reference range, 
after a transient elevation (>4.0 mIU/l) following withdrawal of T4-supplementation. Thyroid 
echogenicity was decreased in patient Aa:10 and in patient Aa:1, in combination with an 
inhomogeneous echotexture. Thyroid volume was decreased in patient Aa:1 and Aa:2 (Table 
3A).

Table 1B. TSH-receptor antibody concentrations in Group A and B

Mother Child
Case Conc. Time of Conc. Time of 
No. IU/La sampling IU/La sampling
Aa:1 41 33.4 wk GA n.d.
Aa:2 41 33.4 wk GA n.d.
Aa:3 18.4b 18 wk GA 91 Cord blood
Aa:4 26 31.1 wk GA 8 Cord blood
Aa:5 247 34.9 wk GA 1.3 b 114 d pp
Aa:6 n.d. <5 40 d pp
Aa:7 19 4 d pp n.d.
Aa:8 43 43 d pp <5 85 d pp
Aa:9 1.2 b 21 d pp n.d.
Aa:10 <9 14 d pp n.d.
Aa:11 12 22 d pp 9 22 d pp
Aa:12 59 34 wk GA 20 Cord blood
Aa:13 2,4 28 d pp n.d.
Ab:1 n.d. 1.4 38 d pp
Ab:2 37.6 b 22.3 wk GA 21.9 b 1 d pp
Ab:3 <1.0 b 23 d pp 21.0 b 21 d pp
Ab:4 n.d. 1.8 b 8 d pp
Ab:5 4.8 b 18 d pp 3.7 b 18 d pp
Ac:1 24 17 d pp 11 24 d pp
B:1 62 15.1 wk GA 10 Cord blood
B:2 8 30.1 wk GA n.d.
B:3 7 24.4 wk GA <5 Cord blood
B:4 22 14.1 wk GA 7 4 d pp
B:5 14 13.7 wk GA 5 11 d pp
B:6 n.d. n.d.
a < 6 IU/liter negative, 6-10 IU/liter dubious, > 10 IU/liter positive
b TSH receptor antibodies measured by luminescence; <1.0 IU/liter negative, 1.0-1.5 IU/liter dubious, >1.5 IU/
liter positive
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Table 2. Characteristics of thyroid function just preceding withdrawal and after withdrawal of T4-supplementation 
(group Aa)

Preceding withdrawal of 
T4-supplementation

After withdrawal of 
T4-supplementation

Age (years) FT4
ng/dl

(pmol/l)

TSH
mIU/L

Age (years) FT4
ng/dl

(pmol/l)

TSH
mIU/L‘at’ ‘after’

withdrawal
Persistent TSH elevation after withdrawal

Aa:4 4.9 1.2 (14.9) 3.3 0.5/3.2/4.9 5.4 0.9 (11.3) 14.3
5.7 0.8 (9.7) 11.3

Aa:7 2.0 1.2 (15.0) 2.0 2.3 2.5 0.7 (9.0) 6.0
2.6 0.7 (9.0) 7.8

Aa:8 3.0 1.1 (14.4) 0.2 3.0 3.1 0.4 (5.0) 36.1
3.2 0.6 (7.1) 22.1
3.3 0.8 (10.7) 13.0
3.7 0.6 (7.4) 18.8

Aa:12 1.0 1.2 (15.1) 1.7 1.1 1.2 1.0 (12.8) 4.5
1.5 1.0 (13.0) 2.1
2.1 1.2 (15.3) 6.0
2.2 1.0 (13.4) 4.9
2.3 1.0 (13.4) 5.2

Aa:13 1.5 1.3 (16.2) 2.2 2.0 2.1 0.9 (11.0) 8.7
2.2 1.0 (12.7) 8.3
2.5 0.9 (11.7) 6.3

Transient TSH elevation after withdrawal
Aa:1 4.0 2.0 (25.3) - 4.0 4.1 0.9 (11.6) 7.2

4.3 0.9 (11.9) 2.7
Aa:2 4.0 2.0 (25.4) - 4.0 4.1 0.8 (9.8) 8.3

4.2 0.8 (10.9) 5.8
4.3 0.9 (12.2) 3.5

Aa:10 0.3 1.2 (15.3) 3.1 0.3 0.4 1.2 (15.1) 5.9
0.5 1.1 (14.2) 2.2
1.6 1.2 (15.9) 2.2

Aa:11 1.8 1.0 (13.0) 2.7 1.8 2.2 1.2 (15.0) 4.8
2.6 1.2 (15.0) 2.3
3.1 1.2 (15.0) 4.3
3.6 1.2 (16.0) 2.8

Normal TSH after withdrawal
Aa:3 3.0 1.5 (18.8) 0.9 3.0 3.3 1.2 (15.3) 1.4

3.6 1.1 (14.8) 0.9
Aa:5 1.1 1.3 (17.3) 1.4 1.3 1.4 1.0 (12.8) 1.7

1.8 1.1 (14.0) 1.4
2.4 1.0 (13.4) 1.6

Aa:6 3.5 1.0 (13.0) 0.3 3.2/3.5 3.6 0.6 (7.6) 3.2
3.7 0.8 (10.4) 2.3
3.8 0.6 (8.1) 1.4

Aa:9 2.0 0.8 (10.7) 1.2 2.2 2.3 0.9 (12.0) 2.4
2.7 0.8 (10.3) 1.9
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Patients with normal TSH after T4 withdrawal (Table 2)
In 4 patients (Aa:3, Aa:5, Aa:6, Aa:9) TSH remained within the reference range after T4 
withdrawal. In patient Aa:6 T4 was withdrawn for the first time at the age of 3.2 years but 
was immediately restarted when FT4 decreased to 0.5 ng/dl (5.9 pmol/l) after 1 month. 
After a second attempt (age 3.5 years) to withdraw T4-supplementation FT4 decreased 
again and remained low up to 4 months (0.6 ng/dl, 8.1 pmol/l). Also in patient Aa:9 FT4 was 
borderline (0.8 ng/dl, 10.3 pmol/l) 6 months after withdrawal. In patient Aa:6 and Aa:9 the 
maximum TSH response in the TRH test was within the normal range (17.0 and 15.1 mIU/l, 
respectively, Figure 1) and substantially higher than in the neonatal period (2.3 and 8.5 mIU/
l, respectively). In patient Aa:9 thyroid echogenicity was decreased with inhomogeneous 
texture (Table 3A).

Group Ab
Mothers of group Ab children were diagnosed with Graves’ disease before (n=3), during (n=1) 
or after pregnancy (n=1). FT4 during or after pregnancy was markedly increased (Table 1A) 
and TSH was suppressed.

Figure 2B. Thyroid ultrasound image of a child with a normal thyroid

Figure 2A. Thyroid ultrasound image of a child with thyroid disintegration
Thyroid ultrasound image of 
child Aa:8 showing decreased 
echogenicity and inhomogeneous 
echotexture.

Thyroid ultrasound image of child 
B:4 showing normal echogenicity 
and normal echotexture.
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In the neonatal period all children had FT4 <0.93 ng/dl (<12.0 pmol/l) and TSH <4.0 mIU/L 
(Table 1A). Thyroid echogenicity was decreased in 2 patients, echotexture inhomogeneous in 
1 patient and thyroid volume decreased in 1 patient.

Group Ac
In patient Ac:1, who was never treated with T4, FT4 increased from 0.6 to 1.0 ng/dl (8.2 to 
12.8 pmol/l) within 4 weeks after birth. TSH remained within the reference range, except at 
the age of one year, when once 4.2 mIU/L was measured. Maximum TSH response in the 
TRH test was insufficient at the age of 1 month (4.4 mIU/L after 30 minutes), but normal at 
the age of 1.1 years (26.4 mIU/L after 40 minutes). He was released from outclinic controls 
at the age of 1.5 years (FT4 1.1 ng/dl (14.2 pmol/l), TSH 4.0 mIU/L). At the age of 9.5 years 
both FT4 (1.1 ng/dl, 13.7 pmol/l) and TSH (2.6 mIU/l) were within their reference ranges. His 
thyroid gland had a normal volume with inhomogeneous echotexture.

Group B
The 4 mothers of the 6 group B children were known with Graves’ disease before pregnancy 
(n=5 pregnancies), or diagnosed already in the 6th week of pregnancy (n=1 pregnancy). 
During pregnancy mothers were treated with antithyroid drugs throughout pregnancy (3 

Table 3A. Thyroid ultrasound characteristics (group A)
Estimated volume ml

Age
yrs

Echo-
genicity

Echo-
texture

Lobe left Lobe right Total Ref

Aa:1 4.1 Low Inhomog. 0.8 0.7 1.5 1.8-4.6 a4

Aa:2 4.1 Normal Normal 0.3 0.4 0.7 1.8-4.6 a4

Aa:3 3.3 Normal Normal - - - 1.8-4.6 a4

Aa:4 5.1 Low Cyst and nodule 0.6 0.7 1.3 0.9-3.7 a3

Aa:6 3.8 Normal Normal 0.8 1.0 1.8 1.8-4.6 a4

Aa:7 3.3 Low Normal 0.2 0.3 0.5 1.8-4.6 a4

Aa:8 3.7 Low Inhomog. 0.2 0.1 0.3 1.8-4.6 a4

Aa:9 2.3 Low Inhomog. 0.5 0.8 1.3 0.3-4.0 a2

Aa:10 1.6 Low Normal - - - -
Aa:12 2.1 Low Inhomog. - - - -
Aa:13 1.2 Low Inhomog. - - - -
Ab:1 1.2 Low Normal - - - -
Ab:2 2.3 Normal Normal 0.3 0.4 0.7 0.5-2.9 a1

Ab:3 1.1 Normal Normal - - - -
Ab:4 2.0 Low Inhomog. 0.1 0.2 0.3 0.5-2.9 a1

Ab:5 1.1 Normal Normal - - - -
Ac:1 8.5 Normal Inhomog. 2.6 2.5 5.1 3.6±1.3 b3

Inhomog. = inhomogeneous. Reference values are obtained from patients with sufficient iodine supply
a. Tas et al (16). Ranges are presented. 1 = 0-2 years (males), 2 = 0-2 years (females), 3 = 3-5 years (males), 4 = 3-5 
years (females)
b. Vitti et al (17). Mean ± SD is presented. 1 = 6 years, 2 = 8 years, 3 = 9 years, 4 = 10 years, 5 = 11 years, 6 = 12 
years, 7 = 13 years, 8 = 14 years
c. Maravall et al (18). Mean is presented (adult males)
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pregnancies), with T4 after 131I--treatment before pregnancy (2 pregnancies), or without any 
medication (1 pregnancy). One of the mothers, diagnosed before pregnancy, was hyperthyroid 
until antithyroid drug treatment became intensified, resulting in FT4<1.94 ng/dl (<25.0 pmol/
l) from the 18th week of pregnancy onwards. In the mother with hyperthyroidism diagnosed 
in early pregnancy FT4 was <1.94 ng/dl (<25.0 pmol/l) from the 16th week of pregnancy 
onwards, after antithyroid drug treatment became effective. In the other 4 pregnancies 
FT4 was <1.94 ng/dl (<25 pmol/l) throughout pregnancy. TSH-receptor antibodies were 
measurable in variable concentrations in both mother and child (Table 1B).
Neonatal thyroid function was normal in all 6 children. At recall (median age 8.8 years, 
range 1.3-11.8), all children were considered healthy. FT4 was within the reference range 
in all 6 children, while TSH was in 5 (Table 3B). In child B:2 TSH was slightly elevated (4.8 
mIU/l). He had been very nervous for the blood sampling and was extremely stressed during 
the venapuncture; concomitantly measured prolactin (51 ng/ml) and cortisol (20.1 µg/dl, 555 
nmol/L) were also elevated. Thyroid echogenicity, texture and volume were normal in all 
children (Table 3B).

Table 3B. Thyroid function and ultrasound characteristics (groups B and C)

Estimated volume
Age
yrs

FT4
ng/dl

(pmol/l)

TSH
mIU/L

Echo-
genicity

Echo-
texture

ml
Lobe
left

Lobe
right

Total Ref

B:1 10.3 1.0 (12.4) 2.5 Normal Normal 2.3 3.9 6.2 4.0±1.5 b4

B:2 11.4 1.4 (17.6) 4.8 Normal Normal 1.8 2.2 4.0 4.9±1.5 b5

B:3 8.8 1.2 (15.0) 3.2 Normal Normal 1.4 2.5 3.9 3.6±1.3 b3

B:4 2.5 0.9 (11.5) 2.0 Normal Normal 0.7 0.7 1.4 0.5-2.9 a1

B:5 1.3 0.9 (11.8) 0.8 Normal Normal 0.6 0.6 1.2 0.5-2.9 a1

B:6 4.0 1.2 (14.9) 0.9 Normal Normal 0.7 0.8 1.5 1.8-4.6 a4

C:1 10.8 1.3 (16.1) 0.01 Normal Inhomog. 0.6 0.9 1.5 4.9±1.5 b5

C:2 5.8 1.2 (15.9) 0.01 Normal Inhomog. 0.2 0.3 0.5 2.7±1.2 b1

C:3 6.2 1.7 (22.2) 0.01 Normal Inhomog. 0.5 0.6 1.1 2.7±1.2 b1

C:4 8.0 1.4 (18.1) 0.01 Decreased Normal 0.4 0.6 1.0 3.3±1.2 b2

C:5 8.8 1.2 (15.6) 0.01 Increased Normal 0.6 0.2 0.8 3.6±1.3 b3

C:6 4.5 1.4 (17.8) 0.11 Normal Normal 0.2 0.3 0.5 1.8-4.6 a4

C:7 5.0 1.3 (16.4) 0.01 Decreased Normal 0.5 0.6 1.1 0.9-3.7 a3

C:8 13.1 1.4 (17.8) 0.01 Increased Inhomog. 0.5 0.5 1.0 6.1±1.6 b7

C:9 17.5 0.9 (11.0) 0.02 Increased Nodule 0.6 0.7 1.3 9.9 c

C:10 13.5 1.5 (18.9) 0.01 Normal Inhomog. 0.1 0.2 0.3 6.3±1.5 b8

Inhomog. = inhomogeneous. Reference values are obtained from patients with sufficient iodine supply
a. Tas et al (16). Ranges are presented. 1 = 0-2 years (males), 2 = 0-2 years (females), 3 = 3-5 years (males), 4 = 3-5 
years (females)
b. Vitti et al (17). Mean ± SD is presented. 1 = 6 years, 2 = 8 years, 3 = 9 years, 4 = 10 years, 5 = 11 years, 6 = 12 
years, 7 = 13 years, 8 = 14 years
c. Maravall et al (18). Mean is presented (adult males)
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Group C
Nine CH-C patients had multiple pituitary hormone deficiencies and were treated with T4 
(n=9), growth hormone (n=8), hydrocortisone (n=7) and testosterone (n=2); 1 patient had 
isolated CH-C and was treated with T4. In all patients FT4 was within the reference range, 
and TSH suppressed (Table 3B).
Thyroid ultrasound imaging showed decreased echogenicity in 2 patients, increased 
echogenicity in 3, nodules in 1, inhomogeneous echotexture in 5 and decreased thyroid 
volume in 6 patients (Table 3B).

DISCUSSION
Disturbance of the fetal and neonatal thyroid hormone state, as one of the adverse effects 
of maternal Graves’ disease during gestation, is an important issue because it constitutes 
the risk of damage to the developing brain. The occurrence, type and severity of thyroid 
dysfunction in the offspring are dependent on the presence of maternal thyroid antibodies 
and the use of antithyroid drugs (6;21). Recently, we reported on children with CH-C born to 
mothers with gestational hyperthyroidism due to inadequately treated Graves’ disease. This 
entity illustrates that disturbances in the maternal thyroid hormone state during gestation 
may influence pre- and postnatal thyroid function in the offspring too (3). We followed these 
children extensively, especially after withdrawal of T4-supplementation, to establish whether 
the condition would be transient or permanent. In all patients the pituitary dysfunction, as 
observed in the neonatal period, improved later on. However until now, in 5 children the 
apparently transient CH-C appeared to be succeeded by persistent thyroidal hypothyroidism. 
This novel finding constitutes another, unexpected adverse effect of maternal Graves’ 
disease.
The thyroid condition in these 5 patients was characterized by persistent hyperthyrotropinemia, 
an exaggerated TSH response in the TRH-test, and thyroid glands with small volume and 
inhomogeneous echotexture. The onset of this thyroid condition is uncertain because thyroid 
ultrasound imaging was not performed systematically after birth. Besides, the initially co-
existent TSH deficiency as well as subsequent (adequate) T4-supplementation will have 
masked and prevented the biochemical expression of the thyroid dysfunction (3).
The other 8 patients with CH-C due to gestational hyperthyroidism ended up (after 
withdrawal) with plasma TSH concentrations within the reference range, sometimes after a 
transient elevation. In 6 of them concomitantly measured FT4 concentrations were within the 
reference range; the 2 with low and low-normal FT4 concentrations, respectively, had normal 
TSH responses in the TRH test, so neither in them hypothyroidism could be established. On 
the other hand the inhomogeneous echotexture and/or decreased thyroid echogenicity or 
volume, in the majority of patients with CH-C due to gestational hyperthyroidism, suggests 
at least some degree of thyroid damage. The fact that TSH was not (persistently) increased 
in some patients in whom T4 was withdrawn, despite the presumed thyroid damage, might 
be explained by ongoing pituitary-hypothalamic insufficiency (CH-C). Also, the fetal 
hyperthyroidism to which our patients had been exposed might have shifted the pituitary’s 
setpoint for TSH secretion [in analogy to the shift in the opposite direction as observed in 
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children exposed to fetal or perinatal hypothyroidism (22)], explaining the tendency to lower 
FT4 in the subgroup of patients with persistently normal TSH. Although none of the patients 
had clinical problems after withdrawal, T4-supplementation was restarted when either FT4 
or TSH continued to be outside the reference range.
Permanent and transient CH of thyroidal origin, occasionally described in children born 
to mothers with auto-immune hypothyroidism, have been attributed to cytotoxic effects 
of maternal antibodies (23-25). Although in none of our patients with persistent thyroid 
dysfunction thyroid antibodies were demonstrated at the time T4-supplementation was 
withdrawn, they had been detected (in variable concentrations) in the neonatal period 
(Table 1B), as reported previously (3). To get more insight in the possible role of thyroid 
antibodies in the process of thyroid damage in our group A patients, we also investigated 
thyroid function and structure in a group of children born to mothers with Graves’ disease 
adequately treated during pregnancy, in other words in whom auto-immunity was not 
associated with hyperthyroidism. In their children, obviously without CH-C, we did not 
observe biochemical or ultrasound signs of a thyroid problem. So, this novel disease entity 
appeared to be restricted to children in whom CH-C preceded, rather than to be associated 
with thyroid antibodies of maternal origin, although our data do not allow exclusion of 
antibodies as an additional causal factor. A suitable (additional) control group (gestational 
hyperthyroxinemia without auto-immunity) would have been ‘not affected’ children born 
to mothers with thyroid hormone resistance, but such cases never came to our attention. 
Indeed, the report of Anselmo et al., dealing with this subject has shown that maternal 
thyroid hormone resistance can lead to pituitary dysfunction in the child, in line with our 
observations, but these authors did not (yet) report on the long-term consequences for 
thyroid morphology and function in the offspring.
In the control group of CH-C patients with multiple pituitary hormone deficiencies, in 
whom adequate T4-supplementation invariably caused longstanding extremely low TSH 
concentrations (22), we observed extremely decreased thyroid volumes. Likewise, in patients 
with inactivating mutations in the TSH receptor gene thyroid hypoplasia is a common 
feature (26). These observations led us to the hypothesis that early and longstanding 
insufficient TSH action hampers normal thyroid growth and development. A unique feature 
of the group of patients with CH-C born to mothers with gestational hyperthyroidism is 
that after a period of insufficient TSH action, the pituitary still started functioning several 
months after birth. Subsequently, persistent TSH elevation disclosed irreversible thyroid 
dysfunction, and demonstrated that the ultrasound features reflect severe thyroid damage. 
The loss of thyroid integrity of both thyroid morphology and function, after a phase in which 
the development and function of the thyroid’s regulatory system was hampered, suggests a 
developmental defect at the follicular level. We believe that the term ‘thyroid disintegration’ 
best describes this phenomenon, that manifests somewhere between thyroid dysgenesis and 
thyroid destruction.
Thyroid hormone plays an essential role in brain development during pre- and early postnatal 
life. Therefore, T4-supplementation was initiated in our patients with CH-C as soon as the 
diagnosis was established. Although it might be that the institution of T4-supplementation 
(further) impaired thyroid growth and integrity, we consider well established preservation 
of brain development by instituting adequate T4-supplementation a higher priority than the 
eventual preservation of thyroid tissue.
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Because of its retrospective character, our study had some limitations e.g. variation in the age 
of the children at the time of investigation. Whenever possible, a prospective design is more 
suitable to provide complete and structured information, but for obvious ethical reasons 
the present issue can not be studied in a prospective design. Monitoring maternal thyroid 
function will lead to immediate correction of any tendency to hypo- or hyperthyroidism, 
preventing the long-term hyperthyroid environment of the fetus. Based on our previous (3) 
and present observations, we suppose that once maternal hyperthyroidism is prevented also 
the occurrence of central and thyroidal hypothyroidism in the offspring is prevented. So, we 
got a rather unique opportunity to learn about the pediatric consequences of inadequately 
treated maternal Graves’ disease.
In summary, inadequately treated maternal Graves’ disease resulting in gestational 
hyperthyroidism, might not only lead to (transient) hyperthyroidism in the fetus and 
(presumably transient) CH-C in the newborn infant, but also carries the until now 
unrecognized risk of thyroid tissue disintegration, resulting in (presumably permanent) 
loss of its capacity to maintain euthyroidism. We speculate that the long-term lack of TSH 
action due to the hyperthyroid fetal environment, possibly prolonged by the postnatal T4 
supplementation, interferes with thyroid development and results in loss of thyroid integrity 
in terms of thyroid morphology and function.
In the proposed pathogenetic mechanism, the role of maternal thyroid-stimulating 
antibodies is restricted to induce and maintain hyperthyroidism in the pregnant mother. 
Because neither the CH-C nor the subsequent thyroid disintegration is ever seen in the 
offspring of well-treated mothers with Graves’ disease we speculate that maternal thyroid 
antibodies at most play an additional role in this disease entity, and that both this type of 
CH-C and thyroid disintegration can be prevented by preserving euthyroidism in the mother 
throughout pregnancy.
Long term follow-up is needed to evaluate the incidence, and further consequences of this 
novel pathological entity, and to reveal the most appropriate diagnostic and treatment 
approach. In the meantime careful monitoring of thyroid function determinants and thyroid 
imaging should be part of the diagnostic work-up in children born to mothers with Graves’ 
disease.
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SUMMARY
Objective
The dynamics of the plasma concentrations of various diagnostic determinants of thyroid 
function were analysed in children with congenital hypothyroidism (CH) after the start of 
T4 supplementation. The description of the biochemical dynamics of TSH and free T4 (FT4) 
during the first period of thyroxine treatment is important to depict the practical outlines of 
the initial dosage of T4 and dosage adjustments for newborns with variable forms of CH.

Design
A retrospective analysis was performed of frequent plasma TSH, total T4 (T4), FT4 and total 
T3 (T3) measurements in 30 CH neonates during the first weeks of treatment, treated with 
initial daily T4 dosages ranging from 4.8 to 11.1 μg/kg.

Results
A 50% reduction in the initial plasma TSH concentration was achieved after 3–4 days 
of treatment, independent of CH severity. At a median of 32 days after the start of T4 
supplementation, plasma TSH ranged between 0.4 and 4.0 mU/l. The mean interval needed 
for FT4 to reach the age-related normal values (12–29 pmol/l) was 3 days. The increase in 
plasma T3 concentrations levelled off within a few days, when T4 reached concentrations of 
around 100 nmol/l.

Conclusions
Plasma T3 and FT4 concentrations reach the normal range a few days after thyroxine 
treatment is started. By contrast, normalization of plasma TSH concentration takes several 
weeks. At the time that plasma TSH is normalized, CH neonates show a higher range of 
plasma FT4 concentrations than the normal range. When TSH normalization is the goal of 
treatment in CH, the target range for plasma FT4 during treatment in the first months needs 
to be adapted. During the first month of treatment the plasma TSH concentration is not 
helpful in assessing the proper T4 supplementation dosage. Once plasma TSH has reached 
normal values, it becomes a reliable determinant in addition to plasma FT4.
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INTRODUCTION
Thyroid hormone is important for human development, especially the central nervous system 
(1;2). Shortage of this hormone during prenatal life and the first years after birth results in 
a spectrum of neuropsychological disorders related to the duration and severity of the T4 
deficiency (3-5). Whereas the limited but substantial maternal supply of thyroxine preserves 
prenatal brain development in case of congenital hypothyroidism (CH) to a certain extent 
(6;7), adequate T4 supplementation must start shortly after birth to achieve euthyroidism as 
soon as possible and to minimize the risk of cognitive and motor defects (1;8-10). Although 
in the management of hypothyroidism the plasma TSH concentration is considered a useful 
determinant, elevated plasma TSH concentrations are frequently encountered in the course 
of CH treatment (11-13).
To investigate which thyroid hormone determinants are most suitable to determine the 
achievement of euthyroidism, a retrospective analysis was made in a group of 30 CH patients 
with a well-defined aetiology and in whom the plasma concentrations of TSH, free T4 (FT4), 
total T4 (T4) and total T3 (T3) had been measured frequently before and after initiation of T4 
supplementation. The changes in these determinants upon initiation of treatment until the 
moment that plasma thyroid hormone determinants stabilized during treatment allowed us 
to evaluate different goals in treatment, that is reaching adequate plasma FT4, plasma T3 and 
plasma TSH concentrations.

PATIENTS AND METHODS
Neonatal CH screening
In the Netherlands, screening for CH is based primarily on the determination of plasma T4, 
with additional TSH determination in the 20% of samples with the lowest T4 concentrations. 
To prevent too many false-positive screening results, a thyroid-binding globulin (TBG) 
determination is added for the 5% samples with the lowest T4 concentrations. This T4-based CH-
screening program is able to detect both thyroidal and central (hypothalamic/pituitary) CH.

Patients
Of 30 neonates (21 girls, i.e. 70%) with thyroidal CH born between 1989 and 1999, and referred 
to the Emma Children’s Hospital AMC because of abnormal CH screening results, sufficient 
data were available. Assessment of the pretreatment thyroid determinants and initiation 
of treatment were generally on the same day. Patients had consecutive venapunctures to 
assess their thyroid hormone concentrations every 4–5 days during the first weeks of T4 
supplementation.
Based on the pretreatment plasma FT4 concentrations, patients were divided into three 
groups: severe CH (FT4 ≤ 4 pmol/l), moderate CH (4 < FT4 ≤ 8 pmol/l) and mild CH (FT4 > 
8 pmol/l).
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Aetiological classification
In all patients who were studied, CH aetiology was established, as described in detail 
elsewhere (14). Plasma concentrations of TSH, T4, FT4, T3, thyroglobulin (Tg) and TBG were 
determined before initiation of T4 supplementation.
Urinary iodine excretion and excretion of low molecular weight iodinated material were 
measured in 24-h urine specimens. To establish localization, form and activity of the 
thyroid tissue a radioiodide (123I-)-uptake study including a perchlorate test was performed. 
Additional ultrasound imaging of the neck was performed in a few patients.
Within the thyroid dysgenesis group three categories can be distinguished: thyroid agenesis, 
cryptopic thyroid and dystopic thyroid remnants (14). In patients with cryptopic thyroid 
remnants, thyroid tissue cannot be demonstrated by imaging studies. As with thyroid 
agenesis, these neonates have very low plasma T4 and FT4 concentrations that decline 
further when not treated with T4. However, unlike in thyroid agenesis, Tg is detectable in 
plasma (> 20 pmol/l).

Endocrine tests
Plasma T4, T3 and Tg concentrations were measured by in-house radioimmunoassay (RIA) 
methods; plasma TBG was also determined by RIA (Eiken Chemical Co., Tokyo, Japan). FT4 
and TSH were measured by time-resolved fluoroimmunoassays (Delfia ® Free T4 and Delfia ® 
hTSH Ultra, Wallac Oy, Turku, Finland). The plasma FT4 normal range 2–6 weeks after birth 
is 12–29 pmol/l (4;15). The TSH normal range up to 3 months after birth is 1–10 mU/l (1); after 
this period plasma TSH is considered to be normal if between 0.4 and 4.0 mU/l. Normal values 
for T3 from 2 to 6 weeks postpartum are 1.5–4.6 nmol/l, and 160–750 nmol/l for TBG (4).
Determination of the 50% TSH reduction time after initiation of treatment was estimated 
visually from Fig. 1a–c.

Statistical methods
Descriptive statistics were computed for all variables (SPSS 8.0 software, SPSS Inc., IL, 
USA).

RESULTS
The baseline and treatment characteristics of the 30 CH patients are described in Table 
1. Twelve children had severe CH, 10 children moderate CH and eight children mild CH. 
Twenty-three patients (77%) had thyroid dysgenesis and seven patients (23%) had inborn 
errors of thyroid hormone metabolism (dyshormonogeneses). The mean initial plasma 
TSH concentration was 756 mU/l for the severe CH group, 492 mU/l for the moderate CH 
group and 188 mU/l for the mild CH group. Before therapy was started, the mean initial 
plasma T3 concentration varied from 1.1 nmol/l (severe CH) to 3.1 nmol/l (mild CH). T4 
supplementation was initiated at an average age of 13.8 days after birth (95% CI 12.3–15.4, 
range 7–23 days), with daily dosages ranging from 4.8 to 11.1 μg/kg (mean 8.2 μg/kg). The 
moment of initiation of T4 supplementation in the severe CH group was 2–4 days earlier 
than in the other groups. To reach plasma FT4 concentrations at or above the lower limit of 
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the age-related normal values (12 pmol/l), an average of 1.2 days after initiation of T4 supple-
mentation was needed for the mild CH group, when the two patients who had an initial FT4 
above 12 pmol/l were not included. The moderate CH group needed 2·9 days, and the severe 
group 4.3 days, to reach plasma FT4 concentrations above 12 pmol/l, leading to an average of 
3.1 days (95% CI 2.2–4.0, range 1–10 days) for the entire study population.
For the entire group of 30 patients 3.6 days on average (95% CI 3.1–4.1, range 1–7 days) were 
needed after initiation of T4 supplementation to achieve a 50% reduction in plasma TSH 
concentration, regardless of CH severity (Table 1, Fig. 1). After 4 weeks of treatment, four out 
of 12 patients in the severe CH group, three out of 10 in the moderate CH group, and only 
one patient out of 8 in the mild CH group had a plasma TSH > 10 mU/l. At a median of 32 
days after the start of T4 supplementation (range 5–534 days), plasma TSH ranged between 
0.4 and 4.0 mU/l (i.e. the normal range for children aged > 3 months).
Figure 2 demonstrates that no correlation exists between the initial T4 supplementation 
dosage (4.8–11.1 μg/kg/day) and the 50% TSH reduction time.
Figure 3 shows the relationship between plasma total T4 and T3 concentrations before the 
start of treatment, the first measurement during treatment, and the measurement at the time 

Figure 1 Disappearance of plasma TSH concentrations 
after the initiation of T4 treatment in CH. (a) Patients 
with severe CH, (b) moderate CH and (c) mild CH. 
TSH is depicted on the Y-axis as a percentage of the 
initial TSH value. For patient 14 there was a missing 
value between day 5 and day 9 after treatment. The 
points of the curve are marked (#) and not joined up.
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Table 1. BASE-LINE AND TREATMENT CHARACTERISTICS OF THE STUDY PATIENTS.
Pre-treatment Values After Initiation of T4 Supplementation

Highest FT4
Pat. Nr. Etiology  FT4 value TSH value T3 value Start Rx Initial TSH<10 mU/L FT4 >   during 1st 4 50% TSH 
(Gender)  (pmol/L) (mU/L) (nmol/L) days p.p. dosage days p.t. 12 pmol/L weeks of Rx reduction

 (ug/kg) days p.t. (pmol/L) days p.t. days p.t.
SEVERE CH
1  (M) TIOD 0.6 623 0.4 14 8.6 41 5 18.6 26 2
2  (M) TIOD 1.0 469 0.8 12 8.4 11 3 31.1 10 3
3  (F) CTR 1.5 760 15 9.4 14 2 41.3 21 3
4  (F) TA 2.0 750 0.8 10 7.6 19 2 39.6 25 4
5  (F) CTR 2.0 740 2.0 16 7.9 27 3 30.0 23 1.5
6  (F) CTR 2.7 950 0.9 11 9.8 24 5 30.2 14 5
7  (F) DTR 3.5 980 1.5 11 7.1 35 2 32.0 12 4
8  (F) CTR 3.8 538 1.2 11 8.2 12 2 35.6 17 5
9  (F) DTR 3.8 730 1.6 14 7.6 10 3 31.2 21 3
10  (M) TA 4.0 1230 0.8 8 9.4 67 7 24.1 13 4
11 (F) CTR 1.0 533 1.3 11 8.2 20 7 31.4 27 5.5
12 (F) CTR 0.9 765 13 11.1 45 10 33.4 26 7
AVERAGE 2.2 756 1.1 12.2 8.6 27.1 4.3 31.5 19.6 3.9
95% CI 1.4-3.0 619-893 0.8-1.5 10.7-13.6 7.9-9.3 16.2-38.0 2.6-5.9 27.7-35.4 15.7-23.5 2.9-4.9
MODERATE CH
13 (F) DTR 4.2 820 1.9 14 5.2 23 1 22.4 18 4.5
14 (F) DTR 4.5 1440 1.4 18 8.0 83 6 17.5 22 5
15 (F) DTR 4.5 575 9 8.7 12 2 37.0 16 3.5
16 (M) DTR 5.0 600 11 5.2 89 5 23.0 20 4
17 (M) PIOD 5.0 246 3.2 18 11.0 9 6 29.9 10 5
18 (M) DTR 6.0 289 2.3 13 8.2 11 2 32.4 25 2
19 (F) PIOD 6.3 140 2.3 13 10.0 6 2 39.1 17 2
20 (F) PIOD 6.5 98 3.2 13 7.3 7 2 24.1 12 2
21 (M) TgSD 6.5 320 11 10.4 17 1 42.0 22 2
22 (M) DTR 7.7 396 2.8 23 4.8 43 2 19.2 4 5
AVERAGE 5.6 492 2.4 14.3 7.9 30 2.9 28.7 16.6 3.5
95% CI 4.8-6.4 206-779 1.8-3.1 11.3-17.3 6.3-9.5 7.5-52.5 1.5-4.3 22.5-34.9 12.0-21.2 2.5-4.5
MILD CH
23 (F) DTR 8.1 251 3.0 17 7.8 90 2 21.9 10 4.5
24 (F) DTR 9.4 459 7 8.2 12 1 37.6 8 4
25 (F) DTR 9.5 162 14 8.7 10 1 40.0 26 3
26 (F) DTR 10.8 133 3.1 14 8.0 6 1 30.6 4 2
27 (M) DTR 11.0 188 3.6 20 8.7 27 1 26.5 20 2
28 (F) DTR 11.9 230 2.4 10 8.7 26 1 27.4 11 4.5
29 (F) PIOD 15.4 26 3.3 22 7.9 2 0 24.8 5 1
30 (F) DTR 15.6 51 3.3 22 7.0 7 0 32.1 12 5
AVERAGE 11.5 188 3.1 15.8 8.1 22.5 1.2* 30.1 12 3.3
95 % CI 9.2-13.8 75-300 2.7-3.5 11.1-20.4 7.6-8.6 1.7-46.5 0.7-1.6* 24.9-35.3 5.7-18.3 2.0-4.5
AVERAGE (Total) 5.8 516 2.0 13.8 8.2 26.8 3.1* 30.2 16.6 3.6
95% CI (Total)  4.3-7.4 384-649 1.6-2.5 12.3-15.4 7.7-8.8 17.5-36.2 2.2-4.0* 27.6-32.8 13.9-19.2 3.1-4.1

* patient 29 and 30 not included, since the initial FT4 was > 12 pmol/l
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Table 1. BASE-LINE AND TREATMENT CHARACTERISTICS OF THE STUDY PATIENTS.
Pre-treatment Values After Initiation of T4 Supplementation

Highest FT4
Pat. Nr. Etiology  FT4 value TSH value T3 value Start Rx Initial TSH<10 mU/L FT4 >   during 1st 4 50% TSH 
(Gender)  (pmol/L) (mU/L) (nmol/L) days p.p. dosage days p.t. 12 pmol/L weeks of Rx reduction

 (ug/kg) days p.t. (pmol/L) days p.t. days p.t.
SEVERE CH
1  (M) TIOD 0.6 623 0.4 14 8.6 41 5 18.6 26 2
2  (M) TIOD 1.0 469 0.8 12 8.4 11 3 31.1 10 3
3  (F) CTR 1.5 760 15 9.4 14 2 41.3 21 3
4  (F) TA 2.0 750 0.8 10 7.6 19 2 39.6 25 4
5  (F) CTR 2.0 740 2.0 16 7.9 27 3 30.0 23 1.5
6  (F) CTR 2.7 950 0.9 11 9.8 24 5 30.2 14 5
7  (F) DTR 3.5 980 1.5 11 7.1 35 2 32.0 12 4
8  (F) CTR 3.8 538 1.2 11 8.2 12 2 35.6 17 5
9  (F) DTR 3.8 730 1.6 14 7.6 10 3 31.2 21 3
10  (M) TA 4.0 1230 0.8 8 9.4 67 7 24.1 13 4
11 (F) CTR 1.0 533 1.3 11 8.2 20 7 31.4 27 5.5
12 (F) CTR 0.9 765 13 11.1 45 10 33.4 26 7
AVERAGE 2.2 756 1.1 12.2 8.6 27.1 4.3 31.5 19.6 3.9
95% CI 1.4-3.0 619-893 0.8-1.5 10.7-13.6 7.9-9.3 16.2-38.0 2.6-5.9 27.7-35.4 15.7-23.5 2.9-4.9
MODERATE CH
13 (F) DTR 4.2 820 1.9 14 5.2 23 1 22.4 18 4.5
14 (F) DTR 4.5 1440 1.4 18 8.0 83 6 17.5 22 5
15 (F) DTR 4.5 575 9 8.7 12 2 37.0 16 3.5
16 (M) DTR 5.0 600 11 5.2 89 5 23.0 20 4
17 (M) PIOD 5.0 246 3.2 18 11.0 9 6 29.9 10 5
18 (M) DTR 6.0 289 2.3 13 8.2 11 2 32.4 25 2
19 (F) PIOD 6.3 140 2.3 13 10.0 6 2 39.1 17 2
20 (F) PIOD 6.5 98 3.2 13 7.3 7 2 24.1 12 2
21 (M) TgSD 6.5 320 11 10.4 17 1 42.0 22 2
22 (M) DTR 7.7 396 2.8 23 4.8 43 2 19.2 4 5
AVERAGE 5.6 492 2.4 14.3 7.9 30 2.9 28.7 16.6 3.5
95% CI 4.8-6.4 206-779 1.8-3.1 11.3-17.3 6.3-9.5 7.5-52.5 1.5-4.3 22.5-34.9 12.0-21.2 2.5-4.5
MILD CH
23 (F) DTR 8.1 251 3.0 17 7.8 90 2 21.9 10 4.5
24 (F) DTR 9.4 459 7 8.2 12 1 37.6 8 4
25 (F) DTR 9.5 162 14 8.7 10 1 40.0 26 3
26 (F) DTR 10.8 133 3.1 14 8.0 6 1 30.6 4 2
27 (M) DTR 11.0 188 3.6 20 8.7 27 1 26.5 20 2
28 (F) DTR 11.9 230 2.4 10 8.7 26 1 27.4 11 4.5
29 (F) PIOD 15.4 26 3.3 22 7.9 2 0 24.8 5 1
30 (F) DTR 15.6 51 3.3 22 7.0 7 0 32.1 12 5
AVERAGE 11.5 188 3.1 15.8 8.1 22.5 1.2* 30.1 12 3.3
95 % CI 9.2-13.8 75-300 2.7-3.5 11.1-20.4 7.6-8.6 1.7-46.5 0.7-1.6* 24.9-35.3 5.7-18.3 2.0-4.5
AVERAGE (Total) 5.8 516 2.0 13.8 8.2 26.8 3.1* 30.2 16.6 3.6
95% CI (Total)  4.3-7.4 384-649 1.6-2.5 12.3-15.4 7.7-8.8 17.5-36.2 2.2-4.0* 27.6-32.8 13.9-19.2 3.1-4.1

* patient 29 and 30 not included, since the initial FT4 was > 12 pmol/l
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plasma TSH was normalized. Initially, plasma T3 concentrations increased linearly with 
plasma T4 until T4 reached a level of about 75–100 nmol/l, after which T3 levelled off at 
values of around 3 nmol/l.
Figure 4 shows the relationship between plasma FT4 and TSH concentration for the three 
severity groups separately. The first point represents the first time plasma TSH is within the 
normal range before the age of 3 months (i.e. 1–10 mU/l), at a mean age of 38 days (i.e. 25 days 
mean, after the start of treatment), with its accessory FT4 concentration. The second point 
represents the first time TSH is within the normal range after the age of 3 months (i.e. 0.4–4.0 

Figure 2 Initial daily T4 dosage vs. 
initial 50% TSH reduction time. l, 
severe CH, n = 12; u, moderate CH, n 
= 10; s, mild CH, n = 8. The T4 dosage 
is expressed on the X-axis in µg.kg-
1.day-1. The number of days to reach 
a 50% reduction in TSH is depicted on 
the Y-axis.

Figure 4 Plasma FT4 concentration 
when TSH is within the normal range 
in severe, moderate and mild CH. Data 
points are at the moment plasma TSH 
is between 1.0 and 10.0 mU/l for the 
first time (before the age of 3 months) 
(u) and then at the moment plasma 
TSH is between 0.4 and 4.0 mU/l for 
the first time (after the age of 3 months) 
( ). The rectangular box depicts the 
normal range for FT4 concentrations.

Figure 3 Plasma T4 concentration 
vs. plasma T3 concentration at three 
different points in time. u, before 
treatment;   , first measurement during 
treatment; Δ, measurement during 
treatment when TSH is normal (0.4–
4.0 mU/l). The figure is composed of 
serial measurements.
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mU/l) at a median age of 120 days. The figure shows that many of these FT4 concentrations 
are higher than 29 pmol/l (the upper limit of the age-related normal range for FT4). At the 
first point of TSH normalization, within the range of 1–10 mU/l, 15 children (i.e. 50%) had a 
plasma FT4 concentration above 29 pmol/l; the mean thyroxine dosage administered at that 
time was 7.9 μg/kg/day vs. 6.7 μg/kg/day in those children with a FT4 below 29 pmol/l. When 
the consecutive TSH was normal (i.e. 0.4–4.0 mU/l) the number of children with FT4 above 
29 pmol/l was reduced to 3 (i.e. 10%).
In contrast to FT4, plasma T3 concentrations were within the normal range in all patients 
except one value just above the upper limit (4.6 nmol/l).

DISCUSSION
During treatment of neonates with CH, plasma hormone determinants are relied on, especially 
because a short-term clinical response to T4 supplementation is hard to assess (16). A generally 
accepted and important assumption in the treatment of thyroidal hypothyroidism is that the 
normalization of plasma TSH concentration indicates the achievement of euthyroidism.
The use of TSH as the major determinant for euthyroidism requires an intact hypothalamic–
pituitary unit with a stable setpoint for TSH secretion that guarantees adequate free thyroid 
hormone concentrations in the circulation. Particularly in the early phase of treatment of 
CH, the value of measurement of TSH alone is limited (17;18).
In this retrospective study concerning patients with CH, we found that normalization of 
plasma TSH took several weeks even though plasma FT4 concentrations were reached within 
the age-related normal range within a few days after diagnosis (1.2, 2.9 and 4.3 days for mild, 
moderate and severe CH, respectively). The average initial 50% reduction time of TSH was 3.6 
days (Fig. 1). The severity of the hypothyroid state at diagnosis did not seem to influence the 
disappearance rate of plasma TSH (Fig. 1). The decline of TSH observed in our study group 
is much slower than the metabolic clearance rate of endogenous TSH (secreted after TRH 
stimulation) and exogenously administered rhTSH, with half-lives of 46–102 min (19) and 
approximately 30 min (20;21), respectively. Differences in glycosylation do account for minor 
changes in metabolic clearance rate of TSH (22) but do not explain the large discrepancy in 
TSH decline rates.
In the T4 dosage range reported in our study of 4.8–11.1 μg/kg/day no differences were seen in 
the initial 50% TSH reduction time between low and high initial doses (Fig. 2). Neither was a 
correlation found between the initial T4 dosage and the time needed to reach normal plasma 
FT4 concentration (data not shown). In mice with foetal hypothyroidism the hyperplastic 
thyrotropic cell mass in the pituitary involutes relatively slowly under T4 supplementation 
(23). Possibly in neonates with CH there is a similar sustained TSH secretion by hyperplastic 
thyrotropic cells in the pituitary (4;24), even at the time when plasma FT4 concentrations 
are already within the normal range. This phenomenon might explain the first phase of 
treatment as shown in Fig. 4, when FT4 concentrations higher than the normal range are 
found without suppression (i.e. < 1.0 mU/l) of TSH. It is likely that the phenomenon disappears 
with involution of the hyperplastic thyrotropic cells. In fact after the age of 3 months less 
elevated plasma FT4 concentrations are found (Fig. 4), suggesting that the disturbed TSH 
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secretion improves in time. Still, most of the children keep FT4 concentrations in the upper 
part of the normal range. This implies that after the initial phase of treatment, higher FT4 
concentrations are needed to normalize TSH, possibly reflecting a permanent change in the 
set-point of TSH secretion. Recently it was reported that a minority of children with CH have 
variable hypothalamic-pituitary-thyroid hormone resistance, with relatively elevated plasma 
TSH compared with their plasma FT4 concentrations (12). Presumably this is a description 
of the same phenomenon.
Knowledge of the dynamics of FT4, T3 and TSH during the initial phase of T4 supplementation 
is essential for the practicalities of initial dosing of T4 and dosage adjustments. The question 
arises whether the goal of treatment in CH is establishing plasma FT4, plasma T3 or plasma 
TSH concentrations within the normal range. The free (thyroid) hormone hypothesis suggests 
that the concentration of unbound thyroid) hormone reflects the target tissue response. 
However, if in these young children plasma FT4 concentrations within the normal range 
are the aim, we are forced to accept elevated TSH concentrations in the majority of children 
(12). On the contrary, when the TSH hypothesis is followed, presuming that normalization 
of TSH reflects pituitary euthyroidism and by analogy also target tissue euthyroidism, this 
implies that circulating thyroid hormone concentrations higher than the normal range will 
have to be accepted.
We found in our study population that when plasma FT4 concentrations were still around 
the lower limit of the age-related normal values, the plasma total T3 concentration had 
already normalized. Because cerebral tissue is dependent on plasma T4 for intracellular 
conversion to T3 by its own deiodinase, it seems undesirable to strive for normal plasma 
T3 without judging plasma FT4 or TSH concentration. Nevertheless, in hypothyroid rats, 
due to the deiodinase system, the brain T3 concentration is comparable to that of euthyroid 
age-paired control rats when the circulating T4 concentration is only 30–50% of the normal 
concentration, and continues to be normal with plasma T4 concentrations that are at least 
200% of normal (7;25-27).
To protect brain development as much as possible we prefer to stay on the safe side by striving 
for FT4 concentrations in the upper normal range (as required for TSH normalization). This is 
in agreement with the official guidelines of the European Society of Paediatric Endocrinology 
(ESPE) for treatment of CH (11). However, by systematically reviewing the literature, 
Hindmarsh (10) concluded that although timing and dose of thyroxine might have a role in 
cognitive development, the results of the studies conducted to date are inconsistent and not 
conclusive. We recommend frequent hormone determinations (i.e. twice a week) during the 
first weeks of T4 supplementation to facilitate frequent and gradual dose adjustments.
In conclusion, to normalize TSH the neonate with congenital hypothyroidism needs a T4 
supplementation dose that keeps the plasma free T4 concentration around the upper limit 
of the normal range (for healthy euthyroid infants). TSH normalization can be realized 
in most patients with congenital hypothyroidism within 5 weeks after initiation of T4 
supplementation. During the first treatment period only the plasma free T4 concentration, 
and not plasma TSH or T3 concentration, seems to act as a proper determinant for assessing 
the adequate T4 supplementation dosage.
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Background: During T4 supplementation of patients with thyroidal (primary) congenital 
hypothyroidism (CH) TSH concentrations are frequently elevated despite free T4 (FT4) 
concentrations being well within the reference range. To examine the thyroid’s regulatory 
system, we analyzed thyroid function determinants in children with congenital and acquired 
thyroid disorders and in controls.
Methods: Retrospectively, plasma FT4, TSH, and T3 concentrations were analyzed in T4-
supplemented children aged 0.5—20.0 yr with thyroidal CH, central (secondary or tertiary) 
CH, or autoimmune thyroid disease and in control children with type 1 diabetes mellitus.
Results: When TSH was within the reference range (0.4—4.0 mU/liter), mean FT4 in 
thyroidal CH [1.65 ng/dl; 95% confidence interval (CI), 1.62-1.67] was significantly higher 
than in autoimmune thyroid disease (1.15 ng/dl; 95% CI, 1.11-1.19) and diabetes (1.08 ng/dl; 
95% CI, 1.06-1.10). In central CH, when TSH was less than or equal to 0.02 mU/liter, mean 
FT4 was 1.27 ng/dl (95% CI, 1.24-1.29). When FT4 was within the reference range (0.78-
1.79 ng/dl), 43% of the TSH measurements in thyroidal CH were more than 4.0 mU/liter, 
compared with 18% in autoimmune thyroid disease and 0% in type 1 diabetes mellitus; in 
central CH, 95% of TSH measurements were less than 0.4 mU/liter.
Conclusions: In T4-supplemented patients with thyroidal CH, when TSH concentrations 
are established within the reference range, FT4 concentrations tend to be elevated, and vice 
versa. Because this phenomenon could not be observed in acquired thyroidal hypothyroidism, 
we hypothesize that a pre- and/or perinatal hypothyroid state shifts the setpoint of the 
thyroid’s regulatory system. In central CH, when FT4 concentrations are established within 
the reference range, the pituitary secretes only minute amounts of TSH. For monitoring T4 
supplementation, reference ranges for FT4 and TSH should be adapted to the etiology of 
hypothyroidism. 
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INTRODUCTION
The comprehensive role of thyroid hormone in human physiology is illustrated by the 
occurrence of a variety of clinical signs and symptoms in case of thyroid dysfunction. Most 
symptoms are reversible upon adequate treatment, but disturbances in the thyroid hormone 
state early in life can lead to irreversible cerebral damage (1,2). Although neonatal screening 
programs for congenital hypothyroidism (CH) enable early T4 supplementation, still (subtle) 
deficits in cognitive and motor skills are reported (1, 3, 4). Important factors that have been 
postulated to affect long-term psychomotor outcome are severity of CH, delay in initiating 
supplementation, and adequacy of long-term treatment (5-9).
Specific clinical determinants that accurately reflect the patient’s thyroid hormone state are 
lacking. Therefore, diagnosis and treatment monitoring of thyroid disease depend on the 
measurement of thyroid function determinants in blood. It appears a matter of course that 
especially the plasma free T4 (FT4) concentration is brought to and maintained at an adequate 
level after the diagnosis of (congenital) hypothyroidism, because the brain preferentially uses 
T4 for its intracellular T3 provision (10). However, generally, the plasma concentration of 
TSH is considered the most sensitive and objective indicator of the thyroid hormone state in 
thyroidal (primary) hypothyroidism (11-13).
Previously we have shown that during the first weeks of T4 supplementation in newborns 
with thyroidal CH (CH-T), their plasma FT4 concentrations could be established within the 
age-specific reference range within 3-4 d, whereas for plasma TSH concentrations it took 
3-4 wk. We concluded that during this initial phase, plasma FT4 and not TSH is useful 
for monitoring T4 supplementation (14). Also, after this initial phase, TSH concentrations 
above the reference range are frequently encountered despite FT4 concentrations within the 
reference range (15-18). In patients with central (secondary or tertiary) hypothyroidism, the 
opposite has been observed during T4 supplementation. Despite FT4 concentrations within 
the reference range, low or undetectable TSH concentrations are encountered. So in central 
hypothyroidism, FT4 is the determinant of choice for treatment monitoring (13, 19, 20).
To investigate the variability of the relationship between thyroid function determinants, 
we analyzed and compared plasma FT4, TSH, and T3 concentrations during long-term T4 
supplementation in children with a variety of thyroid disorders and in a control population.

PATIENTS AND METHODS
Patients
Patients, followed by the Pediatric Endocrinology Department of the Emma Children’s Hospital 
Academic Medical Center, were included when data on the etiology of hypothyroidism were 
available and when they were considered compliant with their T4 supplementation. Three 
groups were defined: CH-T, central CH (CH-C), and autoimmune thyroid disease (AITD). 
The first group was subdivided, according to the absence, CH-T(a), or presence, CH-T(b), of 
functional thyroid tissue.
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Children with CH were detected by the Dutch neonatal T4-based screening program (21). 
Etiological classification was based upon initial presentation, thyroid function determinants, 
thyroid imaging, and/or TRH test results (22).
Patients with CH-T(a) (n = 40) had thyroid agenesis (n = 6), cryptopic thyroid remnants (n 
= 15), or total iodide organification defects (n = 19) (22). Patients with CH-T(b) had dystopic 
thyroid rudiments, usually sublingually located (n = 18). In patients with CH-C (n = 28), other 
hormonal deficiencies (e.g. caused by ACTH, somatotropin, or gonadotropin deficiency) 
were, if present, supplemented.
T4 supplementation in CH-T children was monitored in agreement with the guidelines of 
the European Society of Pediatric Endocrinology (23). In short, T4 supplementation aimed 
at keeping plasma TSH concentration well within the reference range, thereby maintaining a 
satisfactory clinical condition. In children with CH-C, T4 supplementation aimed at keeping 
plasma FT4 concentration well within the reference range, thereby maintaining a satisfactory 
clinical condition.
Children with AITD (n = 17) suffered either from Hashimoto’s disease (n = 8) or Graves’ 
disease (n = 9). Children with Hashimoto’s disease were supplemented with T4. Children 
with Graves’ disease were treated according to the block-and-replace method with antithyroid 
drugs and T4. Because of the antithyroid drug inhibition, children with Graves’ disease were 
considered as patients with (acquired) functional athyroidism. In both groups, treatment 
aimed at normalizing TSH concentrations and establishing a satisfactory clinical condition. 
Because TSH in children with Graves’ disease often remains suppressed for several months 
after initiation of the antithyroid drug therapy, even after normalization of FT4, the first 6 
months of treatment were excluded from analysis.
Children with type 1 diabetes mellitus (T1DM) (n = 39) treated with sc insulin and without 
any thyroid disease were used as controls. In our hospital, children with diabetes are 
checked yearly for AITD (when their metabolic status is stable). If anti-thyroid peroxidase 
concentration was above 30 kU/liter at any time, patients were excluded for this study.

Data retrieval and analysis
When FT4, TSH, or T3 are used in the text, we imply their plasma concentrations unless 
otherwise stated. In the five groups of patients, FT4, TSH, and T3 obtained during routine 
tests between 0.5 and 20.0 yr of age were analyzed retrospectively. In total, 1969 blood 
samples (in which FT4, TSH, and sometimes T3 were measured) of 142 patients were analyzed 
retrospectively. Daily T4 dose (µg/kg body mass) was calculated, and FT4 was analyzed when 
TSH was between 0.4 and 4.0 mU/liter (the reference range) in CH-T(a), CH-T(b), AITD, and 
T1DM at different age intervals. In patients with CH-C, daily T4 dose was calculated and 
FT4 was analyzed at different age intervals, when TSH was no more than 0.02 mU/liter. The 
cutoff at 0.02 for TSH was empirically chosen; with a TSH assay detection limit of 0.01 mU/
liter, 0.02 is just measurable.
FT4 and T3 were analyzed in relation to distinctive, arbitrarily chosen, TSH ranges (0.4-1.3, 
1.4-2.2, 2.3-3.1 and 3.2-4.0 mU/liter) in CH-T(a), CH-T(b), AITD, and T1DM. T3 was also 
analyzed when TSH was slightly below (0.10-0.39 mU/liter) or above (4.1-10.0 mU/liter) the 
reference range.
We analyzed the log TSH in relation to distinctive, arbitrarily chosen, FT4 ranges (0.93-1.24, 
1.25-1.55, 1.56-1.86 and 1.87-2.18 ng/dl). Before log transformation was performed, TSH 
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concentrations of less than 0.02 mU/liter and less than 0.01 mU/liter were set at 0.010 and 
0.005 mU/liter, respectively. The mean log TSH and its 95% confidence interval (CI) were 
then back transformed and presented as the geometric mean and its 95% CI.
The age groups 1, 2, and 3 represent children aged 0.5 to less than 5.0, 5.0 to less than 10.0, 
and 10.0-20.0 yr, respectively.

Statistical analysis
Mean, SD scores, and 95% CI were calculated using SPSS version 11 (SPSS, Inc., Chicago, 
IL). The one-way ANOVA was used to compare, for each etiology group, FT4 and T4 dose 
between the different age groups; to compare, for each age group, FT4 and T4 dose between 
the etiology groups; to compare, for each TSH category (0.4-1.3, 1.4-2.2, 2.3-3.1, and 3.2-4.0 
mU/liter), FT4 between the etiology groups; and to compare, for each FT4 category (0.93-1.24, 
1.25-1.55, 1.56-1.86, and 1.87-2.18 ng/dl), log TSH between the etiology groups. Correlation 
coefficients were obtained and linear regression models were applied to investigate the 
relationship between FT4 and TSH in CH-T, AITD, and T1DM.

Laboratory methods
FT4 and TSH were measured by time-resolved fluoroimmunoassays (Delfia Free T4 and Delfia 
hTSH Ultra; PerkinElmer, Wallac Oy, Turku, Finland). The reference range, as established in 
our laboratory, was 0.78-1.79 ng/dl for FT4 (multiply by 12.87 for pmol/liter) and 0.4-4.0 mU/
liter for TSH. T3 was measured by an in-house RIA method, with a reference range of 85-176 
ng/dl (multiply by 0.0154 for nmol/liter).

RESULTS
T4 dose
The dose needed to obtain TSH within the reference range decreased significantly in children 
with CH-T(a), CH-T(b), and CH-C comparing age groups 1 and 2 and in children with CH-
T (a) and CH-C comparing age groups 2 and 3 (Fig. 1A and Table 1). The mean T4 dose in 
children with CH-T (a) was significantly higher than in CH-T(b) (P = 0.014, < 0.001, and 
0.003 for the different age groups, respectively) and CH-C (P < 0.001 for all three age groups). 

Table 1. Mean T4 dose for age 

T4 dose (µg/kg.d)
0.5-5.0 yr 5.0-10.0 yr P1 10.0-20.0 yr P2

CH-T (a) 4.4 (4.2-4.6) 3.7 (3.5-3.8) <0.001 3.1 (2.9-3.3) <0.001
CH-T (b) 3.9 (3.7-4.1) 2.9 (2.6-3.1) <0.001 2.5 (2.4-2.7) NS
CH-C 3.3 (3.0-3.5) 2.7 (2.5-2.8) <0.001 2.0 (1.8-2.1) <0.001
AITD 1.8 (1.7-2.0)
For each etiology group, mean T4 dose is shown for the specific age groups (95% CI given in parentheses) when 
TSH was within the reference range [0.4–4.0 mU/liter for CH-T(a), CH-T(b), and AITD, and 0.02 mU/liter 
for CH-C]. P1 represents the P value of the difference between children aged 0.5–5.0 and 5.0–10.0 yr, and P2 
represents the P value of the difference between children aged 5.0–10.0 and 10.0–20.0 yr. NS, Not significant.
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After the age of 10 yr, children with CH-T needed significantly higher T4 doses than children 
with AITD (P < 0.001).

Plasma FT4 concentration
In all groups, FT4 tended to be higher in infancy compared with adolescence when TSH was 
within the reference range (Fig. 1B and Table 2). At all ages, children with CH-T(a) and CH-

Figure 1. A and B, T4 dose, expressed in micrograms per kilogram per day (A), and plasma FT4 concentrations 
(1 ng/dl = 12.87 pmol/liter) (B) in children, 0.5–20 yr of age, when TSH concentrations were within the reference 
range [0.4–4.0 mU/liter for CH-T(a), CH-T(b), and AITD and  0.02 mU/liter for CH-C]. Concentrations are 
expressed as mean surrounded by CI. Within all groups, data of children 16.5–20.0 yr of age are grouped together 
and labeled  16.5. Red filled square, CH-T(a); green filled square, CH-T(b); blue open square, CH-C; pink triangle, 
AITD; brown X, T1DM. C, Distribution curves of FT4 of the different groups, when the simultaneously measured 
TSH is within the reference range (same as for A and B). The table in the right upper corner represents FT4 mean 
± 2 SD for each group. The bar that incorporates the mean FT4 concentration of the etiology group is striped.
Colour figures are shown at page 265.

A B

C mean FT4 ± 2SD
CH-T (a) 1.67 ng/dL 1.11-2.23

CH-T (b) 1.61 ng/dL 0.96-2.26
CH-C 1.27 ng/dL 0.79-1.75
AITD 1.15 ng/dL 0.72-1.58
T1DM 1.08 ng/dL 0.76-1.40
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T(b) showed significantly higher FT4 than children with CH-C, AITD or T1DM (P < 0.001). 
After the age of 10 yr, children with CH-T (a) had higher FT4 than children with CH-T(b) (P 
< 0.001), and children with CH-C had higher FT4 than children with AITD (P = 0.050) and 
T1DM (P < 0.001).
The mean FT4, provided that TSH was within its reference range, of children with CH-T(a) 
was 1.67 ng/dl (95% CI, 1.64-1.70) and with CH-T(b) was 1.61 ng/dl (95% CI, 1.55-1.66), both 
significantly (P < 0.001) higher than in children with AITD (1.15 ng/dl; 95% CI, 1.11-1.19) 
and with T1DM (1.08 ng/dl; 95% CI, 1.06-1.10) (Fig. 1C). In children with CH-C, when TSH 
was no more than 0.02 mU/liter during T4 supplementation, mean FT4 was 1.27 ng/dl (95% 

Figure 2. A, FT4 concentrations (1 ng/dl = 12.87 pmol/liter) when TSH concentrations were between 0.4 and 1.3, 
1.4 and 2.2, 2.3 and 3.1, and 3.2 and 4.0 mU/liter, respectively. Concentrations are expressed as mean surrounded 
by CI. For children with CH-C, mean FT4 concentration was 1.27 ng/dl (16.3 pmol/liter) when TSH was less than 
or equal to 0.02 mU/liter. Red filled square, CH-T(a); green filled square, CH-T(b); pink triangle, AITD; brown X, 
T1DM. B, FT4 concentrations in children with CH-T(a) (red filled square) aged more than 10 yr compared with 
those of children with Graves’ disease (pink triangle) when TSH was within the reference range. Concentrations 
are expressed as mean surrounded by CI. Colour figures are shown at page 266.

Table  2. Plasma FT4 concentration for age 

Plasma FT4 (ng/dL)
0.5-5.0 yr m 5.0-10.0 yr m P1 10.0-20.0 yr m P2

CH-T(a) (n=40) 1.69 (1.64-1.74) 104 1.70 (1.64-1.76) 97 NS 1.61 (1.55-1.67) 95 0.071
CH-T(b) (n=18) 1.77 (1.69-1.85) 68 1.58 (1.51-1.65) 53 0.001 1.41 (1.34-1.49) 52 0.012
CH-C (n=28) 1.34 (1.29-1.40) 104 1.23 (1.20-1.27) 121 0.003 1.23 (1.19-1.27) 113 NS
AITD (n=17) 1.15 (1.11-1.19) 112
T1DM (n=39) 1.16 (1.12-1.20) 47 1.05 (1.02-1.08) 113 <0.001
For each etiology group, mean FT4 concentration (1 ng/dl = 12.87 pmol/liter) is shown for the specific age groups 
(95% CI given in parentheses) when TSH was within the reference range [0.4–4.0 mU/liter for CH-T(a), CH-T(b), 
AITD, and T1DM and 0.02 mU/liter for CH-C]. P1 represents the P value of the difference between children aged 
0.5–5.0 and 5.0–10.0 yr, and P2 represents the P value of the difference between children aged 5.0–10.0 and 10.0–
20.0 yr. NS, Not significant; m, number of measurements for each etiology group for the different age categories. 

A B
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CI, 1.24-1.29), significantly lower than in children with CH-T (P < 0.001) and higher than in 
children with AITD or T1DM (P < 0.001).
For each TSH category within the reference range, children with CH-T have significantly 
higher FT4 than the other groups (P < 0.001) (Fig. 2A). Comparison of FT4 of children with 

Figure 3. A, TSH concentrations (logarithmic scale) in children with CH-T, AITD, and T1DM when FT4 
concentrations were 0.93–1.24 ng/dl (12.0–16.0 pmol/liter), 1.25–1.55 ng/dl (16.1–20.0 pmol/liter), 1.56–1.86 ng/
dl (20.1–24.0 pmol/liter), and 1.87–2.18 ng/dl (24.1–28.0 pmol/liter). Concentrations are expressed as geometric 
mean surrounded by CI. B, Scatter plot of TSH concentrations (logarithmic scale) against FT4 concentrations and 
the regression line (fitted by SPSS) for each group. The correlation coefficient and P value are indicated in the left 
lower corner. The lower and upper limit of the reference range for FT4 and TSH are indicated by the dashed lines. 
C, TSH concentrations (logarithmic scale) in children with CH-C when FT4 concentrations were 0.93–1.24 ng/dl 
(12.0–16.0 pmol/liter), 1.25–1.55 ng/dl (16.1–20.0 pmol/liter), 1.56–1.86 ng/dl (20.1–24.0 pmol/liter), and 1.87–
2.18 ng/dl (24.1–28.0 pmol/liter). Concentrations are expressed as geometric mean surrounded by CI. Red filled 
square, CH-T(a); green filled square, CH-T(b); blue open square, CH-C; pink triangle, AITD; brown X, T1DM.
Colour figures are shown at page 267.

A B

C



Treatment aspects

133

Graves’ disease and age-matched children with CH-T(a) revealed that when TSH was in the 
same range, differences in FT4 were still present (Fig. 2B).

Plasma TSH concentration
When FT4 was within the reference range (0.78-1.79 ng/ dl), 43% of the TSH measurements 
in CH-T were more than 4.0 mU/liter, compared with 18% in AITD and 0% in T1DM; in CH-
C, 95% of TSH measurements were less than 0.4 mU/liter.
Figure 3, A and B, shows that with comparable FT4, TSH is higher in children with CH-T 
compared with AITD and T1DM. When FT4 was 0.93-1.24 ng/dl, TSH (geometric mean) 
was significantly higher in children with CH-T(a) compared with CH-T(b) (P = 0.003), AITD 
(P < 0.001), and T1DM (P < 0.001) and in CH-T(b) compared with AITD (P = 0.037) and 
T1DM (P < 0.001). When FT4 was 1.25-1.55 or 1.56-1.86 ng/dl, TSH (geometric mean) was 
significantly higher in children with CH-T compared with AITD (P < 0.01). Although the 
regression lines of children with CH-T (a) and AITD had a similar slope, both lines are about 
0.6 ng/dl apart on the horizontal axis (FT4).
In children with CH-C, TSH concentrations were extremely low, but there was a significant 
difference in TSH (geometric mean, P < 0.001) when FT4 that was less than 1.56 ng/dl was 
compared with FT4 that was at least 1.56 ng/dl (Fig. 3C).

Plasma T3 concentration
T3 remained rather constant within the etiology groups (Fig. 4), even when TSH was 
somewhat beyond the reference range (0.10-10.0 mU/liter) for thyroidal hypothyroidism. 
Children with CH-C had a mean T3 of 163 ng/dl (95% CI, 156-169) when TSH was no more 
than 0.02 mU/liter.

Figure 4. Plasma T3 concentrations (1 nmol/liter = 
65 ng/dl) when TSH concentrations were 0.10–0.39, 
0.4–1.3, 1.4–2.2, 2.3–3.1, 3.2–4.0, or 4.1–10.0 mU/liter. 
Concentrations are expressed as mean surrounded by 
CI. For children with CH-C, the mean T3 concentration 
was 162.5 ng/dl when TSH was less than or equal to 
0.02 mU/liter. Red filled square, CH-T(a); green filled 
square, CH-T(b); pink triangle, AITD; brown X, T1DM. 
Colour figure is shown at page 268.
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DISCUSSION
The aim of T4 supplementation in hypothyroidism is to establish a clinical condition without 
restraints. Especially in young children, T4 supplementation should be performed with great 
accuracy, because of the susceptibility of brain development to alterations in the thyroid 
hormone state (9). Monitoring of treatment solely based on the patient’s signs and symptoms 
is not feasible, because clinical features of thyroid hormone disturbances are diverse, not very 
specific, and subject to interindividual differences. Therefore, supplementation is monitored 
by measuring thyroid function determinants and comparing these to their reference ranges.
In this study, we show that both T4 doses and FT4 concentrations are consistently highest 
in children with CH-T compared with children with CH-C, AITD, or T1DM. In CH-C we 
have calculated the T4 dose and analyzed FT4 and T3 when TSH was less than or equal to 
0.02 mU/liter. Our choice to use a TSH cutoff to analyze FT4 is debatable because TSH is 
generally considered useless for monitoring T4 supplementation in central hypothyroidism. 
At TSH less than or equal to 0.02 mU/liter, the FT4 distribution curve in the CH-C group 
turned out to be similar to the reference range (Fig. 1C), which indirectly justifies the TSH 
cutoff for the analysis of CH-C patients. The FT4 distribution curve of children with CH-T 
shows an upward shift of 0.5-0.6 ng/dl when TSH is within the reference range, compared 
with AITD and T1DM (Fig. 1C). Their TSH concentrations are shifted upwards when FT4 
is within the reference range (Fig. 3, A and B). In patients with CH-C, TSH is extremely low 
when FT4 is within the reference range (Fig. 3C). In all groups, T3 remains stable over a wide 
range of TSH concentrations.
TSH elevations in children with CH-T during T4 supplementation (15, 16) have been 
attributed to resistance of the pituitary to thyroid hormone (15). This resistance was thought 
to diminish with age because TSH elevations were found more frequently among younger 
patients (15). Indeed, we did observe that FT4 decreases slightly with age, whereas TSH 
remains within the reference range (Fig. 1B). This might be a result of a gradual increase of 
the pituitary’s responsiveness to FT4 with age. Yet, this phenomenon is not exclusively seen in 
CH-T children but is ubiquitous among all treated as well as control children. We suppose that 
the high frequency of elevated TSH reported in CH-T infants is the consequence of a higher 
need of T4 per kilogram (Fig. 1 A) and a faster increase of body mass in younger compared 
with older children, which increase the risk to outgrow the T4 dose. This phenomenon can 
probably be prevented by more frequent testing and earlier dose adjustments especially in 
young children.
Apparently in T4-supplemented children with CH-T, the setpoint of the thyroid’s regulatory 
system, defined as the individual’s specific combination of mutually dependent FT4 and 
TSH, differs substantially from untreated control children with T1DM and from T4-
supplemented children with AITD, at least up to adulthood. In contrast to controls, patients 
treated for hypothyroidism will have nonphysiological circadian variations in FT4 and TSH, 
as a consequence of a once-a-day T4 dose scheme (24, 25). However, children with CH-T(a) 
were shown to have substantially higher FT4 than children with Graves’ disease (also having 
functional athyroidism because of antithyroid drugs), despite a similar T4 supplementation 
strategy. Therefore, the treatment strategy cannot explain the difference in setpoint.
In patients with severe thyroidal hypothyroidism (either congenital or acquired), the secretion 
of both T4 and T3 is negligible. Also in patients with moderate thyroidal hypothyroidism, the 
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endogenous production of T4 and T3 becomes very low once TSH is normalized by treatment. 
The T4 supplementation therapy has to compensate for the impaired thyroidal secretion 
of T4 as well as that of T3. Because this is similar in congenital and acquired thyroidal 
hypothyroidism, it does not explain the difference in dose of T4 to maintain euthyroidism.
A fundamental difference between patients with congenital and acquired hypothyroidism 
is the timing of onset of thyroid hormone deficiency. Despite the maternal-fetal transfer of 
T4, patients with CH have decreased thyroid hormone concentrations during the period that 
the hypothalamic-pituitary-thyroid system matures toward an integrated system for control 
of the thyroid hormone state (26-29). In patients with CH-T, this condition is accompanied 
by strongly increased TSH concentrations (29,30). The normalization of TSH usually takes 
several weeks after initiating T4 supplementation, whereas FT4 is within the reference range 
within a few days (14). It is largely unknown which processes are involved in establishing and 
maintaining the setpoint. Previously we have demonstrated that after exposure of the fetus to 
a hyperthyroxinemic environment caused by inadequately treated maternal Graves’ disease, 
the child’s thyroid regulatory system may become disturbed up to at least several months after 
birth (21). Apparently, a pathological condition like CH-T, with decreased (F)T4 and increased 
TSH concentrations during the early phase of life, can induce a setpoint shift as well.
If a fetal hypothyroid state causes isolated pituitary hyporesponsiveness to thyroid hormone, 
it might be less obvious to rely on TSH as an adequate indicator of the overall thyroid 
hormone state. Although TSH of children with CH-T is still sensitive to changes in FT4 
(Fig. 3, A and B), increased FT4 concentrations are needed to establish TSH within the 
reference range. Such increased FT4 concentrations are potentially harmful for the brain and 
other target tissues, unless fetal hypothyroidism induces generalized hyporesponsiveness 
to thyroid hormone. In that case, the increased FT4 concentrations must be considered 
the proper adaptation to realize normal metabolism. Indeed, we generally experience that 
patients with CH-T maintain a satisfying clinical and mental condition when TSH is kept 
well within its reference range. This, however, could also be explained by an alternative 
hypothesis that normalization of TSH itself optimizes the clinical condition (despite elevated 
FT4 concentrations). However, although the TSH receptor is known to be expressed in, e.g. 
brain tissue (31), until now any evidence is lacking that a normal TSH receptor occupation is 
more important than a normal thyroid hormone receptor occupation.
In patients with central hypothyroidism, the lack of integrity of the regulatory system 
inhibits the pituitary to produce sufficient amounts of bioactive TSH. During treatment, 
when FT4 is kept within the reference range, CH-C patients have significantly decreased TSH 
concentrations. So, in contrast to CH-T, patients with CH-C are never subject to increased 
TSH concentrations, neither during the fetal period nor during T4 supplementation. 
However, if exposure to pre-and perinatal decreased T4 concentrations induces a generalized 
hyporesponsiveness to thyroid hormone, CH-C patients might also need an upward-
shifted FT4 reference range to normalize metabolism. Certainly, when thyroid hormone 
deficiency is part of multiple pituitary hormone deficiency, the treatment goal to achieve 
and maintain a fulfilling clinical and mental condition is even more challenging because of 
the simultaneous supplementation of multiple hormones. On the condition that the other 
hormones are adequately supplemented, we experience that the well-being of patients with 
CH-C is maintained by FT4 concentrations well within the reference range, which seems to 
be more in line with the alternative hypothesis.
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In conclusion, in patients with CH-T, establishing FT4 well within the reference range will 
result in elevated TSH concentrations, whereas TSH concentrations within the reference 
range can be accomplished only by elevated FT4 concentrations. Because this phenomenon 
is not seen in acquired thyroidal hypothyroidism, we hypothesize that hypothy-roidism in 
prenatal life is responsible for the apparent shift in the setpoint of the thyroid’s regulatory 
system. In patients with CH-C, TSH concentrations are strongly decreased when FT4 is kept 
well within the reference range. Apparently, while treating any CH patient, it is inevitable to 
use an adapted reference range for FT4 and/or for TSH. Future prospective research should 
reveal which strategy is most capable to ascertain optimal tissue metabolism, especially in 
the developing brain.
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ABSTRACT
Context: Long-term follow-up data on cognitive and motor functioning in adult patients 
with congenital hypothyroidism, diagnosed by neonatal screening, are scarce. Hence, it is 
still unclear whether the frequently reported cognitive and motor deficits observed during 
childhood persist in adulthood.
Objective: The objective of this study was to examine cognitive and motor functioning in 
young adults with congenital hypothyroidism, born in the first 2 yr after the introduction of 
the Dutch neonatal screening program.
Design/Setting/Patients: Seventy patients were tested (mean age, 21.5 yr); 49 of them were 
previously tested at 9.5 yr. The median age at the start of treatment was 28 d (range, 4 –
293 d). Congenital hypothyroidism was classified as severe, moderate, or mild, according to 
pretreatment T4 concentrations.
Main Outcome Measurement: The main outcome measurement was the influence of the 
severity of congenital hypothyroidism and age at which T4 supplementation was started on 
cognitive and motor outcome.
Results: Patients, particularly those with severe congenital hypothyroidism, had significantly 
higher (i.e. worse) motor scores (total score, 7.8; ball skills, 2.0; balance, 4.1) compared with 
controls (total score, 3.2; ball skills, 0.7; balance, 1.1), and lower full-scale (95.8), verbal 
(96.4), and performance (95.6) intelligence quotient (IQ) scores than the normal population. 
No significant change in IQ from childhood to adulthood was found, and for the majority 
of patients, motor score classification remained the same. The severity of congenital 
hypothyroidism, but not the starting day of treatment, was correlated with IQ and motor 
scores.
Conclusions: It is concluded that the severity of congenital hypothyroidism, but not the 
timing of treatment initiation, is an important factor determining long-term cognitive and 
motor outcome. Clearly, detrimental effects on developmental outcome in patients with 
congenital hypothyroidism persist over time.
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INTRODUCTION
Thyroid hormone plays an essential role in brain development during pre- and postnatal life 
(1). Prenatally, the thyroid hormone state is dependent on maternal-fetal thyroid hormone 
transfer and fetal thyroid hormone production starting from the second trimester onward. 
Congenital hypothyroidism (CH), which implies a total or partial inability to produce thyroid 
hormone, is notorious because of the serious life-long cognitive and motor deficits seen 
before the advent of mass CH-screening programs (2, 3). The influence of impaired thyroid 
hormone production during the fetal phase on brain function in later life is largely unknown. 
Although it is clear that shortening the postnatal phase of hypothyroidism is highly effective 
in eradicating serious impairments, there is ample evidence that CH patients diagnosed by 
neonatal screening are still vulnerable to persistent cognitive and motor sequela (4). The 
magnitude of the deficits is shown to be dependent on the severity of CH, the timing of T4 
treatment initiation, and the adequacy of treatment (5–9). In an earlier study we showed 
that Dutch patients with CH born in 1981 and 1982 and tested at 7.5 and 9.5 yr of age had 
motor problems and borderline intelligence scores, especially those with severe neonatal 
hypothyroidism (5).
Almost all outcome studies in CH only report data until late childhood. Consequently, it 
is not clear whether the cognitive and motor problems seen during childhood persist into 
adulthood. To date, only one study has reported the long-term outcome in (young) adult 
patients with CH (10).
The present study followed an approach in which long-term cognitive and motor outcome was 
assessed in young adult patients with early-treated CH born in 1981 and 1982. Outcome was 
analyzed in relation to the severity of CH as well as treat-ment variables. Furthermore, outcome 
obtained at an adult age was related to childhood results from the same individuals (5).

PATIENTS AND METHODS
Screening method and treatment strategy
The Dutch neonatal CH screening method is primarily based on the measurement of T4. 
T4, expressed as an sd score, is compared with the day’s mean. In the early 1980s, sampling 
was performed between 7 and 14 d after birth. If T4 was -0.8 sd or less, TSH was additionally 
measured. If T4 was -3.0 sd or less or TSH was 50 µU/ml or more, children were referred 
immediately to a pediatrician for diagnostic evaluation. Children with a borderline result 
(-3.0 < T4 ≤ -2.1 sd, or 25 ≤ TSH < 50 µU/ml) underwent a second heel puncture and were 
referred if the result was again borderline or abnormal. The diagnosis of CH and its etiological 
classification were based upon initial presentation, thyroid function determinants, and 
thyroid imaging.
In the early 1980s the national guideline for treatment was to start with one of two schemes. 
In scheme 1, patients started with T3 supplementation. After 1 wk, T4 was added (4 µg/kg.d), 
with a gradual increase to 8 –10 µg/kg.d after 2 wk. With the start of T4 supplementation 
the T3 dose was gradually diminished and was stopped after 3 wk. In scheme 2, patients 
started with T4 (6 µg/kg.d), which was increased to 8 –10 µg/kg.d after 1 wk. Thereafter, T4 
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supplementation doses were adjusted based on thyroid hormone determinants, measured 
during regular out-patient visits, according to international guidelines.

Patients at 21.5 yr of age
The complete cohort of CH patients born in The Netherlands between 1981 and 1982 
consisted of 136 patients (Table 1). Medical data for these patients were available in the 
Academic Medical Center because of previous studies (5, 11). From the original cohort, four 
patients had died, and three had moved abroad; five had severe mental retardation related 
to chromosomal abnormalities (n  4) or unclassified syndrome with deafness (n  1; Table 1, 
nonparticipants, not suitable). In 2001, at the start of this study, the remaining 124 patients 
were contacted via their physicians and asked to participate. A total of 82 patients (66%) gave 
their written informed consent; their initial thyroid hormone concentrations and treatment 
modality were recorded. Of this group, 12 patients were excluded from the study because 
of central CH (n=1; all other patients had thyroidal CH), exceptionally late (i.e. 4 yr of age) 

Table 1. Characteristics of the 1981-1982 cohort 

Etiology Total Non-participants Participants
Not 

suitable 
Not 

willing
At 

21.5 yr
At 

9.5 yr
At 9.5 & 
21.5 yr

Thyroid agenesis 36 2 9 25 24 17
Thyroid dysgenesis 59 7 15 37 30 26
Thyroid dyshormonogenesis 17 3 6 8 9 6
Central CH 19 8 11 0 0 0
CH n.o.s. 5 4 1 0 0 0
Total 136 24 42 70 63 49
Six groups are presented; the total group, the group of patients who did not participate divided in patients not 
suitable or not willing to participate, the group of patients who did participate at 21.5, 9.5, and at both 9.5 and 
21.5 yr of age. For each group, the subdivision according to etiological classification is given. CH n.o.s., CH not 
otherwise specified. 

start of treatment (n= 5), discontinuation of treatment at a young age (n= 4), treatment was 
never initiated (n=1), or the patient was unwilling to complete the assessments (n=1; Table 1, 
nonparticipants, not suitable).
The remaining 70 patients (Table 1, participants at 21.5 yr), 51% of the original cohort, were 
classified into subgroups according to arbitrarily chosen cut-off levels for severity of postnatal 
hypothyroidism: severe CH: initial T4, less than 2.3 g/dl (<30 nmol/liter); moderate CH: 2.3 
or less than initial T4 less than 4.7 g/dl (30 ≤ initial T4 < 60 nmol/liter); or mild CH: initial 
T4 4.7 g/dl or more (≥60 nmol/liter). The T4 reference range in children aged 2– 6 wk is 6.5–
16.3 g/dl (84 –210 nmol/liter) (12). The subgroups severe CH and moderate CH were further 
classified according to starting day of T4 treatment: early (age, <27 d) or late (age, ≥27 d) and 
initial treatment protocol.
The study protocol was approved by the institutional review board of the Academic Medical 
Center.
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Assessments at 21.5 yr of age
Cognitive and motor assessments were carried out in the 70 participating patients at the 
Academic Medical Center in Amsterdam (except for four patients who were tested in their 
local hospitals) by the same psychologist, who was blinded for the patients’ medical details. 
Patients were tested at a mean age of 21.5 yr (range, 21.0 –22.3 yr). To ascertain that patients 
were euthyroid (i.e. TSH, 0.4 – 4.0 µU/ml) at the time of testing, the most recent measurement 
of thyroid function before the psychological assessments was evaluated. In those patients 
with plasma TSH concentrations outside the reference range, the T4 dose was adjusted. 
This resulted in dose adjustments for 25 patients; in one patient treatment compliance was 
optimized.

Cognitive assessments
Intelligence was tested with the Dutch version of the Wechsler Adult Intelligence Scale 
III (13). With the subjects’ performances on 11 subtests, three intelligence quotients were 
derived: full-scale intelligence quotient (IQ), verbal IQ, and performance IQ. In the normal 
population, each IQ score has a mean of 100 and an sd of 15.

Motor assessments
Motor skills were assessed with the movement assessment battery for children (MABC) (14, 
15). The MABC is designed for identification of motor impairments in children. The manual 
provides normative data for children 4 –12 yr of age. The test results are expressed in terms 
of a total motor impairment score MABC (ranging from 0–40), a manual dexterity score 
(range, 0 –15), a ball skills score (range, 0–10), and a balance score (range, 0 –15); higher 
scores indicate more motor problems. By convention, 85% of the normal population have no 
motor problems (total motor impairment score MABC,≤ 9.5), 10% have borderline motor 
problems (score, 10–13), and 5% have definite motor problems (score, ≥13.5).
In the absence of normative data for young adults, the CH patients were compared with 
a group of 66 healthy controls (41 females), tested at a mean age of 21.3 yr. Controls were 
recruited among students, hospital employees, and hobby club members. Scores for patients 
and controls were interpreted using the normative data of 12-yr-old children.

Patients and assessments at the age of 9.5 yr
A total of 63 CH patients, 46% of the original cohort of patients born in 1981–1982 (Table 
1, participants at 9.5 yr), and 35 controls were previously studied at 9.5 yr. IQ was measured 
with the Wechsler Intelligence Scale for Children–Revised (16), and motor skills were 
assessed with the test of motor impairment (TOMI) (17). The TOMI later evolved into the 
MABC and contains similar items. The TOMI score ranges from 0–20. By convention, 85% 
of the normal population have no motor problems (TOMI, <4), 10% have borderline motor 
problems (TOMI, 4–6), and 5% have definite motor problems (TOMI, >6).

Statistical analysis
One-sample t tests were used to determine whether the IQ scores in CH patients differed from 
the norm of 100. Binomial tests were conducted to test whether the percentages of CH patients 
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in the different severity groups with an IQ score less than 85 or a total motor impairment score 
MABC greater than 9.5 differed from the percentages in the normal population.
Comparisons of IQ and motor scores were made among the following subgroups: severe 
vs. moderate vs. mild CH, early vs. late treatment, initiation with T3 supplementation vs. 
T4 supplementation, and patients who participated at 20 yr of age but not at 9.5 yr of age 
compared with those who participated at 9.5 yr of age.
ANOVA was used for group comparisons of continuous variables (post hoc group comparisons 
were performed with Bonferroni post hoc analysis), while χ2 tests were used for categorical 
variables. For variables where the distributions of scores differed significantly from the normal 
distribution, nonparametric tests, such as the Mann-Whitney U tests, were used.
When multiple analyses were performed with the Mann-Whitney U, binomial, or 2 tests to 
compare scores, a correction for multiple testing was used by considering P<0.01 significant. 
It was not necessary to correct for parental educational level, a potential confounder, because 
parental educational level appeared to be distributed equally over the subgroups: parental 
educational level by severity: χ2 = 0.335; P = 0.846; parental educational level by initiation 
with T3 or T4: χ2 = 0.239; P = 0.625; parental educational level by early or late treatment: χ2 
= 0.105; P = 0.746.
Linear regression models were fitted for IQ and motor scores, with severity (initial T4 
concentration) and starting day of T4 supplementation as independent variables. In addition, 
bivariate correlation analyses between either severity of CH or the starting day of treatment 
and IQ and motor scores were performed. Similarly, bivariate correlations were calculated 
between full-scale IQ and total motor impairment score MABC.
For the longitudinal analysis of IQ scores obtained at 9.5 and 21.5 yr of age, the paired samples 
t test (two-tailed) was used. Correlation analyses (Spearman) were conducted for the TOMI 
and MABC scores at the two ages.

RESULTS
Patient characteristics
The baseline characteristics of the participating CH patients are given in Table 2. Of the 70 
patients (55 females, 79%), 35 had severe CH, of whom the majority (21 patients) had thyroid 
agenesis. Moderate and mild CH were seen in 16 (23%) and 19 (27%) patients respectively, of 
whom the majority had thyroid dysgenesis (9 and 17 patients, respectively).
The median age at start of T4 supplementation was 28 d for the total group. In patients with 
severe and moderate CH, the mean age at start of T4 supplementation was younger than in 
those with mild CH (Table 2). In 28 patients, treatment started with T3 supplementation, 
and in 39 patients treatment started with T4 supplementation; in three patients, the initial 
treatment strategy could not be retrieved with certainty.

Intellectual and motor outcome at adult age
Mean IQ scores of the total CH group were significantly lower than the population mean 
(full-scale IQ: P = 0.017; t=2.450; verbal IQ: P = 0.042; t=2.450; performance IQ: P = 0.012; 
t=2.568; Table 3). Compared with the controls, the total CH group scored significantly worse 
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Table 2. Characteristics of the subgroups with different severity of CH

Severe CH Moderate CH Mild CH
Number of patients (male:female) 35 (7:28) 16 (3:13) 19 (5:14)
Initial T4 in µg/dl (95%CI) a 1.1 (0.9-1.4) 3.4 (3.1-3.7) 7.6 (6.2-8.9)
[in nmol/liter (95%CI)] [14.5 (11.5-17.4)] [43.6 (39.5-47.6)] [97.2 (79.8-114.6)]
Initial TSH in µU/ml (95%CI) b 497 (298-696) 496 (336-656) 142 (50-234)
Total defects

Agenesis 21 4 0
Dyshormonogenesis 3 1 0

Partial defects
Dysgenesis 11 9 17
Dyshormonogenesis 0 2 2

Age at start of T4 supplementation
in days (range)

27 (8-47) 27 (4-47) c 74 (18-293)

T4 and TSH concentrations are expressed as the mean, with the 95% confidence interval (CI) in brackets. For the 
etiology subgroups the number of patients is presented. The age at the start of treatment is presented as the mean, 
with the range in parentheses. 
a Reference range for T4 in children aged 2– 6 wk, 6.5–16.3 µg/dl (84 –210 nmol/liter) (12). 
b Reference range for TSH in children aged 2– 6 wk, 1.7–9.1 µU/ml (12). 
c One patient, in whom T4 supplementation was started at the age of 4 d, was already diagnosed before CH 
screening because of familial CH. 

Table 3. IQ scores of the CH patients at 21.5 yr of age.

Full Scale IQ Verbal IQ Performance IQ
Severe CH (n=35) 91.3 (86.3-96.3)a 92.9 (88.1-97.8) 90.4 (85.2-95.6)b

Moderate CH (n=16) 99.1 (91.1-107.1) 97.8 (89.2-106.3) 101.3 (94.8-107.7)
Mild CH (n=19) 101.3 (95.7-106.9) 101.8 (96.1-107.5) 100.4 (94.7-106.1)
Total CH (n=70) 95.8 (92.3-99.2)c 96.4 (93.0-99.9)d 95.6 (92.3-99.2)e

IQ scores (expressed as the mean with confidence interval in parentheses) are presented for the total CH group 
and the severity subgroups. 
a P = 0.043 vs. mild CH. 
b P = 0.031 vs. moderate CH; P = 0.037 vs. mild CH. 
c P = 0.017 (t= -2.450) vs. normal population. 
d P = 0.042 (t= -2.077) vs. normal population. 
e P = 0.012 (t= -2.568) vs. normal population. 

on motor scores, except for manual dexterity (P < 0.001; Table 4). Full-scale IQ and total 
motor impairment score MABC were significantly correlated (r= -0.442; P < 0.001).
Mean full-scale and performance IQ scores differed significantly between the severity groups 
[full-scale IQ: F(2,67)= 3.754; P = 0.028; performance IQ: F(2,67)= 5.112; P = 0.009; Table 3 
and Fig. 1]. Post hoc analysis showed that the differences in mean full-scale and performance 
IQs were significant between severe CH and mild CH (P = 0.043 and P = 0.037, respectively). 
There was also a significant difference in mean performance IQ between severe CH and 
moderate CH (P = 0.031; Table 3).
Among patients with severe CH, 37% had a full-scale IQ score less than 85. This percentage 
was significantly higher than that in the normal population (P = 0.002). In the moderate and 
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Table 5. Multiple regression analysis, IQ scores

FSIQ VIQ PIQ Total Manual Ball Balance
MABC Dexterity Skills

B 0.121 0.074 0.163 -0.052 -0.012 -0.014 -0.026
Initial T4 concentration β 0.341 0.213 0.456 -0.337 -0.203 -0.272 -0.264

P 0.022 0.154 0.002 0.023 0.178 0.064 0.075

B -0.028 0.002 -0.065 -0.003 0.004 -0.004 -0.003
Starting day of treatment β -0.090 0.008 -0.205 -0.024 0.076 -0.081 -0.037

P 0.538 0.959 0.149 0.869 0.613 0.576 0.803

R2 adjusted 0.061 0.018 0.117 0.095 -0.001 0.077 0.053

Model significance
F(2,64)
=3.149

P=0.050

F(2,64)
=1.594

P=0.211

F(2,64)
=5.389

P=0.007

F(2,62) 
=4.366
P=0.017

F(2,64) 
=0.979

P=0.381

F(2,63) 
=3.720

P=0.030

F(2,63)
=2.824

P=0.067
Results of multiple regression analysis are given with initial plasma T4 concentration and starting day of T4-
supplementation as independent variables and IQ scores and motor scores as dependent variables.

Table 6. IQ scores of the CH patients tested at 9.5 and 21.5 yr of age

Severe CH (n=22) Moderate CH (n=14) Mild CH (n=13)
9.5 yr 21.5 yr 9.5 yr 21.5 yr 9.5 yr 21.5 yr

Full Scale IQ 91.1 90.6 99.7 100.2 101.9 102.5
(85.2-97.0) (84.2-97.1) (91.9-107.5) (91.7-108.8) (91.8-112.1) (96.1-109.0)

Verbal IQ 91.3 92.8 96.4 98.9 98.5 102.1
(85.3-97.2) (86.2-99.4) (89.2-103.5) (89.4-108.5) (90.2-106.8) (95.8-108.3)

Performance IQ 92.6 89.0 103.9 102.3 105.3 102.7
(87.1-98.1) (82.3-95.7) (95.7-112.0) (96.1-108.5) (94.0-116.6) (96.3-109.1)

IQ scores (expressed as the mean with confidence interval in parentheses) are given for the 49 patients tested at 
9.5 and 21.5 yr of age. 

Table 4. Motor scores of the CH patients at 21.5 yr of age.

Total motor 
impairment 
score MABC

Manual 
dexterity

Score

Ball skills
score

Balance
score

Severe CH (n=35) 9.8 (7.6-11.9)a 2.1 (1.4-2.8)b 2.6 (1.8-3.4) 5.1 (3.6-6.6)
Moderate CH (n=16) 4.3 (2.1-6.5) 0.5 (0.0-0.9) 1.5 (0.3-2.6) 2.4 (1.1-3.7)
Mild CH (n=19) 6.7 (3.5-9.9) 1.8 (0.3-3.4) 1.4 (0.6-2.2) 3.4 (1.6-5.3)
Total CH (n=70) 7.8 (6.3-9.3)c 1.7 (1.1-2.3) 2.0 (1.5-2.5)c 4.1 (3.1-5.0)c

Controls (n=66) 3.2 (2.3-4.2) 1.4 (0.9-1.8) 0.7 (0.4-1.1) 1.1 (0.6-1.7)
Motor scores (expressed as the mean with confidence interval in parentheses) are presented for the total CH 
group, the severity subgroups, and the controls. 
a P = 0.004 vs. moderate CH. 
b P = 0.007 vs. moderate CH. 
c P < 0.001 vs. control group.
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mild CH groups, the percentages of children with a full-scale IQ score less than 85 (19% and 
5%, respectively) were not significantly different from those in the normal population.
Patients with severe CH performed significantly worse on the total motor impairment score 
MABC and manual dexterity than patients with moderate CH (P = 0.004 and P = 0.007, 
respectively; Table 4). In the control group, the percentage of subjects with a subnormal total 
motor impairment score MABC (12% > 9.5) was slightly, but not significantly, lower than that 
in the normal population (15% > 9.5). Among patients with severe CH, 49% had a subnormal 
total motor impairment score MABC, which was significantly higher than the percentage 
in the normal population or controls (P < 0.001). In the moderate and mild CH groups, the 
percentages of children with a total motor impairment score MABC above 9.5 (14% and 21%, 
respectively) were not significantly different from those in the normal population or controls.
IQ and motor scores of those patients who started with T3 supplementation did not differ 
significantly from those who started with T4 supplementation, nor were the scores different 
for patients in whom treatment was initiated before or after the age of 27 d.
In a bivariate correlation analysis, the initial T4 concentration appeared to be associated 
with full-scale IQ (r = 0.278; P = 0.020), performance IQ (r = 0.330; P = 0.005), total motor 
impairment score MABC (r = -0.337; P = 0.005), ball skills (r = -0.299; P = 0.013), and balance 
(r = -0.278; P = 0.021). Correlation analyses showed no correlation between starting day and 
IQ or motor scores.
In a multiple regression analysis with severity of CH and starting day of T4 supplementation 
as independent variables, the severity of CH appeared to be a significant predictor of full-
scale IQ (P = 0.022), performance IQ (P = 0.002), and total motor impairment score MABC 
(P = 0.023); the starting day of treatment did not predict IQ or motor scores (Table 5).

Intellectual and motor outcome: longitudinal assessment
The IQ scores of the 49 patients tested at 9.5 as well as 21.5 yr are shown in Table 6. The 
paired samples t test showed no significant differences in IQ scores at 9.5 and 21.5 yr of age 
and a significant correlation among full-scale, verbal and performance IQ scores at 9.5 and 
21.5 yr (r = 0.799, P < 0.001; r = 0.820, P < 0.001; r = 0.678; P < 0.001, respectively).

Figure 1. Full-scale IQ, verbal IQ, and performance 
IQ scores of the CH patients at 21.5 yr of age. 
The box plot shows the full-scale IQ, verbal IQ, 
and performance IQ scores of the CH severity 
subgroups. The box incorporates 50% of all 
observations, the dash represents the median IQ 
score, and the whiskers represent the highest and 
lowest scores. 
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There was a significant correlation between motor scores at 9.5 and 21.5 yr: total motor 
impairment score MABC (r = 0.339; P = 0.017), ball skills (r = 0.316; P = 0.025), and balance (r = 
0.431; P = 0.002). For the majority of patients, the classification of the total motor impairment 
scores at both ages were concordant normal (45%) or abnormal (18%). However, in 36% of 
patients, total motor impairment scores at both ages were discordant (14% from subnormal 
at TOMI to normal at MABC, 22% from normal at TOMI to subnormal at MABC).
IQ and motor scores at 21.5 yr for those patients who did and those who did not participate 
at 9.5 yr of age did not differ significantly.

DISCUSSION
The aim of neonatal screening is to prevent cerebral damage due to lack of thyroid hormone 
by enabling early and adequate T4 supplementation. However, we found persistent cognitive 
and motor deficits in young adults with CH born in the first 2 yr after the nationwide 
introduction of screening. Cognitive deficits were observed in both verbal and performance 
domains, and motor deficits were found in balance, fine motor, as well as ball skills. Deficits 
were most pronounced in patients with severe CH and were comparable to those measured 
during childhood.
Although several studies have shown subnormal cognitive and motor development during 
childhood (4, 5, 7, 18), our study is only the second one reporting on the persistence of 
these deficits into adulthood (10). Both studies are comparable with regard to the number 
of participating patients and the timing of initiation of treatment, but there are two major 
differences in the design. In our study, comparisons were made between severity subgroups 
and between CH patients and the normal population, whereas in the study of Oerbeck et al. 
(10), the total CH group was compared with siblings, and no differentiation in severity was 
made. Oerbeck et al. (10) found that only motor outcome correlated with the severity of CH. 
We found that also IQ scores correlated with the severity of CH.
The other major difference in the design is that we considered euthyroidism at the time of 
testing an essential condition for each individual patient. Therefore, we verified in all patients 
that, before the cognitive and motor assessments, plasma TSH concentrations were within 
the reference range. In Oerbeck’s study (10), however, the mean TSH concentration at the 
time of testing was 12.2 µU/ml. The supposedly suboptimal treatment potentially influenced 
the patients’ cognitive functioning (i.e. attention, speed of processing, etc.) (19, 20), which 
impedes judgments on the effect of severity of hypothyroidism on outcome.
Because important steps in brain development take place from early gestation until several 
years after birth, outcome determinants of CH patients should be correlated to both pre- 
and early postnatal thyroid hormone concentrations. According to term cord plasma T4 
concentrations, the prenatal thyroid hormone state in fetuses without (functioning) thyroid 
tissue is comparable to the postnatal thyroid hormone state in neonates with moderate CH 
(21). This must be the effect of a substantial, but limited, maternal-fetal transfer of T4. It is 
likely that this maternal contribution to the fetal thyroid hormone state is a major factor 
in protecting brain development, but it is not known whether it is always sufficient to 
completely preserve prenatal brain development. When, in particular in patients with severe 
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CH, T4 concentrations rapidly decline after birth, this is undoubtedly a dangerous condition 
with respect to thyroid hormone-dependent brain development. Neonatal screening is 
only capable of shortening the period of postnatal thyroid hormone deficiency; once T4 
supplementation is started, plasma free T4 concentrations increase rapidly (22).
Only in our patients diagnosed with severe CH (pretreatment T4 concentrations, <2.3 µg/
dl) were significant cognitive and motor deficits found. This underlines that the severity of 
CH is an important factor determining cognitive and motor outcomes (4, 6, 8, 18, 23). The 
question is whether earlier initiated postnatal T4 supplementation had been able to prevent 
the observed damage. In our study, we could not find any relation between the day treatment 
was initiated and IQ or motor scores, nor did we find within the severe CH group a beneficial 
effect of early treatment initiation. This might be influenced by the fact that treatment 
initiation was strongly correlated with the severity of CH or by too little variation in the day 
of the start of treatment.
An important consideration is that the patients in our study were among the first Dutch 
patients screened and were treated relatively late (mean, 27 d for severe and moderate CH; 
74 d for mild CH), with lower T4 doses than have been advised in more recent years (24). It 
is possible that the time frame for early and adequate treatment to prevent cerebral damage 
was before the age at which treatment was initiated in these patients. Indeed, some studies 
indicate that even patients with severe CH, assessed in the first 3 yr of life, had normal 
cognitive and motor outcomes if treatment started early and with high initial T4 doses (25, 
26). However, others did not find a beneficial effect on developmental outcome of higher (≥6 
µg/kg.d) compared with lower (<6 µg/kg.d) initial T4 doses, in patients treated before the age 
of 3 wk (27), nor could we demonstrate in a previous study that variations in the initial T4 
dose influenced the time needed to reach a plasma free T4 concentration within the reference 
range (22). Furthermore, it still needs to be established whether improvements in IQ due to 
optimized timing and/or dose of treatment lead to improved well-being without detrimental 
effects on behavior or social emotional development (28, 29).
Several investigators have reported that the adequacy of long-term T4 supplementation 
influences outcome (25, 30, 31). Yet, this variable was not studied explicitly in the Dutch 
cohort, because, in our opinion, treatment adequacy is difficult to assess by integrating 
the numerous plasma TSH and free T4 concentrations from infancy to adulthood. As in 
healthy people, concentrations in well-treated patients may vary considerable (32), and mean 
values completely disregard intraindividual fluctuations and interindividual variations. 
The durations of phases of inadequate treatment (especially lack of compliance) cannot be 
established in retrospect. Besides, treatment of CH patients is remarkably uniform regardless 
of severity. All studied patients were treated according to criteria of good clinical practice 
by pediatricians who rely on (inter)national guidelines (preserving euthyroidism primarily 
by maintaining plasma TSH concentrations within the reference range with regular T4 
dose adjustments). Therefore, we had no reason to assume group differences in long-term 
treatment adequacy, including compliance. Patients with moderate or mild CH had IQ scores 
indistinguishable from those of the normal population, indicating implicitly that even if 
these patients had experienced phases of insufficient treatment, these had no consequences 
for intellectual outcome at adult age. This makes it unlikely that the IQ deficits observed in 
patients with severe CH had anything to do with long-term treatment insufficiency.
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The use of the MABC in this study requires some comment. This test is developed to detect 
motor problems in children; consequently, normative data for adults are not available. 
Nevertheless, we applied this test to detect motor problems in adults with CH by using norms 
of 12-yr old children. This might have resulted in an underestimation of motor problems in 
our patient group. Indeed, the percentage in the adult control group with a subnormal motor 
score (12%) was slightly, but not significantly, lower than that in the general population 
(15% by convention). However, even with a potential underestimation, the CH group had 
substantially more motor problems than the control group.
In conclusion, this study has shown that cognitive and motor deficits in CH patients, who 
started treatment at a median age of 28 d after birth, persist into adulthood. Mildly and 
moderately affected patients have a fair prognosis, whereas severely affected CH patients 
continue to experience IQ and motor problems in later life. Cognitive and motor outcomes 
could not be related to the age at which T4 treatment was initiated. Apparently the postnatal 
treatment strategy used in The Netherlands in the early eighties was not capable of abolishing 
all negative effects of severe congenital hypothyroidism.
Regarding the directions for future research, it is important to move beyond the mere task 
of establishing levels of cognitive and motor functioning and also investigate the long-term 
social emotional and behavioral consequences of early-treated CH.
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ABSTRACT
Context
Patients with thyroidal congenital hypothyroidism (CH-T) born in The Netherlands in 
1981-82, showed persistent intellectual and motor deficits during childhood and adulthood, 
despite initiation of T4-supplementation at a median age of 28 days after birth.
Objective
The present study examined whether advancement of treatment initiation to 20 days had 
resulted in improved cognitive and motor outcome.
Design/Setting/Patients
In 82 Dutch CH-T patients, born in 1992-93 and treated at a median age of 20 days (mean 
23 days, range 2-73 days), cognitive and motor outcome was assessed (mean age 10.5 
years, range 9.6-11.4 years). Severity of CH-T was classified according to pre-treatment 
FT4-concentration.
Main Outcome Measure
Cognitive and motor outcome of the 1992-93 cohort in comparison to the 1981-82 cohort.
Results
Patients with severe CH-T had lower full scale (93.7), verbal (94.9), and performance (93.9) IQ-
scores than the normative population (p<0.05), whereas IQ-scores of patients with moderate 
and mild CH-T were comparable to those of the normative population. In all three severity 
subgroups significant motor problems were observed, most pronounced in the severe CH-
T group. No correlations were found between starting day of treatment and IQ or motor 
outcome.
Conclusions
Essentially, findings from the 1992-93 cohort were similar to those of the 1981-82 cohort. 
Apparently, advancing initiation of T4-supplementation from 28 to 20 days after birth did 
not result in improved cognitive or motor outcome in CH-T patients.
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INTRODUCTION
In congenital hypothyroidism (CH) thyroid hormone deficiency is present from the prenatal 
period onwards, until, after birth, adequate thyroxine (T4) supplementation is provided. 
Because 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 
and subsequent cognitive and motor deficits. The aim of neonatal CH screening programs is 
to prevent cerebral damage through early initiation of T4-supplementation which shortens 
the period of postnatal hypothyroidism. In a previous nation-wide study we followed patients 
with thyroidal CH (CH-T) born in 1981-82, the first years of the Dutch screening. We found 
persistent subtle cognitive and motor deficits up to adulthood in these patients, for whom 
T4-supplementation was initiated at a median age of 28 days after birth (1,2). In 1981-82 
initial treatment strategy and starting day of treatment differed from current practice, which 
is characterized by treatment initiation at a younger age, with higher initial T4 doses. Several 
studies evaluating the more recent practice have shown improved cognitive and motor 
outcome (3-6). However, due to small sample size and relatively young age of the tested 
subjects, it is still unclear whether postnatal T4-supplementation is capable of establishing 
a completely normal intellectual, motor and socio-emotional development in patients with 
CH-T(7).
The Dutch screening procedure has been adapted several times since its introduction in 
1981. One of the major changes is the advancement of the heelpuncture sampling from 6-
14 days initially, to 6-8 days in the early 1990’s, to day 4 from 1999 onwards. This change in 
timing of the heel puncture sampling enabled us to investigate whether earlier treatment 
initiation had resulted in improved cognitive and motor outcome. We investigated cognitive 
and motor outcome at 10.5 years of age in a nationwide cohort of CH patients born in 1992-
93, in whom treatment was initiated at a median age of 20 days. Outcome was analyzed in 
relation to etiology and severity of CH, and in relation to treatment variables. Furthermore, 
the results of the present study were compared with those obtained from patients born and 
screened in 1981-82, examined at the age of 9.9 years of age, in whom T4-supplementation 
was initiated significantly later (1).
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METHODS
Screening method and treatment strategy
The Dutch neonatal CH screening method is primarily based on the measurement of T4 in 
filter paper blood spots. In 1992-1993 sampling was performed between 5 and 8 days after 
birth. T4, expressed as standard deviation score, is compared to the day mean. If T4 was ≤-
0.8SD, thyrotropin (TSH) was additionally measured. When T4 was ≤-3.0SD or TSH was ≥50 
µU/ml children were referred immediately. Children with a dubious result (-3.0<T4≤-2.1SD, 
or 28<TSH<50 µU/ml (in 1992) or 20<TSH<50 (in 1993)) underwent a second heelpuncture 
and were referred if the result was again dubious, or abnormal. The etiological classification 
of CH was based upon thyroid function determinants and thyroid imaging.
In 1992-93 Dutch pediatricians were advised to start with 6-8 µg T4/kg.day. In accordance 
with international guidelines T4-dose adjustments were based on thyroid function 
determinants, obtained at regular outpatient follow-up visits.

Patients of the 1992-93 cohort
The institutional review board of the Emma Children’s Hospital AMC and the privacy 
committee of the CH Screening Board approved the study protocol. TNO (Netherlands 
organization of applied scientific research), documents the screening results and diagnostic 
findings of all children screened for CH in The Netherlands.
Of the majority of children referred because of an abnormal CH screening result, blood and/
or urine samples are sent to the AMC; of each patient a record is made. Combination of the 
records (TNO and AMC) revealed that the complete cohort of CH patients born in The 
Netherlands in 1992-1993 consisted of 141 patients (Table 1). Of them 3 had died, 4 had moved 
abroad and 4 had transient CH. The parents of the remaining 130 patients were approached 
by their pediatricians, whose responses led to the exclusion of patients with a known or 
suspected syndrome (n=12), exceptionally late start of treatment (n=3, initiation of treatment 
>300 days after birth), (treatment for) brain tumour (n=1), blindness (n=1), encephalopathy 
after hypoxia (n=2) or hypoglycaemia (n=1); and patients of whom the mother was treated 
with T4 during pregnancy (n=2) (Table 1, ‘not suitable’). The parents of 18 patients refused 
participation (Table 1, ‘not willing’).
To ascertain that the participating patients were euthyroid (i.e. TSH 0.4-4.0 µU/ml) at the 
time of testing, the most recent measurement of thyroid function prior to the psychological 
tests, was evaluated and if necessary T4-dose was adjusted. This resulted in dose adjustments 
for 20 patients. Due to misunderstandings the recommended dose adjustments were not 
made in time in 3 patients who were excluded from the analysis (Table 1, ‘not suitable’).
Of the 87 participating patients (62% of the original cohort) 82 had thyroidal CH (CH-
T) and 5 had central CH (CH-C). The test results of patients with CH-C are presented 
separately, because of difference in etiology and treatment; all of them received besides 
T4-supplementation, cortisol and growth hormone. Patients with CH-T were classified to 
subgroups based on their pre-treatment FT4-concentration: ‘severe CH’: initial FT4≤0.3 ng/
dL (≤4 pmol/L), ‘moderate CH’: 0.3<initial FT4≤0.6 ng/dL (4.0<initial FT4≤8.0 pmol/L) or 
‘mild CH’: initial FT4>0.6 ng/dL (>8.0 pmol/L). FT4 reference range for children aged 2-6 
weeks: 0.9-2.2 ng/dL (12-28 pmol/L)(8).
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Assessments
Cognitive and motor assessments were carried out in the AMC (except for 7 patients who 
were tested in their local hospitals) by the same psychologist who was blinded for the patient’s 
medical details. Patients were tested at a mean age of 10.5 years (range 9.6-11.4 years).

Cognitive assessments
Intelligence was assessed with the Dutch version of the Wechsler Intelligence Scale for 
Children, 3rd Edition, (WISC-III(9)) except for the first 10 patients who were tested with the 
WISC-R(10) because the WISC-III was not yet available. With the subjects’ performance 
on 10 subtests, three intelligence quotients were derived: Full Scale Intelligence Quotient 
(FSIQ); Verbal Intelligence Quotient (VIQ); and Performance Intelligence Quotient (PIQ). In 
the normative population each IQ-score has a mean of 100 (SD 15). The scores of the WISC-
R were recalculated into WISC-III scores in accordance with the guidelines provided in the 
WISC-III manual(9;11).

Motor assessments
Motor skills were assessed with the Movement Assessment Battery for Children (MABC) 
(12;13), designed for identification of impairments of motor function in children aged 4-12 
years. The test results are expressed in terms of a total motor impairment score (ranging 
from 0 to 40, mean 5.0 in the normative population; in the text referred to as ‘Total MABC 
score’), a Manual Dexterity score (0-15), a Ball Skills score (0-10) and a Balance score (0-15); 
higher scores indicate more motor problems. In the normative population 85% has no motor 
problems (Total MABC score ≤9.5), 10% has borderline motor problems (9.5<Total MABC 
score<13.5) and 5% has definite motor problems (Total MABC score ≥13.5). 

Table 1. Etiology of CH in the 1992-1993 cohort 

Etiology Total Participants Non-participants
Group Not willing Not suitable

Thyroid agenesis 24 17 1 6 (move abroad:1, syndrome:1, syndrome 
suspected:2, T4-dose not adequate:2) 

Thyroid dysgenesis 51 48 1 2 (T4-dose not adequate:1, euthyroid 
without T4-suppl.:1)

Thyroid
dyshormonogenesis

24 17 4 3 (syndrome:1, mother treated with T4 
during pregnancy:2)

CH-T n.o.s. 26 - 11 15 (move abroad:3, patient died:3, 
euthyroid without T4-suppl.:3, 
syndrome:5, tumour:1)

CH-C 16 5 1 10 (blindness:1, encephalopathy:3, 
syndrome suspected:3, late initiation of 
treatment:3)

Total 141 87 18 36
Three groups are presented: the total group, the group of participating patients (with either thyroidal or central 
CH) and the group of non-participants, either because patients were considered not suitable (with the reason 
specified between parenthesis), or because parents were not willing. For each group the number of patients in 
each etiological classification subgroup is given. 
n.o.s.= not otherwise specified
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Patients of the 1981-82 cohort
Data of 58 patients with CH-T born in 1981-82 (43% of a total cohort of 136 CH patients) 
who were studied at a mean age of 9.9 years (range 9.0-10.9)(1) were available for retrospective 
analysis. IQ was measured with the WISC-R(10). Motor skills were tested with the Test of Motor 
Impairment (TOMI)(14). The TOMI later evolved into the MABC and both contain comparable 
items. The total motor impairment score (in the text referred to as ‘Total TOMI score’) ranges 
from 0 to 20; higher scores indicate more motor problems. In the normative population 85% 
has no motor problems (Total TOMI score<4), 10% has borderline motor problems (4≤Total 
TOMI score<6) and 5% has definite motor problems (Total TOMI score≥6).

Statistical Analysis
Comparisons of IQ and motor scores were made between the following subgroups: severe 
versus moderate versus mild CH-T and early versus late treated patients with either severe, 
moderate or mild CH-T (i.e. before or after the mean starting day of treatment). FSIQ scores 
and the percentage of patients with motor problems of the 1992-93 and 1981-82 cohorts were 
compared.
One-sample t-tests were used to determine whether the IQ scores in the total CH-T group 
and the severity subgroups differed from the norm of 100. Binomial tests were conducted 
to test whether the percentage of CH-T patients in the severity subgroups that had a motor 
score >9.5 differed from the percentage in the normative population.
Analysis of variance was used for group comparisons on continuous variables, posthoc 
group comparisons were done with Bonferroni posthoc analysis. Chi-square tests were used 
for categorical variables. For variables where the distributions of scores differed significantly 
from the normal distribution, non-parametric tests such as the Mann-Whitney-U-tests were 
used. Linear regression models were fitted for IQ and motor scores with severity (initial T4 
concentration) and starting day of treatment as independent variables. In addition, bivariate 
correlation analyses between either severity of CH-T, starting day of treatment or initial T4-
dose and IQ- or motor scores were performed and between FSIQ and Total MABC score. It 
was not necessary to correct for parental educational level, a potential confounder, because 
this appeared to be distributed equally over the subgroups: parental educational level by 
severity, Chi-square=1.260, p=0.868; parental educational level by early or late treatment, 
Chi-square=2.435, p=0.296.

RESULTS
Patients with CH-T
Characteristics of the participants are given in Table 2. Of the 82 patients with CH-T 
(53 girls, 65%) 50% had severe CH-T of whom the majority had thyroid agenesis (39%) or 
dysgenesis (39%), and 50% had moderate or mild CH-T of whom the majority had thyroid 
dysgenesis (78%). In patients with severe and moderate CH-T the mean age at initiation of T4-
supplementation was younger than in patients with mild CH-T. The median age at initiation 
of T4-supplementation for the total CH-T group was 20 days (mean 22 days).
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Intellectual and motor outcome
Mean FSIQ, VIQ and PIQ scores of the total CH-T group were not significantly different 
from the population means (Table 3A). The mean total MABC score was subnormal for the 
total CH-T group, and significantly different from the mean of the normative population 
(p<0.001, Table 3B).
Mean FSIQ, VIQ and PIQ scores in the severe CH-T group differed significantly from 
the population means (p=0.004;p=0.039;p=0.003, respectively, Table 3A), whereas in the 
moderate and mild CH-T group mean IQ scores were not significantly different from the 

Table 2. Characteristics of the participants

Severe 
CH-T

Moderate 
CH-T

Mild 
CH-T

CH-C

Number of patients (male:female) 41(13:28) 19 (6:13) 22 (10:12) 5 (4:1)
Initial FT4 in ng/dl (range)* 0.1 (0.0-0.3) 0.4 (0.3-0.6) 1.0 (0.9-1.1) 0.6 (0.4-0.7)
[in pmol/l (range)] [1.8 (0.0-4.0)] [5.6 (4.2-7.1)] [12.8 (9.0-20.2)] [7.7 (5.4-9.6)]
Initial TSH in µU/ml (range)† 693 (254-1500) 493 (163-760) 120 (28-502) 4 (2-5)
Total Defects‡ Agenesis 16 1 - -

Dyshormonogenesis 7 - - -
Partial Defects‡ Dysgenesis 16 17 15 -

Dyshormonogenesis 2 1 7 -
Age at start of T4 supplementation 19 (10-43) 19 (9-41) 31 (2-73) 34 (14-58)
in days (range)
Initial T4 dose in µg/kg per day (range) 7.0 (3.2-12.9) 6.6 (4.0-10.3) 5.0 (2.8-9.0) 8.1 (4.2-11.1)
Initial plasma FT4 and TSH concentrations, the age at start of treatment and the initial T4-dose are expressed as 
mean, with the range between parenthesis. 
* reference range for FT4 in children aged 2 to 6 weeks: 0.9-2.2 ng/dlL, 12-28 pmol/L(8) 
† reference range for TSH in children aged 2 to 6 weeks: 1.7-9.1 µU/ml(8) 
‡ only for patients with CH-T

Table 3A. IQ scores of the CH-T group

Full Scale
IQ

p
(t)

Verbal
IQ

p
(t)

Performance
IQ

p
(t)

Severe CH-T 93.7*, ‡ 0.004 94.9† 0.039 93.9*, ‡ 0.003
n=41 (89.5-97.9) (-3.0) (90.1-99.7) (-2.1) (90.0-97.8) (-3.1)
Moderate CH-T 96.2 0.290 95.4 0.210 98.0 0.550
n=19 (88.9-103.5) (-1.1) (87.9-102.9) (-1.3) (91.1-104.9) (-0.6)
Mild CH-T 105.0 0.073 103.6 0.182 105.3 0.082
n=22 (99.5-110.4) (1.9) (98.2-109.1) (1.4) (99.3-111.3) (1.8)
Total 97.3 0.088 97.4 0.113 97.9 0.172
n=82 (94.2-100.4) (-1.7) (94.1-100.6) (-1.6) (94.8-100.9) (-1.4)
range 57-129 65-138 58-134
IQ scores (expressed as mean with confidence interval within parenthesis) are presented for the total CH-T group 
and the three severity subgroups. 
p-values (with t-value between parenthesis) refer to the comparison with the normative population.
*p<0.01 compared to the population mean
†p<0.05 compared to the population mean
‡p<0.01 compared to mild CH-T
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population means. In the severe CH-T group FSIQ and PIQ scores were significantly lower 
than in the mild CH-T group (p=0.007;p=0.005,respectively, Table 3A).
The mean total MABC scores in the severe, moderate and mild CH-T subgroups were 
significantly different from the mean of the normative population (p<0.001;p=0.003;p=
0.001,respectively, Table 3B). Patients with severe CH-T had significantly worse scores on 
Total MABC and Manual Dexterity than patients with moderate CH-T (p=0.023;p=0.004
,respectively, Table 3B). The percentages of patients in the severe, moderate and mild CH-
T subgroups, with a subnormal Total MABC score (70%, 37% and 59%, respectively) were 
significantly higher than in the normative population (p<0.001;p=0.016;p<0.001,respectiv
ely). The difference between severe and moderate CH-T in percentages of patients with a 
subnormal Total MABC score was significant (p=0.023).
In the severe CH-T group IQ and motor scores did not differ in patients treated <19 days 
after birth versus patients treated ≥19 days. Neither were IQ and motor scores different in 

Table 3B. Motor scores of the CH-T group

Total MABC score Manual Dexterity Ball Skills Balance
Severe CH-T 14.3*, ‡ 8.2† 2.4 4.1
n=41 (11.8-16.8) (7.0-9.5) (1.5-3.3) (3.2-5.0)
Moderate CH-T 9.7* 5.1 1.6 3.0
n=19 (6.8-12.5) (3.5-6.6) (0.6-2.6) (1.9-4.1)
Mild CH-T 11.6* 6.0 1.6 4.0
n=22 (8.7-14.6) (4.1-7.8) (0.7-2.6) (2.7-5.4)
Total 12.4* 6.8 2.0 3.8
n=82 (10.8-14.0) (6.0-7.7) (1.4-2.6) (3.2-4.5)
Motor scores (expressed as mean with confidence interval within parenthesis) are presented for the total CH-T 
group, and the three severity subgroups.
*p<0.01 compared to the normative population
†p<0.01 compared to moderate CH-T
‡p<0.05 compared to moderate CH-T

Table 4. Multiple regression analysis for IQ and motor scores
Full Scale 

IQ
Verbal 

IQ
Performance 

IQ
Total

MABC
Manual 

Dexterity
Ball

Skills
Manual

Initial plasma
FT4 concentration

B 0.816 0.760 0.753 -0.202 -0.121 -0.082 -0.023
β 0.296 0.277 0.262 -0.142 -0.156 -0.156 -0.039
p 0.034 0.051 0.057 0.324 0.276 0.268 0.786

Starting day of 
T4-supplementation

B 0.005 -0.110 0.124 -0.062 -0.018 -0.017 -0.036
β 0.005 -0.101 0.110 -0.110 -0.060 -0.084 -0.156
p 0.973 0.470 0.420 0.443 0.674 0.549 0.276

R2 adjusted 0.060 0.030 0.080 0.015 0.006 0.014 0.000

Model significance
F(2,63)= F(2,63)= F(2,63)= F(2,60)= F(2,62)= F(2,63)= F(2,62)=

3.077 2.014 3.817 1.471 1.179 1.457 1.008
p=0.053 p=0.142 p=0.027 p=0.238 p=0.314 p=0.241 p=0.371

Results of multiple regression analysis are given with initial plasma FT4 concentration and starting day of T4-
supplementation as independent variables and IQ scores and motor scores as dependent variables.
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the moderate and mild CH-T group when treatment was initiated before or after 19 and 31 
days respectively.
In a multiple regression analysis with severity of CH-T (expressed as the initial plasma FT4-
concentration) and starting day of treatment as independent variables, only the severity of 
CH-T appeared to be a significant predictor of FSIQ (Table 4).
In a bivariate correlation analysis the initial FT4-concentration appeared to be associated with 
FSIQ (r=0.298,p=0.015), PIQ (r=0.314,p=0.010) and Manual Dexterity (r=-0.247,p=0.047). 
No correlation was found between starting day and IQ or motor scores, neither was there 
a correlation between initial T4-dose and IQ or motor scores. Also within the severe CH-T 
group starting day of treatment or initial T4-dose did not correlate with IQ or motor scores.
FSIQ and Total MABC score were not significantly correlated (r=-0.204,p=0.073).

Table 5. Full Scale IQ scores and percentages of CH-T patients with motor problems born in 1992-93 and 1981-82

Full Scale IQ score Percentage of patients with 
motor problems

CH-T group CH-T group CH-T group CH-T group
1992-93 1981-82 1992-93 1981-82

Age 10.5 years 9.9 years 10.5 years 9.9 years
Severe CH-T 93.7 94.3 71% 52%
n=41* and 27** (89.5-97.9) (87.9-100.8)
Age at start of T4-
supplementation (days)

19 29 19 29

Initial T4-dose 7.0 5.4 7.0 5.4
(µg/kg.day)
Moderate CH-T 96.2 98.9 37% 41%
n=19* and 17** (88.9-103.5) (91.6-106.3)
Age at start of T4- 19 27 19 27
supplementation
(days)
Initial T4-dose 6.6 7.4 6.6 7.4
(µg/kg.day)
Mild CH-T 105.0 98.7 59% 15%
n=22* and 14** (99.5-110.4) (89.2-108.2)
Age at start of T4-
supplementation (days)

31 68 31 68

Initial T4-dose 5.0 5.2 5.0 5.2
(µg/kg.day)
Total Group 97.3 96.8 60% 40%

(94.2-100.4) (92.7-100.9)
FSIQ (expressed as mean with confidence interval between parenthesis) and percentages of patients with a 
subnormal MABC (i.e. >9.5, 15% in the normative population) or TOMI (i.e. >4, 15% in the normative population) 
score are presented, as well as the number of patients, the mean age at start of T4-supplementation and the mean 
initial T4-dose for each severity subgroup and the total group. 
* the number of patients for each severity subgroup in the 1992-93 cohort
** the number of patients for each severity subgroup in the 1981-82 cohort
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Comparison of the 1992-93 and 1981-82 cohort
Mean FSIQ and the percentage of patients with motor problems of patients born in 1992-93 
and in 1981-82 with severe, moderate and mild CH-T are presented in Table 5. In patients 
with severe and mild CH-T the age at start of T4-supplementation was significantly different 
between the 1981-82 cohort and the 1992-93 cohort (p<0.001;p=0.003, respectively), but not 
in patients with moderate CH-T (p=0.087). The initial T4-dose of patients in the severity 
subgroups was not significantly different between the 1981-82 and the 1992-93 cohort 
(p=0.086;p=0.938;p=0.248 for severe, moderate and mild CH-T, respectively). FSIQ scores of 
the severity subgroups were not significantly different between the two cohorts. In patients 
with mild CH-T the percentage of patients with a subnormal Total motor impairment 
score was higher in the 1992-93 cohort than in the 1981-82 cohort (p=0.013); for severe and 
moderate CH-T differences were not significant.

Patients with CH-C
The 5 patients with CH-C (4 boys) had a mean initial FT4 concentration in between that of 
patients with moderate and mild CH-T (Table 2); none of the CH-C patients had an initial 
FT4 concentration <0.3ng/dL (<4pmol/l). T4-supplementation was initiated at a mean age of 
34 days after birth. Patients with CH-C had a mean FSIQ of 99.0 (range 92.5-105.5), mean 
VIQ was 96.6, mean PIQ was 102.2. The mean Manual Dexterity score was 8.4, Ball Skills 1.2 
and Balance 4.9. The mean Total MABC score (14.5) was substantially higher than the mean 
of the normative population (5.0), 4 of the 5 patients had a subnormal score (i.e.>9.5).

DISCUSSION
The present study analyzed cognitive and motor outcome in a Dutch cohort of 10 year old 
children with early treated CH. IQ scores for the total CH-T group, in whom treatment was 
initiated at a median age of 20 days, were not significantly different from the normative 
population. Within the subgroup of severe CH-T patients, however, cognitive outcome was 
less favourable. With regard to motor skills, the total CH-T group had substantial motor 
problems, which were slightly more pronounced in severe CH-T patients. Severity of CH-T 
correlated significantly with FSIQ, PIQ and Manual Dexterity score. No correlation, however, 
was found between the starting day of treatment (range 2-73 days) or initial T4-dose (range 
2.8-12.9 µg/kg.day) and IQ or motor scores.
The current findings are in line with our recent observations of persistent cognitive and 
motor deficits in adult CH-T patients, born in 1981-82, in whom treatment was initiated 
at a median age of 28 days (range 4-293 days). Also in the 1981-82 cohort severity of CH-T 
was an important predictor of long-term outcome, but not timing of treatment initiation 
(2). Over the course of the first decade following introduction of the nationwide CH 
screening, treatment initiation for CH patients was substantially advanced; patients with 
severe CH-T born in 1981-82 were treated from a mean age of 29 days (median 29 days), 
whereas those born in 1992-93 were treated from a mean age of 19 days (median 17 days). 
Apparently this advancement did not result in an improvement in intellectual development. 
It is conceivable that also in the 1992-93 cohort the time frame for a preventive effect of early 
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treatment initiation had elapsed, as was previously suggested  for the 1981-82 cohort (2). 
Alternatively, (irreversible) brain damage in severe CH might have accrued in the prenatal 
period. The importance of the in utero thyroid hormone state has been illustrated by the fact 
that maternal hypothyroidism during pregnancy is known to result in cognitive and motor 
deficits in the offspring (15). One has to keep in mind that CH is already expressed in fetal 
life and that maternal T4, transferred via the placenta, is not sufficient to fill the gap in fetal 
T4 production.
The conviction prevailing in the pre-screening era that early treatment would prevent 
mental retardation, has led to the introduction of neonatal screening once the appropriate 
techniques (Guthrie card and radio immuno assays) became available. However, a series of 
follow-up studies on the cohorts who were originally screened showed that children still 
had persistent subtle deficits, despite early treatment (1;2). Several studies have investigated 
the possible benefits of advancing the initiation of T4-supplementation on outcome of CH 
patients dected by neonatal screening. As in our study, Boileau et al. investigated the impact 
of changes in the screening procedure over a 15 yr period; IQ scores of CH patients in whom 
T4 supplementation was initiated before 21 days after birth were similar to controls, whereas 
IQ scores of patients treated after this age were significantly lower (16). This study, however, 
did not investigate outcome of patients with severe CH as a subgroup. Dubuis et al. and 
Simoneau-Roy et al. have shown that intellectual outcome in patients with severe CH, in 
whom treatment was initiated at a median age of 14 days with a median initial T4-dose of 
12.1 µg/kg.day was normal both at 18 months (3) and 5 years of age (17). Their patient groups, 
however, were rather small (n=8 and 9, respectively). In a sample of Dutch CH patients, born 
between 1993 and 1996, Bongers-Schokking et al., have shown that in severe CH a treatment 
delay of 6 days, in patients receiving an initial T4 dose of 10.8 µg/kg.day, led to a loss of 25 
points on the Mental Developmental Index of the Dutch version of the Bayley Scales of Infant 
Development, when measured between 11 and 30 months of age (4). Remarkably, retesting 
at 5.5-7 years of age gave contrasting results: a treatment delay of 7 days resulted in a small 
increase of 3.6 IQ points (5). No distinction was made according to severity of CH because 
of small group size.
To what extent the initial T4-dose is a key factor in preserving optimal brain development 
in CH patients is unclear (18); even recent reports about this issue give contradictory results. 
Selva et al., considering a mean initial T4-dose of 10.9 µg/kg.day as relatively low, found 
that patients with CH, receiving this dose at a mean postnatal age of 10.9 days, had lower 
FSIQ scores than controls (89.7 vs. 100.2) (6). On the other hand, Bongers-Schokking et al., 
considering a similar dose of 10.6 µg/kg.day as relatively high, found that patients with CH, 
receiving this dose at a mean postnatal age of 10.8 days, scored equal to controls (104.6 vs. 
105.0 Rakit IQ score) (5). Any effect of (initial) T4-supplementation on cerebral development 
is ultimately mediated by the intracellular thyroid hormone receptor occupation, via the 
established plasma FT4 concentration. In a previous study we could not demonstrate a solid 
correlation between the height of the initial T4-dose and the time needed to reach a plasma 
FT4-concentration within the reference range (19). This probably explains why we could not 
find a correlation between the height of the initial T4-dose and outcome.
A limitation of the current study is that motor performance in both CH cohorts had to be 
assessed with slightly different test methods, as they evolved over time. The MABC, used 
in the 1992-93 cohort, contains test items comparable to the TOMI, used in the 1981-82 
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cohort, but is considered more sensitive because items are scored on a six-point instead of 
a three-point scale and because a larger reference group is used (12;14). Therefore, while it 
may seem that motor outcome in the 1992-93 cohort is worse in comparison to the 1981-82 
cohort, this effect may be the consequence of the higher sensitivity of the MABC.
An advantage of the current study is that the design provied the opportunity to study the 
influence of substantially advanced treatment initiation by comparing data of two large 
nationwide recruited cohorts of CH patients. In fact, age at treatment initiation was the only 
variable which essentially distinguished the two cohorts.
Finally, this is the first report on developmental outcome of patients with central CH detected 
by neonatal screening. The challenge in this group is timely and adequate multiple hormonal 
supplementations to establish normal growth, brain development, and especially to prevent 
hypoglycemia. The percentage of CH-C patients considered not suitable to participate 
was relatively high, inherent to their (syndromal) condition of multiple pituitary hormone 
deficiencies. However, the results of the participating patients are encouraging in that timely 
and adequate hormonal supplementation established IQ and motor scores not different from 
patients with moderate CH-T.
In conclusion, this study has shown substantial cognitive and motor deficits in patients 
with severe CH-T, whose treatment with T4 was initiated at a mean age of 19 days after 
birth. Mildly and moderately affected CH-T patients had a fair prognosis for IQ, but they 
too experienced motor problems. Despite a substantially advanced treatment initiation, as 
spin off of a decade of experience with neonatal screening, improvement of cognitive or 
motor outcome failed to occur. Although it is possible that with further advancement of 
treatment initiation or adaptations in T4-dose, intellectual and motor deficits will disappear, 
the observed deficits might also be the consequence of the prenatal hypothyroid state.
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SHORT INTRODUCTION to the study
The Dutch neonatal congenital hypothyroidism (CH) screening procedure has been adapted 
by advancing the day of heel puncture sampling several times since its national institution 
in 1981. Besides, treatment modality gradually changed from low initial T4 dose in the early 
years of screening, to higher initial T4 dose in recent years.
The nationwide study “Effect evaluation of the screening on CH in The Netherlands” evaluated 
the effect of these changes. In part I and II cognitive and motor outcome of CH patients born 
in 1981-82 (Chapter 5.1) and 1992-93 (Chapter 5.2) were assessed.
Part III (this Chapter) concerns CH patients born between April 1, 2002 and May 31, 2004 in 
whom mental and psychomotor development is assessed at the age of 1 and 2 years. Since the 
study was continued until July 2006, when all patients had reached the age of >2 years, this 
chapter only describes the preliminary results of the patient cohort at the age of 1 year.
Outcome at the age of 1 year was analyzed in relation to type and severity of CH and 
treatment variables.
The results of this Chapter are discussed in the General Discussion (Chapter 8).

METHODS
Screening method and treatment strategy
The Dutch neonatal CH screening method is primarily based on the measurement of 
thyroxine (T4) in filter paper blood spots. T4, expressed as standard deviation score, is 
compared to the day mean. Sampling is performed between 4 and 7 days after birth. If T4 
is ≤-0.8 SD, thyrotropin (TSH) concentration (in mIU/l) is additionally measured. If T4 is 
≤-1.6 SD, thyroxine-binding globulin (TBG) concentration (in nmol/l) is also measured. A 
T4/TBG ratio is measured as follows: (T4(in SD) +5.1)•[TBG]-1•1000.
From April 2002 to May 2004 the referral criteria were as follows: if T4 was ≤-3.0SD or 
TSH was ≥50mIU/l children were immediately referred to a pediatrician. In children with a 
dubious result (-3.0<T4≤-0.8SD in combination with a T4/TBG ratio ≤8.5 and/or 20≤TSH<50 
mIU/l) a second heel puncture was performed. Children were referred after a second heel 
puncture if the result was dubious again, or abnormal. The diagnosis of CH and its etiological 
classification was based upon initial presentation, thyroid function determinants and thyroid 
imaging.
During the study period, Dutch pediatricians were advised to start with T4 supplementation 
in a dose of ± 10 µg/kg per day in all children, whereas in those children with an initial FT4 
concentration <8 pmol/l, it was advised to give, 12 hours after the initial T4 dose, once an 
additional dose of 10 µg/kg. Those pediatricians who did not follow this advice, followed 
the guideline introduced in 1997, i.e. to start with 50 µg as an initial dose, followed by 10 
µg/kg per day for the following days. T4 dose was adjusted according to thyroid function 
determinants, measured during regular policlinic controls, according to international 
guidelines. In general, children are initially seen twice a week, for two to three weeks. In the 
first year the period in between controls is gradually extended to once a month.



172

Chapter 5.3

Patient recruitment
The study was coordinated and executed by the department of pediatric endocrinology of the 
Emma Children’s Hospital (AMC) in collaboration with the Dutch Health Administrations 
(DHA). The study protocol was approved by the institutional review board of the Emma 
Children’s Hospital AMC and the CH screening board.
Of those children born between April 1, 2002 and May 31, 2004 and with an indication for 
referral the DHA’s (who contact the general practitioner in case referral is indicated) have, 
in addition to the normal procedure, sent faxes with data containing heel puncture results, 
gestational age, birth weight and the name of the general practitioner to the AMC. This 
enabled the researchers of the AMC to immediately contact the pediatrician to which the 
child was referred. During this contact the pediatrician was advised on treatment modalities 
if the diagnosis of CH was confirmed.
During the initial contact the pediatrician was informed about the study on cognitive and 
motor outcome. Later on, the pediatrician was provided with information on paper. This 
included detailed written information for the parents, in which permission was asked for 
their child’s participation.
In a minority of cases diagnosis of CH was established in patients with a normal CH screening 
result (see also chapter 2). Whenever these children came under the attention of the AMC 
(because urine or blood was sent for diagnostic work-up), their parents were also provided 
with written study information via their pediatricians.

The complete cohort of patients with permanent CH born in The Netherlands between April 
2002 and May 2004 consisted of 200 patients (Table 1). Patients with transient central CH 
(CH-C) related to maternal Graves’ disease (n=13), born in the study period were added to 
the study cohort.
Of the total study cohort of 213 patients 200 were detected by neonatal CH screening and 
13 were diagnosed with CH despite a normal CH screening result. Patients with permanent 
CH were classified as CH-T (CH of thyroidal origin), CH-C (CH of central origin) or CH 
not yet specified. CH-T was further classified as CH-T due to thyroid dysgenesis, CH-T with 
normal located thyroid gland, CH-T21 (i.e. CH-T specific for patients with trisomy 21) and 

Table 1. Etiology of CH in the 2002-2004 cohort 

Etiology Non-participants
Total group of 

patients
Not

suitable
Not 

willing
Participants

Permanent CH
   CH-T due to thyroid dysgenesis 78 3 6 69
   CH-T with normal located thyroid gland 24 3 1 20
   CH-T not yet specified 53 14 9 30
   CH-T21 15 15 0 0
   CH-C 21 9 3 9
   CH not yet specified 9 7 2 0
Transient CH-C 13 2 1 10
Total 213 53 22 138
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CH-T not yet specified. CH-C was further classified as CH-C as part of multiple pituitary 
hormone deficiencies (MPHD subgroup) or CH-C related to maternal Graves’ disease 
(MatGD subgroup).
Of the total cohort 4 patients had died; 2 had moved abroad; 25 had a known syndrome 
(trisomy 21, 13 and 19p, Cornelia de Lange syndrome, Prader-Willi syndrome, congenital 
nephrotic syndrome, Duchenne dystrophia, septo-optic dysplasia, Johansson-Blizzard 
syndrome, Beckwith-Wiedemann, Turner syndrome); 2 were suspected to have a syndrome; 
4 patients were treated exceptionally late (>2months after birth); 1 patient had a severe 
cardiac defect necessitating long-term hospitalization; parents of 7 patients had severe 
difficulties with the Dutch language; parents of 2 patients had severe psychosocial problems; 
1 pediatrician did not cooperate; 1 patient was lost to follow-up; all summarized in Table 1 as 
non-participants, ‘not suitable’.
Of the 164 potential candidates the parents of 22 patients (13%) did not give their informed 
consent (Table 1, ‘not willing’ to participate) to participate in the first round (Bayley test at 
the age of 1 year). To ascertain that the participating patients were euthyroid (i.e. TSH 0.4-
4.0 mIU/L) at the time of testing in the first round, the most recent measurement of thyroid 
function prior to the psychomotor tests was evaluated and if necessary T4 dose was adjusted. 
In the first round 4 patients were excluded because the advised dose adjustment was, by 
mistake, not done in time (Table 1 ‘not suitable’).
Patients with CH-T were classified to subgroups based on the pre-treatment FT4 concentration: 
‘severe CH’: initial FT4 ≤0.4 ng/dl (≤5 pmol/l), ‘moderate CH’: 0.4<initial FT4≤0.8 ng/dl 
(5.0<initial FT4≤10.0 pmol/l) or ‘mild CH’: initial FT4>0.8 ng/dl (>10.0 pmol/l).

Assessments
Assessments were carried out in the AMC (except for 10 patients (7%) who were tested in 
their local hospitals), all by the same psychologist who was blinded for the patients’ medical 
details.
The Bayley Scales of Infant Development version II (BSID-II-NL) were used to assess mental 
and psychomotor development at the age of 1 year. The mental developmental index (MDI) 
and the psychomotor developmental index (PDI) were scored based on the number of items 
successfully completed. Scores were converted into age-normalized values, as derived from 
Dutch norms. In the norm population both MDI and PDI have a mean of 100 and a standard 
deviation of 16.

Statistical analysis
Comparisons of PDI and MDI scores were made between the following subgroups: CH-
T versus CH-C and severe versus moderate versus mild CH-T. PDI and MDI scores were 
also compared between early (<10 days after birth) versus late (≥10 days after birth) treated 
patients with CH-T and between CH-T patients starting with a higher initial T4 dose (i.e. 
>11.2 µg/kg) compared to those starting with a lower initial T4 dose (i.e. ≤11.2 µg/kg).
One-sample t-tests were used to determine whether the MDI and PDI scores in the CH-T 
and CH-C group and the severity subgroups differed from the norm of 100.
Analysis of variance (ANOVA) was used for group comparisons on continuous variables 
(posthoc group comparisons were done with Bonferroni posthoc analysis). For variables 
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where the distributions of scores differed significantly from the normal distribution, non-
parametric tests such as the Mann-Whitney-U-tests were used. Linear regression models 
were fitted for PDI and MDI scores with severity (initial FT4 concentration), starting day of 
treatment and initial T4 dose as independent variables.

RESULTS
Patient characteristics
Characteristics of the participating CH patients are given in Table 2. Of the 138 patients 
(86 females, 62%), 119 had CH-T and 19 CH-C. Within the CH-T group 34 patients (29%) 
had severe CH-T. Moderate and mild CH-T were seen in 32 (27%) and 53 (44%) patients 
respectively.
In the CH-T group, the mean age at start of T4-supplementation was 10.8 days [median 9 days 
(range 2-34)]. Children with severe and moderate CH-T started significantly earlier with T4 
than children with mild CH-T (p=0.001 and p=0.023, respectively). The mean initial T4 dose 
was 11.2 µg/kg per day (range 5.4-20.1). Children with severe CH-T started with a slightly 
but not significantly higher dose than children with moderate CH-T and with a significantly 
higher dose than children with mild CH-T (p=0.047).

Table 2A. Characteristics of the subgroups of participating CH-T patients 

Severe CH-T Moderate CH-T Mild CH-T
Number of patients (male:female) 34 (8:26) 32 (11:21) 53 (21:32)
Mean initial FT4 in ng/dl (range) 0.2 (0.1-0.4) 0.6 (0.4-0.8) 1.1 (0.8-1.9)
[in pmol/l (range)] [2.8 (1.0-5.0)] [7.5 (5.3-10.0)] 14.4 (10.2-25.0)
Mean initial TSH in mIU/l (range) 646 (335-970) 323 (12-639) 98 (11-508)
CH-T thyroid dysgenesis 28 18 23
CH-T with normal located thyroid 4 7 9
CH-T n.o.s. 2 7 21
Mean age at start of T4 suppl.in days 
(range)

8.8 (6-14) 9.8(2-32) 12.8 (6-34)

Mean initial T4 dose in µg/kg per 
day (range)

12.0 (9.0-20.1) 11.5 (8.3-19.9) 10.5 (5.4-16.7)

Table 2B. Characteristics of the subgroups of participating CH-C patients 

CH-C due to
multiple pituitary 

hormone deficiencies

CH-C due 
to maternal 

Graves’disease
Number of patients (male:female) 9 (9:0) 10 (3:7)
Mean initial FT4 in ng/dl (range) 0.8 (0.6-1.0) 0.6 (0.3-0.8)
[in pmol/l (range)] [10.3 (8.3-13.0)] [7.6 (4.0-10.9)]
Mean initial TSH in mIU/l (range) 3.1 (0.9-5.5) 4.0 (0.0-10.3)
Mean age at start of T4 suppl. in days (range) 23.1 (9-47) 10.8 (5-22)
Mean initial T4 dose in µg/kg per day (range) 10.0 (5.7-15.4) 11.6 (8.5-17.8)
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Table 3. MDI and PDI scores in the subgroups of participating CH patients at a mean age of 1.1 year (range 1.0-
1.4 years)

n MDI* PDI*
Severe CH-T 34 100.8 (96.7-104.9) 87.5 (82.0-93.1)
Moderate CH-T 32 103.2 (98.7-107.7) 91.0 (85.1-96.8)
Mild CH-T 53 100.4 (97.1-103.7) 88.9 (84.7-93.0)
Total CH-T 119 101.2 (99.1-103.4) 89.1(86.2-91.9)
CH-C MPHD 9 91.8 (83.4-100.1) 85.9 (78.5-93.2)
CH-C MatGD 10 101.4 (90.1-112.7) 97.3 (82.1-112.5)
Total CH 138 100.6 (98.6-102.7) 89.5 (86.8-92.1)
* MDI score was not reliable in 2 patients (1 severe, 1 moderate CH-T) and PDI score in 3 patients (1 severe, 1 
moderate, 1 mild CH-T), these results are excluded

MDI and PDI
Mean MDI score of the CH-T group was similar to the population mean (p=0.257, t=1.138), 
whereas mean PDI score of the CH-T group was significantly lower (p<0.001, t=-7.729, Table 
3). MDI and PDI scores were significantly correlated (r=0.487, p<0.01). Mean MDI and PDI 
scores did not differ significantly between the CH-T severity subgroups (MDI F(2,114)=0.575, 
p=0.564, PDI F(2,113)=0.405, p=0.668).
Mean MDI score of the MPHD subgroup was significantly lower than of the CH-T group 
(p=0.026). MDI of the MatGD subgroup and PDI scores of both the MPHD and MatGD 
subgroups were not significantly different from the CH-T group. PDI of the MPHD subgroup 
was significantly lower than the population mean (p=0.002), MDI scores did not differ 
significantly from the population mean (p=0.053).
Within the total CH-T group MDI and PDI scores of patients starting T4 supplementation 
before the age of 10 days and patients starting after the age of 10 days were not significantly 
different, neither were these scores different within the severity subgroups. PDI scores of 
patients in the CH-T group starting with initial T4 dose >11.2 µg/kg were significantly lower 
than of those patients starting with initial T4 dose ≤11.2 µg/kg (84.0 and 91.3, respectively, 
p=0.03). The MDI scores of the higher and lower initial T4 dose groups were not significantly 
different (98.8 and 102.7, respectively).
In a bivariate correlation analysis MDI and PDI in the CH-T group appeared not to be 
associated with the initial FT4 concentration (r=-0.046, p=0.624 and r=-0.033, p=0.726, 
respectively) and the starting day of treatment (r=0.002,p=0.987 and r=-0.003, p=0.977, 

respectively). MDI and PDI did correlate weakly with height of the initial T4 dose (r=-0.279, 
p=0.003 and r=-0.246, p=0.009).
In a multiple regression analysis with initial FT4 concentration, starting day of T4 
supplementation and initial T4-dose as independent variables, the initial T4 dose appeared 
to be a weak predictor of MDI (β=-0.297, p=0.002) and PDI (β =-0.266, p=0.007).
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ABSTRACT
Objective
Normalization of plasma thyrotropin in T4-supplemented patients with thyroidal congenital 
hypothyroidism (CH), requires elevated plasma FT4-concentrations as compared to patients 
with acquired thyroidal hypothyroidism. Therefore, bone mineral density (BMD) in patients 
with CH was investigated.
Subjects
In 14 adult women with thyroidal CH and 9 age-matched female controls BMD was 
measured.
Results
There were no significant differences between patients and controls for femoral neck bone 
mineral content (38.6 vs. 37.6gram), BMD (0.98 vs. 1.01g/cm2), T-score (0.1 vs. 0.3SD) and Z-
score (0.1 vs. 0.3SD) and for spine bone mineral content (63.1 vs. 71.9gram). The difference 
in spine BMD (0.97 vs. 1.09g/cm2), T-score (-0.7 vs. 0.4SD) and Z-score (-0.5 vs. 0.6SD) was 
significant (p=0.025, p=0.023, p=0.021 respectively).
Conclusions
Although BMD in patients with CH was slightly lower compared to controls, all scores were 
within the reference range. This does not support the hypothesis that the upwards shifted 
plasma FT4-concentrations in patients treated for CH have a deleterious effect on BMD.
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INTRODUCTION
Thyroid hormone is involved in the process of bone remodelling and has an important role 
in the development and maintenance of bone mass. In case of thyroid hormone excess the 
remodelling cycle is shortened and an imbalance between bone resorption and formation 
occurs leading to a net loss of mineralized bone and increased fracture risk (1,2). Studies on 
bone mineral density (BMD) in hyperthyroid subjects have shown a decrease in BMD (3). 
Besides, also in patients with thyroid cancer who receive suppressive T4 doses, decreased 
BMD has been observed (4).
In general, in T4 supplemented patients, the adequacy of treatment is monitored by 
measuring the plasma TSH concentration, being considered the most sensitive indicator of 
the thyroid hormone state (5). However, when in T4 supplemented patients with thyroidal 
congenital hypothyroidism (CH) plasma TSH concentrations are established within the 
reference range, plasma FT4 concentrations are substantially higher (mean 21.2 pmol/l) than 
in T4 supplemented patients with acquired hypothyroidism (mean 14.8 pmol/l) or in controls 
(mean 13.9 pmol/l) (6). So, T4 supplemented patients with CH, especially those diagnosed by 
neonatal screening, experience an upward shift in FT4 concentrations from early childhood 
on, compared to patients with acquired hypothyroidism or controls.
Childhood is an important phase determining bone quality in later life. During childhood 
bone mineralization increases with age, until the peak bone mass is achieved in early 
adulthood. BMD in late adulthood is, among others, dependent on the height of the peak 
bone mass achieved in early adulthood and the subsequent bone loss.
A few studies have investigated BMD in CH children (7,8), up to the age of 19 years (9). In 
these studies BMD of CH children was not different from controls. However, information on 
BMD in adult patients with CH is lacking.
The aim of this study was to investigate BMD in young adult CH patients, who had been 
treated with T4 since the first month of life. Since CH patients are known to have substantial 
motor problems, due to thyroid hormone deficiency in the pre- and early postnatal period 
(10), this might have negatively influenced their physical activity, which in turn, might have 
influenced BMD (11). Therefore, we evaluated the influence of patterns of physical activity 
on BMD as well.

PATIENTS AND METHODS
Patients
The original cohort of patients with CH born in 1981 and 1982 in The Netherlands and 
detected by neonatal screening consists of 90 female and 46 male patients (12). Of this cohort 
20 females with severe CH (defined as an initial T4 concentration <30 nmol/l) were invited 
to participate in the study; of all patients adult height was within 2 SD of the mean of the 
reference population; in none of the patients menarcheal age was reported as abnormal.
Fourteen patients with CH were willing to participate. Thirteen patients had thyroid 
agenesis and one patient had a total iodide organification defect. The etiological classification 
was based on thyroid function determinants and thyroid imaging. All patients received 



182

Chapter 6.1

T4 supplementation from a few weeks after birth onwards (mean age at initiation of T4 
supplementation 21 days, range 16-26 days). The T4 dosage was adjusted in accordance to the 
European treatment guidelines, i.e. to normalize TSH and accept FT4 in the upper normal 
range (13).
To compare the measurements with healthy controls, nine healthy age and sex matched 
subjects without any known thyroid problem were recruited.
The study protocol was approved by our institutional review board. All study subjects gave 
their written informed consent before participation.

Methods
All study participants visited the outpatient clinic of the Emma Children’s Hospital AMC 
once. During this visit 1) BMD was measured, 2) history of bone fractures in the past and 
information on physical activity, diet, cigarette and alcohol consumption was obtained and 
3) height and weight of the subjects were measured.

Bone mineral density assessment
The bone mineral content (BMC) and bone mineral density (BMD) of the lumbar 
spine vertebrae (L1-L4), and the left femoral neck were assessed with dual energy X-
ray absorptiometry (DXA) using a Hologic scanner (QDR 4500 W, Hologic, Waltham, 
MA, United States of America). Daily phantom scanning during a 1-year period yielded a 
coefficient of variation for BMD of 0.42%.
The BMD (g/cm2) was also expressed as T- and Z-scores. The T-score is obtained by 
comparing the measured BMD to mean BMD of 20-year-old, sex-matched healthy individuals 
(peak BMD) and expressed as standard deviation from this peak BMD. Z-score is obtained 
by comparing the measured BMD to mean BMD of age and sex-matched healthy individuals 
and expressed as standard deviation from this mean BMD. Osteopenia was defined according 
the World Health Organization (WHO) recommendation as a T-score of more than 1.0 SD 
below the mean and osteoporosis as a T-score more than 2.5 SD below the mean. Since there 
are no Dutch nomograms available, the BMD nomograms as provided by the manufacturer 
of the DXA scanner were used.

Physical activity questionnaire
The questionnaire was adapted from a course of life questionnaire (14). The participants were 
asked whether they had joined a sports club during primary school and secondary school 
and whether they participated in sports activities at present and if yes, the frequency of the 
present sports activities (in times per month).

Motor skills
The CH patients formerly participated in a study on cognitive and motor development. Motor 
skills were assessed with the Movement Assessment Battery for Children (MABC) (15,16). 
The test results are expressed in terms of a Total Motor Impairment score (ranging from 0 
to 40), a Manual Dexterity score (0-15), a Ball Skills score (0-10) and a Balance score (0-15); 
higher scores indicate more motor problems. A Total Motor Impairment score >9.5 indicates 
motor problems (which is seen in 15% of the normative population).
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The results of motor assessments were analyzed in relation to the results of BMD assessments 
and whether fractures in the past had been reported.

Statistical analysis
Data are expressed as mean and 95% confidence intervals (95% CI). The Mann-Whitney U 
test, Chi-square test and non-parametric binomial test were performed where appropriate. 
Spearman correlation coefficient was used for correlation analysis (SPSS 11.5, Chicago IL 
USA). A p-value of <0.05 was considered statistically significant.

RESULTS
Table 1 displays characteristics of the CH patients and controls. There was no significant 
difference between CH patients and controls in age (22.5 vs. 22.3 years, p=0.186), height 
(172.3 vs. 174.2 cm, p=0.395) or in body mass index (23.4 vs. 23.0 kg/cm2, p=0.378). The 
six non-participating patients did not differ from the participating group. Especially no 
differences were found in attained adult height and weight. None of the patients or controls 
was on a special diet. All patients used thyroxine, mean dose 170 µg/day (range 125-212.5 µg/
day). At the latest measurement before the study their mean FT4 concentration was 1.7 ng/
dL (22.3 pmol/l), range 1.4-2.2 ng/dL (18.0-27.9 pmol/l) and their mean TSH concentration 
was 1.5 mU/l, range 0.5-3.7 mU/l.

Table 1. Characteristics of patients and controls

CH patients
n=14

Controls
n=9

p

Age (years) 22.5 (22.2-22.9) 22.3 (20.7-23.9) 0.186
Height (cm) 172.3 (168.2-176.4) 174.2 (168.9-179.4) 0.395
BMI (kg/cm2) 23.4 (21.6-25.2) 23.0 (20.3-25.7) 0.378
% participating in sports 57% 89% 0.106
    activities during primary school
% participating in sports 43% 67% 0.265
    activities during secondary school 
% participating in sports 43% 89% 0.027
    activities at present
Number of sports activities at present 3.8 (0-15) 6.1 (0-12) 0.152
    per month (range) 
% drinking 2-10 alcoholicbeverages/week* 50% 89% 0.056
% smoking cigarettes 57% 44% 0.552
% of subjects with fractures in the past 43% 22% 0.311
Age, height and BMI are expressed as mean, with 95% confidence interval between brackets. 
Number of sports activities at present per month is expressed as mean, with the range between brackets.
* none of the subjects used >10 alcoholic beverages/week
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During primary and secondary school there was no significant difference in the percentage 
of patients and controls participating in sports activity (p=0.106 and p=0.265 respectively). 
At the time of BMD evaluation, a significantly smaller percentage of CH patients participated 
in sports activity compared to controls (p=0.027). CH patients sported less frequent per 
month compared to controls but this difference was not significant (p=0.152). There was 
no significant difference between CH patients and controls in alcohol consumption or the 
percentage of smokers and non-smokers (p=0.056 and p=0.552). Although CH patients 
reported to have had more fractures in the past than controls (43% vs. 22%) the difference 
was not significant (p=0.311).

Bone mineral assessment of the left femoral neck
Figure 1A and 1B show BMD and T-score of the femoral neck. There were no statistically 
significant differences between CH patients and controls for femoral neck BMC (38.6 vs. 
37.6 gram, p=0.753), BMD (0.98 vs. 1.01 g/cm2, p=0.361), T-score (0.1 vs. 0.3 SD, p=0.429) 
and Z-score (0.1 vs. 0.3 SD, p=0.448) (Table 2). Neither in the CH-group, nor in the control 
group was the T-score or Z-score significantly different compared to the population mean 
(p=0.821, p=0.784 respectively).
In the patient group 29% had a T-score or Z-score below -1.0 SD, whereas in the norm 
population, by definition, 16% has a score below -1.0 SD. None of the controls had a T-score 
or Z-score <-1.0 SD. The differences in percentages between patients and controls were 
not significant (p=0.078 for both T- and Z-score), neither between patients and the norm 
population (p=0.174 for both T- and Z-score). None of the CH-patients had a T-score or Z-
score below -2.0 SD.

Bone mineral assessment of the lumbar spine
Figure 1A and 1B show BMD and T-score of the lumbar spine. In one CH-patient BMC and 
BMD of the spine could not accurately be measured (her umbilical piercing could not be 
removed). The difference between CH patients (n=13) and controls for spine BMC (63.1 vs. 
71.9 gram) was not significant (p=0.116). For spine BMD (0.97 vs. 1.09 g/cm2), T-score (-0.7 
vs. 0.4 SD) and Z-score (-0.5 vs. 0.6 SD) differences between the CH-group and controls 
were significant (Table 2, p=0.025, p=0.023, p=0.021 respectively). When compared to the 
population mean, the T-score and Z-score were significantly lower in CH patients (p=0.003, 
p=0.017 respectively). Although the percentage of patients with a T-score below -1.0 SD (31%) 
was higher than the percentage of controls (0%) or the norm population (16% by definition) 
the differences were not significant (p=0.066, p=0.141 respectively). None of the CH patients 
had a T-score or Z-score below -2.0 SD.

Influence of physical activity and motor skills
In the CH-group 4 patients never participated in any sports activities. Although the mean 
femoral neck T-score and mean femoral neck Z-score of these patients (T-score -0.5 SD, 
Z-score -0.4 SD) were lower than in the patients and controls who did participate in sports 
activity, at any time during life (T-score 0.3 SD, Z-score 0.3 SD), the differences were 
statistically not significant (p=0.193 and p=0.179 respectively). Also the spine T-score and 
Z-score of these 4 patients (T-score -0.2 SD, Z-score 0.0 SD) were not different from patients 



Figure 1A.  BMD of left femoral neck and lumbar spine.
Femoral neck is presented as an open square, lumbar 
spine is presented as a closed triangle.

Figure 1B. T-score of left femoral neck and lumbar spine.
Femoral neck is presented as an open square, lumbar 
spine is presented as a closed triangle

Table 2. Results of BMD assessment

CH patients Controls p
n=14 n=9

Femoral neck total BMC (g) 38.6 (31.7 to 45.4) 37.6 (33.8 to 41.5) 0.753
Femoral neck total BMD (g/cm2) 0.98 (0.90 to 1.06) 1.01 (0.94 to 1.07) 0.361
Femoral neck total T-score 0.1 (-0.6 to +0.7) 0.3 (-0.2 to +0.9) 0.429
% (n) with T-score < -1SD 29% (4) 0% (0) 0.078
Femoral neck total Z-score 0.1 (-0.6 to +0.7) 0.3 (-0.2 to +0.9) 0.448
% (n) with Z-score < -1SD 29% (4) 0% (0) 0.078

CH patients Controls p
n=13 n=9

Spine total BMC (g) 63.1 (59.3 to 66.9) 71.9 (62.1 to 81.6) 0.116
Spine total BMD (g/cm2) 0.97 (0.93 to 1.02) 1.09 (1.00 to 1.19) 0.025
Spine total T-score -0.7 (-1.1 to -0.3) 0.4 (-0.4 to +1.3 ) 0.023
% (n) with T-score < -1SD 31% (4) 0% (0) 0.066
Spine total Z-score -0.5 (-0.9 to -0.1) 0.6 (-0.3 to +1.5) 0.021
% (n) with Z-score < -1SD 15% (2) 0% (0) 0.217
Results of BMC, BMD, T-score and Z-score are presented as mean, with 95% confidence interval between 
brackets.
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and controls (T-score -0.2 SD, Z-score -0.1 SD) who did, at any time during life, exhibit 
sports activity (p=0.831 and p=0.798 respectively). Neither were BMD, BMC, T-score and Z-
score of the femoral neck and spine significantly different between the patients and controls 
who participated in sports activity at the time of BMD evaluation (regardless of any sports 
activity in the past) and those who did not (all p-values >0.05).
There was a weak correlation between the frequency of sports activities per month and 
the BMD, T-score and Z-score of the femoral neck (r=0.417, p=0.048; r=0.432, p=0.040 
and r=0.430, p=0.040, respectively). No significant correlations were found between the 
frequency of sports activities and BMD, T-score and Z-score of the lumbar spine (p=0.348, 
p=0.367, p=0.351 respectively).
In the CH group 8 patients had a Total Motor Impairment score ≤9.5, indicating normal 
motor performance and 6 patients had a Total Motor Impairment score >9.5 indicating 
poor motor performance. Femoral neck T-score (-0.4 SD) and lumbar spine T-score (-0.9 
SD) of the patients with poor motor performance were slightly but not significantly lower 
than femoral neck (0.2 SD) and lumbar spine (-0.5 SD) T-score of the patients with normal 
motor performance (p=0.241 for femoral neck, p=0.099 for lumbar spine). The Total Motor 
Impairment score of patients who had fractures in the past was poorer (10.3) than of patients 
without any fractures (5.0), the difference was not significant (p=0.154).

DISCUSSION
Since the first patients with CH, diagnosed by neonatal screening programmes, have reached 
adulthood, we are starting to learn about the long-term prognosis of early and adequately 
treated CH-patients. Cognitive and motor development of young adult CH patients seems 
subnormal (17), attributed to (the severity of) hypothyroidism in early life (10) and final height 
is reported to be within the normal range (18). When treated according to international 
guidelines (i.e. to establish TSH within the reference range), patients with thyroidal CH 
experience upwards shifted FT4 concentrations as compared to e.g. T4 supplemented patients 
with acquired thyroidal hypothyroidism (6). The aim of this study was to investigate the 
influence of long-term T4 supplementation and subtle motor impairments on bone mineral 
density in adult patients with thyroidal congenital hypothyroidism.
Although the studied patient group was relatively small, the group was homogeneous i.e. 
all patients had severe thyroidal congenital hypothyroidism at birth and were treated from 
early life on. To further improve the homogeneity of the small study cohort only females with 
CH were selected. Their final height and body mass index were not different from controls. 
Their mean BMD of the left femoral neck was comparable to controls and to the population 
mean. Their mean BMD of the lumbar spine was significantly lower compared to controls, 
although the T-score of most of them was above -1 SD. None of the patients had a score <-
2.5 SD, which is considered to indicate osteoporosis. Apparently in our patient group, the 
lifelong relatively high FT4 concentrations had no deleterious effect on bone formation or 
physical growth.
The effect of (elevated) thyroid hormone concentrations on BMD has been studied in various 
patient groups. Studies on BMD in T4 supplemented CH patients have been consistent in 
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their results. In prepubertal children with CH, tested at the age of 8.5 years, no differences 
were found between patients and controls (7,8). Similarly, spinal Z-score of CH patients (-
0.3SD) tested at late adolescence (17.8 years) was within the normal range (9). Our results 
confirm these findings and show that also at the time the peak bone mass should be achieved 
in early adulthood, BMD of CH patients is within the normal range.
Studies on patients with auto-immune hyperthyroidism and patients receiving TSH-
suppressive T4 doses for goitre or thyroid malignancy have revealed conflicting results. Some 
studies have found a reduction in BMD in patients with hyperthyroidism (3,19), whereas 
others did not (20). In patients receiving T4 supplementation in order to suppress TSH 
concentrations for goitre or after thyroidectomy because of thyroid malignancy, reduced 
(4,21) but also normal (22) BMD has been reported. These data are difficult to extrapolate to 
the CH patient group because of the co-existence of auto-immunity or cancer and because 
elevated (F)T4 concentrations are not present from birth on. Besides, in patients with CH 
plasma T3 concentrations are known to remain within the reference range, despite upwards 
shifted (F)T4 concentrations (6,23), whereas in patients with auto-immune hyperthyroidism 
T3 concentrations are frequently elevated. Since the effect of thyroid hormone on bone is 
known to be mediated via nuclear T3 receptors the risk of decreased BMD might be confined 
to those patients in whom T4 treatment or the thyroid disease itself results in elevated plasma 
(F)T3 concentrations.
Furthermore, recent studies have shown that also TSH has a direct effect on bone remodelling 
(24). A 50% reduction in TSH receptor expression produced profound osteoporosis in 
mice. In these mice, unable to respond to TSH, there was a high turnover state in which 
bone resorption outpaced bone formation. If indeed, reduced TSH concentrations have a 
deleterious effect on bone mineral density, those patients in whom TSH is suppressed due 
to auto-immune hyperthyroidism or due to TSH suppressive T4 treatment, are at risk of 
a decrease in BMD after long-term treatment. This might imply that in CH patients T4 
treatment is not harmful for BMD as long as the treatment goal, i.e. establishing plasma TSH 
concentrations within the reference range, is achieved.
Since physical activity is known to have a positive influence on bone quality, we also tested 
whether BMD was related to the frequency of sports activities. In general, CH patients 
are known to have more motor problems such as clumsiness (10) which was probably also 
reflected by a slightly higher occurrence of bone fractures in the past in our patient group. 
Patients with fractures in the past had poorer motor scores than patients without any 
fractures. Besides, patients with poorer motor skills had lower T-scores for both spine and 
femoral neck than those with normal motor skills. The motor problems might have reduced 
their level of physical activity, which in turn might have negatively influenced their BMD. We 
found a weak correlation between the femoral neck BMD scores and the number of sports 
activities per month. However, despite a lower percentage of patients participating in sports 
activities during childhood, adolescence and at the time of the study, the femoral neck BMD 
scores of CH patients were not different from controls.
In congenital hypothyroidism, both the early initiation of T4 treatment as well as maintaining 
adequate thyroid hormone concentrations in the long term are important factors determining 
psychomotor development and maintaining an adequate physical health. The results of this 
study do not support the hypothesis that the upwards shifted plasma FT4 concentrations 
in T4 supplemented CH patients have a deleterious effect on BMD. However, the reduced 
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physical activity of CH patients might have had some negative influence on BMD. In light 
of our findings there is no reason to change the current treatment strategy of establishing 
plasma TSH within the reference range and accept the subsequent upward shift of plasma FT4 
concentrations. However, it still needs to be established whether also after the attainment of 
the peak bone mass in early adulthood, the subsequent physiological bone loss is not different 
in CH patients, compared to controls.
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ABSTRACT
Several studies have reported an increased incidence of congenital anomalies in patients with 
congenital hypothyroidism. Furthermore, in patients with congenital hypothyroidism with 
mutations in genes known to be involved in thyroid development specific extra-thyroidal 
abnormalities have been observed. The goal of the present study was to gain insight in the 
types and patterns of morphological characteristics depending on the type of congenital 
hypothyroidism of thyroidal origin (CH-T).
In 231 Dutch CH-T patients with a thyroid agenesis, a dystopic thyroid or an eutopic thyroid 
gland, a careful physical examination of the body surface directed to phenotypic abnormalities 
was performed, and compared to a control group of 1,007 Dutch children.The percentage 
of patients with one or more abnormality in the total CH-T cohort (32.9%) and in patients 
with CH-T dystopic thyroid (36.9%) was significantly higher than in the control population 
(21.7%; p<0.001). Especially in the CH-T dystopic thyroid group specific abnormalities i.e. 
turricephaly, bilateral ear pits, and oligodontia, were found significantly more frequent.
The percentage of patients in the total CH-T group with one or more minor anomalies (95.7 
%) was significantly higher than in the control group (82.5%). A number of single as well 
as combinations of minor anomalies and common variants occurred significantly more 
frequent in the CH-T subgroups.
The careful grouping of patients according to their phenotype and the types and patterns in 
morphological findings, may be helpful in subsequent molecular studies in search for new 
genes involved in thyroid development.
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INTRODUCTION
Congenital hypothyroidism (CH) is the most frequent congenital endocrine disorder. In 
the Netherlands the incidence (including transient CH) is 1 in 1,800 newborns [Kempers et 
al.,2006b]. The most frequent subtype of CH is thyroid dysgenesis, and other major subtypes 
are thyroid dyshormonogenesis and central CH [Kempers et al.,2006b]. In thyroid dysgenesis 
the thyroid gland is either absent (thyroid agenesis) or located dystopically (dystopic thyroid). 
In thyroid dyshormonogenesis the gland is located at the normal position and its size is usually 
normal or hyperplastic, and thyroid hormone production is disturbed due to an inborn error 
of thyroid hormonogenesis. The classification of thyroid hypoplasia is somewhat ambivalent: 
dependent on the molecular background it can be considered as thyroid dysgenesis [Macchia 
et al.,1998], but also as thyroid dyshormonogenesis [Biebermann et al.,1997]. In central 
CH, the regulation of thyroid hormone production is impaired due to a dysfunction of the 
hypothalamus-pituitary regulatory system.
Developmental biologic studies in recent years have shown that early (human) thyroid gland 
development is dependent on the interplay of proteins encoded by TITF1 (NKX2.1), FOXE1 
(TITF2), NKX2.5, and PAX8 [Macchia et al.,1998; De Felice et al.,2004; Dentice et al.,2006] 
and possibly by GLIS3 [Senee et al.,2006]. However, screening of large cohorts of patients 
with thyroid dysgenesis for mutations of the above genes has yielded mutations in only a 
small percentage [Perna et al.,1997; Lapi et al.,1997; Macchia et al.,1998; De Felice et al.,2004; 
Tonacchera et al.,2004; Castanet et al.,2005; Dentice et al., 2006], and in the majority of 
patients the molecular background remains unknown at present.
In some patients with known mutations concomitant major malformations have been 
reported, such as choanal atresia and cleft palate in FOXE1 mutations [Clifton-Bligh et 
al.,1998], pulmonary anomalies and choreoathetosis in TITF1 mutations [Krude et al.,2002], 
renal agenesis in PAX8 mutations [Meeus et al.,2004], cardiac malformations in NKX2.5 
mutations [Dentice et al.,2006], and neonatal diabetes mellitus in GLIS3 mutations [Senee et 
al.,2006]. Furthermore, many studies have reported on the increased incidence of congenital 
anomalies in CH patients. Olivieri et al [2002] found a high prevalence of additional 
congenital malformations (6.9% in their population of 490 patients with permanent CH). 
Cardiac anomalies were most frequent (5.5%) but also anomalies of nervous system, eye, 
musculoskeletal system and digestive system were found as well as cleft palate and/or lip 
[Olivieri et al.,2002]. The same percentage was found in a neonatal CH screening survey 
in the United Kingdom: congenital anomalies (mainly cardiac defects and dislocated hips) 
were found in 7% out of a population of 493 patients [Grant et al.,1988]. In Georgia 13 of 100 
patients with CH had congenital heart defects, 10 had non-cardiac malformations (mainly 
gastrointestinal tract and malformations of the genitourinary system) and 17 respiratory 
distress [Fernhoff et al.,1987]. Kreisner et al. detected malformations in 13.2% out of 76 
patients with permanent CH, predominantly cardiac malformations, but also cleft palate 
and lip and bifid spine were found [Kreisner et al.,2005]. Other studies also reported a 
high prevalence of congenital abnormalities mainly cardiac defects,  pulmonary problems, 
neurological problems, cleft palate and/or lip, anomalies of urogenital, gastro-intestinal 
and musculoskeletal system, as well as chromosomal abnormalities [Bamforth et al.,1986; 
Lazarus et al.,1988; New England Congenital Hypothyroidism Collaborative1988; Rosenthal 
et al.,1988; Majeed-Saidan et al.,1993; Chao et al.,1997; Roberts et al.,1997; Al Jurayyan et 
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al.,1997; Devos et al.,1999; Castanet et al.,2001]. So, from literature it appears that the number 
of ‘malformations’ in CH patients is higher than reported in earlier studies on newborn 
infants (2-3.6%) [Marden et al.,1964; Mehes1983; Merlob et al.,1985; Leppig et al.,1987].
In most of the above mentioned studies the presence of malformations was retrieved 
from the patients’ medical files. Occasionally patients were physically examined for major 
malformations for study purposes, but in none of the studies patients were evaluated for 
minor anomalies. Morphological findings were not systematically correlated to etiological 
subgroups of CH. This has prevented the recognition of specific patterns in phenotype 
in subgroups of CH patients. Careful grouping of patients according to their clinical 
morphological phenotype allows establishing groups that are more homogeneous, and may 
be helpful in subsequent molecular studies for causative genes.
The goal of the present study was to investigate a large group of well characterized CH patients 
for morphological characteristics, and to correlate these finding with the type of CH.

METHODS
Patients
The present study is part of an ongoing national study of the evaluation of effects of CH 
screening in The Netherlands. The primary goal of this study is to test cognitive and motor 
outcome of CH patients from three age cohorts born between 1981-1982 (n=136), 1992-
1993 (n=141) and 2002-2004 (n=213), respectively. The characteristics of the cohorts are 
summarized in Table I. Due to the national registration the number of CH patients born 
each year and detected by screening in The Netherlands is known. Also the children with 
CH, not detected by screening but later on found by clinical features, are registered.
Reasons for exclusion of patients from the present study were: the presence of a known 
syndrome (n=37; specification in Table 1); moved abroad (n=9); early death (n=11); 
euthyroidism without T4-supplementation (n=4); expressed problems with Dutch language 
(n= 7); severe mental retardation due to perinatal encephalopathy (n=3); blindness (n=1); 
deafness not part of Pendred syndrome (n=1); (treatment for) brain tumor (n=1); lost to 
follow-up (n=1); severe psychosocial problems (n=2); and non-cooperation of physician in 
charge (n=1) (see also Discussion).
In all patients the cause of CH was determined, and classified in six categories [Vulsma 
et al., 2006; Kempers et al.,2006a; Kempers et al.,2006c]: congenital hypothyroidism of 
thyroidal origin, due to thyroid agenesis (n=64); abbreviated as ‘CH-T thyroid agenesis, 
congenital hypothyroidism of thyroidal origin, due to dystopic thyroid gland (n=122); 
abbreviated as ‘CH-T dystopic thyroid’ congenital hypothyroidism of thyroidal origin, with 
normally located thyroid gland (n=45); abbreviated as ‘CH-T eutopic thyroid’ congenital 
hypothyroidism of central origin, part of multiple pituitary hormone deficiencies (n=20) 
congenital hypothyroidism of central origin, due to inadequately treated maternal Graves’ 
disease during pregnancy (n=11) congenital hypothyroidism of unknown origin (n=24)
Because of the (possible) central origin of CH and small group size, the latter three categories 
were excluded from the analyses.
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Morphological Examination
All patients were invited in writing to participate both to psychological assessments as to a 
physical examination. All participating patients (or parents if children were aged <12 years) 
gave written informed consent.
The primary investigator (MJEK) was a physician, trained in clinical morphology by a 
pediatrician-clinical geneticist (RCMH). All patients had a careful physical examination of 
the body surface directed to phenotypic abnormalities using detailed definitions, as discussed 
elsewhere [Merks et al.,2003].  Auscultation of the heart, abdominal palpation, examination 
of internal organs and of the external genitalia was not performed. All patients were seen by 
the primary investigator; 18 patients (6.3%) were seen together with the second investigator 
(RCMH). Digital photographs were taken from 218 patients of the 231 participating patients 
(94%) and all were discussed with the second investigator (RCMH). All anomalies observed 
by the primary investigator were photographed and discussed with the second investigator; 
only when both agreed on the presence of an anomaly the item was scored positive.

Table I. Patient characteristics of the three cohorts with congenital hypothyroidism.

Cohort Total 
number

No. of excluded patients,
with specification of the 
known syndromes

Invited/
Participating 

(%)

Mean age at 
physical

examination 
(yr)

1981-82 136 13 123/72 (59%) 21.7
syndromes:
Trisomy 21 (3)
Pendred (1)
46,XY, dup14 (pterq24.3::q22q24.3::
q24.3qter) (1)

1992-93 141 23 118/89 (75%) 10.6
syndromes:
Trisomy 21 (2)
Triple X (1)
Albright Hereditary Osteodystrophy (3)
Congenital Disorder of Glycosylation 1A (1) 

2002-04 213 41 171/125 (73%) 1.1
syndromes:
Trisomy 21 (15)
Trisomy 13 (1)
46,X,del(X)(p22.2).ish der(X)t(X;19)(p22.2;
p13.3) (1)
Cornelia de Lange (1)
Duchenne Muscular Dystrophy (1)
Prader-Willi (1)
Congenital nephrotic syndrome (1)
Beckwith-Wiedemann (1)
Septo-optic dysplasia (1)
Johansson-Blizzard (1)
Turner (1)



198

Chapter 7.1

The institutional review board of the Emma Children’s Hospital AMC approved the study 
protocol.

Controls
The data of the present CH-T cohorts were compared to data obtained in a group of control 
children (n=1,007), using the same methodology and set of definitions for phenotypic 
abnormalities [Merks et al.,2006]. The median age of the controls at examination was 11.0 
years (range 8-14 years).

Definitions, terminology, and classification of phenotypic abnormalities
Prior to the study, definitions were set for all phenotypic abnormalities that can be scored 
by body surface examination [Merks et al.,2003]. The phenotypic abnormalities were 
classified according to their (presumed) pathogenesis [Merks et al.,2003], and subdivided 
into: 1. Abnormalities, caused by abnormal development, and 2. Minor variants, caused by a 
defect in phenogenesis, arising after 8 weeks of gestation, which can be subdivided into two 
categories, based on their prevalence in the normal population A. Minor anomalies: having a 
prevalence in the normal population by definition of £ 4% and B. Common variants: having 
by definition a prevalence in the normal population of >4%.

Statistical Analysis
The percentage of observed morphological characteristics in the total CH-T group, in the 
various categories of CH-T etiology, and in the controls were compared using Chi-square 
tests or Fisher’s exact tests in case of small numbers. The following phenotypic abnormalities 
were selected for analysis: 1) minor anomalies with a prevalence of >4%; 2) common variants 
with a prevalence of >8% (the threshold for common variants of 8% was arbitrarily chosen); 
3) abnormalities occurring more frequent in the CH-T subgroups than in the controls. 
Statistical significance was considered to exist if the two-tailed p-value was <0.05. Multiple 
testing was addressed by applying the p-value correcting method of Benjamini and Hochberg 
[Benjamini et al.,1995], which minimizes the false detection rate (FDR).
For the minor anomalies with a prevalence >4%, common variants with a prevalence of >8% 
and abnormalities occurring more frequent in the CH-T subgroups a multivariate model was 
performed with discrimination analysis (stepwise method).

Table II. Etiologic classification of the participating patients 

CH-T
thyroid 
agenesis

CH-T
dystopic thyroid

CH-T
eutopic thyroid

Total number of 
patients

2002-2004 cohort 24 40 18 82
1992-1993 cohort 17 45 17 79
1981-1982 cohort 23 37 10 70
Total 64 122 45 231
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RESULTS
A total of 231 patients (162 females) were examined (Table II). The mean ages at the time of 
examination were 1.1, 10.6 and 21.7 years in the 2002-2004, 1992-93 and 1981-82 cohorts, 
respectively (see Table I). Twenty-five patients were of non-Caucasian descent, 206 of 
Caucasian descent (both parents).
The percentage of CH-T patients with one or more abnormality (apart from the thyroid 
condition) was 32.9%. This was significantly higher than the percentage of 21.7% in the 
control population (p<0.001). Analysis of the three CH-T etiology groups separately revealed 
that only the percentage in the CH-T dystopic thyroid group was significantly higher than 
in the control group (p<0.001, Table IIIA). The types of abnormalities observed are indicated 
in Table IIIB. There were no significant differences in the percentage of patients with 
abnormalities between the three CH-T etiology groups. Excluding children with hemangioma 
from the 2002-04 cohort (a malformation that will be more frequent in one year old children 
than in the other groups), resulted in slightly lower percentages, but the percentages in the 
total CH-T group, and the CH-T dystopic thyroid group were still significantly higher than in 
the control group (p=0.024 and p=0.016, respectively).
The percentage of patients with one or more minor anomalies in the total CH-T group (95.7 %) 
was significantly higher than in the control group (82.5%), see Figure 1. Also the percentages 
in the three CH-T etiology subgroups were significantly higher than in the control group. 

Table IIIA. Percentages of patients with abnormalities in the CH etiology groups and in the control group.

Percentage of patients with 1 or more abnormality
CH-T thyroid agenesis 28.1 % (95% CI 16.8-39.4)
CH-T dystopic thyroid 36.9% * (95% CI 28.2-45.6)
CH-T eutopic thyroid 28.9% (95% CI 15.1-42.7)
CH-T total 32.9% * (95% CI 26.8-39.0)
Controls 21.7% (95% CI 19.2-24.3)
* p<0.001 compared to the control group 
CI = Confidence Interval 
Excluding children of the 2002-04 cohort with hemangioma resulted in the following percentages for the CH-T 
thyroid agenesis, dystopic thyroid, eutopic thyroid and total group of 26.6%, 32.0%, 24.4%, 29.0%

Figure 1. Prevalence of minor anomalies. For the three CH-T etiology subgroups, the total CH-T group, and the 
control group the prevalence of minor anomalies is presented
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In the total CH-T group 81.4% had 2 or more minor anomalies and 58.9% had 3 or more 
anomalies compared to 55.7% and 32.7% respectively, in the control group.
In Table IV (shown at the end of this chapter) the prevalence of phenotypic abnormalities is 
shown for the three CH-T etiology groups and the controls. Those minor anomalies occurring 
at a frequency >4%, and common variants >8% are separately presented in Table VA, B and C. 
A number of minor anomalies and common variants occurred significantly more frequent 
in the CH-T subgroups: 18 in the CH-T thyroid agenesis (Table VA), 18 in the CH-T dystopic 
thyroid group (Table VB) and 23 in the CH-T eutopic thyroid group (Table VC), (Table 4A,4B 
and 4C are shown at the end of this chapter). Some common variants or minor anomalies 
such as broad nose tip, prominent lower jaw, long philtrum and prominent/deep philtrum 
were not specific for one CH-T etiology subgroup, but occurred significantly more frequently 
in all three CH-T group(s) than in controls.
Of the abnormalities bilateral ear pits (p=0.006, FDR-corrected), oligodontia (p=0.006, FDR-
corrected, calculated for the 1992-93 and 1981-82 cohorts only), turricephaly (p=0.006, 

Table IIIB. List of abnormalities in the three CH-T etiology groups 

CH-T
thyroid 
agenesis

CH-T
dystopic
thyroid

CH-T
eutopic
thyroid

Short stature proportionate + +
Trigonocephaly +
Turricephaly +
Slow hair growth +
Nose alae coloboma + + +
Voice dysarthria +
Open mouth appearance + + +
Upper lip cleft non-midline +
Gums hypertrophy +
Teeth oligodontia +
Teeth fusion incisors +
Ear crumpled +
Helices pits +
Ear pits unilateral + +
Ear pits bilateral + +
Nipples supernumerary   + +
Back scoliosis + + +
Toes post-axial polydactyly +
Joints contracture +
Hypomobility small and large joints +
Hypermobility small and large joints +
Skin localized hypoplasia/aplasia +
Cafe au lait multiple + + +
Capillary hemangioma + + +
Port-wine stain + + +
Abnormalities observed in the CH-T etiology subgroup are indicated by ‘+’
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FDR-corrected) and nose alae coloboma (p=0.034, FDR-corrected) were significantly more 
frequent in the CH-T dystopic thyroid group than in controls. Also hemangioma occurred 
significantly more frequent in the CH-T dystopic and CH-T eutopic thyroid groups, but the 
p-value became non-significant when the youngest cohort was excluded from analysis.
Multivariate analysis showed in each CH-T subgroup combinations of discriminating 
common variants and minor anomalies: 16 in CH-T thyroid agenesis, 17 in CH-T dystopic 
thyroid and 23 in CH-T eutopic thyroid, indicated in Table VA, VB and VC.

DISCUSSION
We have demonstrated a strikingly high prevalence of visual phenotypic abnormalities in 
a large cohort of CH-T patients. Minor anomalies as well as abnormalities were seen more 
frequent in the CH-T patients than in the control group and each CH-T subgroup was found 
to have a combination of several discriminating items. Especially in the CH-T dystopic 
thyroid group specific abnormalities i.e. turricephaly, bilateral ear pits, and oligodontia were 
found significantly more frequent.
These results are in line with previous reports in literature describing that extrathyroidal 
abnormalities are frequently found in CH patients [Bamforth et al.,1986; Fernhoff et al.,1987; 
Lazarus et al.,1988; New England Congenital Hypothyroidism Collaborative1988; Grant et 
al.,1988; Rosenthal et al.,1988; Siebner et al.,1992; Majeed-Saidan et al.,1993; Chao et al.,1997; 
Roberts et al.,1997; Al Jurayyan et al.,1997; Devos et al.,1999; Olivieri et al.,2002; Kreisner et 
al.,2005].
However, to explore the spectrum of phenotypic abnormalities in CH patients the 
interpretation of previous studies proves to be difficult because: a. CH etiology was not well 
classified; b. patients with transient CH (often due to external factors) were included; c. patients 
were not physically examined by the investigators specifically for the study; d. only major 
malformations were recorded, and not minor anomalies; e. lack of control data. The present 
study tried to overcome these problems. Only patients with permanent thyroidal CH were 
included and each patient was classified in of three major etiologic subgroups. Furthermore, 
in the present study all patients underwent a clinical morphological examination by the same 
observer, using a list of 683 well defined phenotypic abnormalities. Lastly, the prevalence of 
phenotypic abnormalities could be compared to a large control group (n=1,007) that was 
recently investigated by our group using a similar study protocol [Merks et al.,2006].
The use of three cohorts of CH-T patients with different ages can be considered a limitation 
because changes in phenotypes occur with age, and because the control group consisted of 
children between the age of 8 and 14 years. We tried to overcome this shortcoming by scoring 
those items which were considered age-dependent, differently in the three cohorts, e.g. in the 
youngest cohort (mean age 1.1 years) a flat nasal bridge which is commonly occurring at this 
age, was scored only if unusually prominent in the infant, whereas in the oldest cohort (mean 
age 21.7 years) eyebrow synophrys was scored only if prominent, as some synophrys is so 
commonly seen in adults.
The inclusion criteria of the study require some comments. This study was linked to the study 
evaluating cognitive and motor development. Therefore, patients were excluded when they 
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had a syndrome known to be associated with mental or motor retardation (such as Down 
syndrome), or when such severe cognitive or motor disabilities were present that it seemed 
unlikely to be related to the neonatal hypothyroidism, but more likely to be part of another, 
syndromic entity. Undoubtedly, in the excluded patients different phenotypic abnormalities 
and/or known syndromes will have been present. Indeed, several syndromes (such as 
Down, Kabuki, Young-Simpson, Johansson-Blizzard, Pendred and Williams syndrome, and 
Albright Hereditary Osteodystrophy) are known to be associated with CH [Gould et al.,1989; 
Masuno et al.,1999; Kawame et al.,1999; van Trotsenburg et al.,2003; Glaser2003; Stagi et 
al.,2003; Vulsma et al ., 2006]. However, it was not the goal to study CH in relation to various 
syndromes, but to evaluate the phenotype of various forms of CH-T. The present data refer to 
the majority of CH-T patients in whom in general no syndrome is suspected or established.
The present results support our hypothesis that the prevalence of phenotypic abnormalities 
in patients with CH-T due to thyroid dysgenesis is increased compared to controls. It 
seems likely that genes involved in thyroid development have functions in other tissues 
as well, and that one may expect that abnormal functioning of the involved genes during 
thyroid development will go along with abnormal functioning of pathways important for 
the development of other structures as well. In this respect the study can be compared to 
studies in children with cancer, where similar results have been found [Merks et al.,2005]. 
The relatively high frequency of oligodontia in the CH-T dystopic thyroid group can serve as 
an example of gene(s) involved in the development of two different tissues.
It may seem unexpected that also in the CH-T eutopic thyroid group phenotypic abnormalities 
were found to be present. It is known however that genes may have different functions, 
being a structural gene in one tissue and act as an enzyme in another. Examples for this 
are fibrillin-1 which acts as a structural protein in connective tissue and also has enzymatic 
functions (up-regulation of TGFB1 signaling) [Neptune et al.,2003], and Albright Hereditary 
Osteodystrophy, in which mutations in Gsα are involved in TSH signaling and patients also 
exhibit a variety of structural anomalies [Vulsma et al ., 2006]. Thyroid hypoplasia, leading 
to CH-T, is an etiologically heterogeneous subgroup and has been related to mutations in 
transcription factors as well as to TSH-receptor mutations [Biebermann et al.,1997; Congdon 
et al.,2001]. One or more of these genes may have other functions elsewhere, which could 
explain the increase in abnormalities in phenotype development. Lastly, some phenotypic 
abnormalities were found with increased frequency in all three CH-T etiology subgroups. 
This may indicate that fetal hypothyroidism in itself can induce permanent morphological 
features as well.
In conclusion, we described a high prevalence of visual phenotypic abnormalities in CH-T 
patients. In patients with CH-T due to a dystopic thyroid remnant minor anomalies and 
abnormalities were found most frequently, but also in patients with thyroid agenesis or with 
CH-T and a normally located thyroid gland high percentages of phenotypic abnormalities were 
found. The various associations should be helpful in further studies identifying underlying 
genetic defects. The next step will be to match the specific phenotypic abnormalities found 
in CH-T patients to known syndromes and animal knock-out models which may point to 
novel steps in developmental pathways.
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Table IV. List of phenotypic abnormalities and their frequencies (%) in the three CH-T etiology groups and in 
the control group. 

CH-T
thyroid
agenesis

CH-T
dystopic
thyroid

CH-T
eutopic
thyroid

Controls

Number of patients 64 122 45 1007

Build 
Truncal obesity 0 0 0 2.7
Generalized obesity 3.1 7.4 0 2.0
Thin/slender build 1.6 0 2.2 2.4
Muscular build 1 0 0 0 2.2
Stature 
Short (proportionate) 4.7 1.6 0 2.5
Short (short limbs) 0 0 0 0
Short (short trunk) 0 0 0 0
Tall (proportionate) 3.1 2.5 0 2.2
Tall (long limbs) 0 0 0 0
Neurocranium size
Microcephaly 1.6 0 0 2.3
Macrocephaly 0 3.3 4.3 2.1
Neurocranium shape 
Brachycephaly 0 1.6 0 0
Dolichocephaly 1.6 0.8 0 0
Plagiocephaly 3.1 0 2.2 0
Trigonocephaly 0 0 2.2 0
Turricephaly 0 2.5 0 0
Kleeblattschedel 0 0 0 0
Neurocranium sutures 
Ridged sutures 0 0 2.2 0
Wide sutures 0 0 0 0
Small anterior fontanel 0 0 0 0
Early closure fontanels 0 0 0 0
Delayed closure fontanels 0 0 0 0
Extra fontanels 0 0 0 0
Hair growth 
Alopecia totalis 0 0 0 0
Alopecia areata 0 0 0 0.1
Sparse implantation * 3.1 2.5 0 0
Slow growth 0 0.8 0 0
Male pattern baldness 1.6 1.6 2.2 0
High anterior hairline 10.9 9.0 6.5 2.5
Low anterior hairline 12.5 4.1 4.3 0.4
Widow’s peak 7.8 5.7 15.2 6.3
Cow’s lick 7.8 8.2 2.2 14.9
Abnormal whorl (not frontal) 0 0 0 0.3
Hair structure 
Fine 0 0.8 0 0.3
Dry 0 0 0 0.5
Soft * 0 0 0 0.2
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Coarse 1.6 2.5 0 1.2
Brittle 0 0 0 0
Uncombable 0 0 0 0
Kinky 0 0 0 0.3
Hair pigmentation 
Generalized hypopigmentation 0 0 0 0
Patchy depigmentation 0 0 0 0.1
Premature graying 0 0.8 0 0.1
Unusual color 0 0 0 0.8
Face general 
Facial cleft 0 0 0 0
Asymmetry 3.1 4.1 8.7 1.5
Coarse 0 0 0 0.5
Small 0 0 0 0.8
Narrow/elongated 1 6.3 5.7 8.7 2.3

4.7 c.v. / 1.6 m.a. 1.6 c.v. / 4.1 m.a. 2.2 c.v. /  6.5 m.a.
Broad 0 1.6 0 0.3
Round-shaped 2 6.3 4.1 0 2.8

0 c.v. / 6.3 m.a. 1.6 c.v. / 2.5 m.a.
Square shaped 1.6 4.9 2.2 0.9
Triangular shaped 0 0 0 0.1
Flat 0 0.8 0 1.0
Lipodystrophy 0 0 0 0
Premature ageing 0 0 0 0
Prominent creases 0 0 0 0
Expressionless/dull 0 0 0 0
Hypotonic 0 0 0 0
Hypoplastic malae 0 0 0 0.6
Midface hypoplasia 0 0 2.2 0
Midface hyperplasia 0 0 0 0
Full cheeks 2 10.9 7.4 8.7 3.2

9.4 c.v. / 1.6 m.a. 4.9 c.v. / 2.5 m.a. 6.5 c.v. / 2.2 m.a.
Sunken cheeks 0 0 0 0
Broad lower 1/3 part 0 0 0 0
Facial nerve 
Peripheral asymmetry 0 0 0 0
Central asymmetry 0 0 0 0
Forehead 
Metopic ridge 4.7 3.3 8.7 0
Frontal bossing 2 3.1 3.3 4.3 0.6

3.1 c.v. / 0 m.a. 2.5 c.v. / 0.8 m.a. 4.3 c.v. / 0 m.a.
Prominent 2 10.9 13.1 4.3 2.4

9.4 c.v. / 1.6 m.a. 9.8 c.v. / 3.3 m.a. 2.2 c.v. / 2.2 m.a.
Prominent glabella 0 0 0 0
Glabella bone defect 0 0 0 0
Sloping 0 0.8 0 0.5
Ridged 0 0 0 0
Broad/wide 2 1.6 0.8 0 1.6

0 c.v. / 1.6 m.a. 0.8 c.v. / 0 m.a.
Short 0 0 2.2 1.4
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Biparietal narrowing 0 3.3 2.2 0.2
Hyperplastic supraorbital ridges 0 1.6 2.2 0
Hypoplastic supraorbital ridges 0 0 0 0
Eyes 
Cyclopia 0 0 0 0
Asymmetry 3.1 4.1 6.5 0.3
Strabismus 1.6 0 2.2 0.1
Nystagmus 0 0 0 0
Duane (retraction) anomaly 0 0 0 0
Deeply-set 1.6 0.8 4.3 4.5
Proptosis 3.1 2.5 2.2 0.9
Microphthalmos 0 0 0 0.2
Buphthalmos 0 0 0 0
Cryptophthalmos 0 0 0 0
Orbital cysts 0 0 0 0
Hypotelorism 1.6 4.1 2.2 1.8
Hypertelorism 0 2.5 0 2.1
Iris 
Aniridia 0 0 0 0
Hypoplasia 0 0 0 0
Atrophia/dysplasia 0 0 0 0
Coloboma 0 0 0 0.5
Brushfield spots 0 0 0 0.1
Heterochromia 0 0 0 0
Hypopigmentation 0 0 0 0
Iris stellata 0 0 0 0.2
Iris bicoloris 0 0 0 0.5
Pupils 
Ectopic 0 0 0 0
Abnormal size or movement 0 0 0 0
Asymmetry 0 0 0 0
Persistent pupillary membrane 0 0 0 0
Lens 
Ectopia lentis 0 0 0 0
Size/shape abnormality 0 0 0 0
Cataract 0 0 0 0
Cornea 
Microcornea 0 0.8 0 0
Macrocornea * 0 0 0 0
Cloudy 0 0 0 0
Anesthesia 0 0 0 0
Conjunctiva 
Noduli 0 0 0 0
Teleangiectasia 0 0 0 0
Epibulbar dermoids 0 0 0 0
Sclerae 
Blue colored 0 0 0 0
Nevus of Ota 0 0 0 0
Eyelids 
Ptosis 3.1 6.6 6.5 4.2
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Coloboma 0 0 0 0
Ectropion 4.7 0 2.2 0
Entropion 0 0 0 0
Synechiae 0 0 0 0
Edema 0 0 0 0
Fullness 2 3.1 2.5 4.3 0.3

1.6 c.v. / 1.6 m.a. 0.8 c.v. / 1.6 m.a. 2.2 c.v. / 2.2 m.a.
Full lateral parts 2 10.9 7.4 4.3 0.8

0 c.v. / 10.9 m.a. 0 c.v. / 7.4 m.a. 0 c.v. / 4.3 m.a.
Palpebral fissures 
Blepharophimosis 1.6 0 0 0.6
Palpebral fissures short 1.6 0.8 0 0.3
Wide 1.6 2.5 2.2 0
Asymmetry 0 0 0 0.1
Mongoloid slant 1.6 8.2 10.9 4.3
Antimongoloid slant 3.1 0.8 2.2 0.9
Almond shaped 0 0 0 1.6
Bow shaped 1.6 0 0 0
Periorbital skin 
Epicanthi 2 7.8 8.2 19.6 3.7

7.8 c.v. / 0 m.a. 7.4 c.v. / 0.8 m.a. 15.2 c.v. / 4.3 m.a.
Telecanthi 1.6 0 0 0.5
Blepharochalasis 0 0 0 0.1
Peri-oribital skin tag 0 0 0 0.1
Infra-orbital skin folds 1.6 1.6 0 0
Peri-orbital fullness 0 0 2.2 1.8
Eyelashes 
Absent 0 0 0 0
Sparsely implanted 1.6 0.8 0 0.1
Prominent 4.7 1.6 2.2 15.8
Double 0 0 0 0
Coloboma 0 0 0 0
Two-colored 0 0 0 0.1
Eyebrows 
Absent 0 0 0 0
Hypoplasia 0 0 0 0
Sparse implantation 4.7 2.5 0 1.6
Double 0 0 0 0.4
Synophrys 3 6.3 1.6 0 1.4
Medial Flare 3.1 3.3 4.3 0
Lateral Flare 0 2.5 2.2 1.1
Medial and lateral flare 0 0 0 0.1
Narrow laterally 0 0 0 0
Arched 0 0 0 0.6
Continuing far laterally 3.1 1.6 2.2 1
Fullness 4.7 4.1 2.2 1.2
Lacrimal glands 
Decreased tear production 0 0 0 0
Lacrimal ducts 
Absent 0 0 0 0
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Extra 0 0 0 0
Abnormal position 0 0 0 0
Nose general 
Absent 0 0 0 0
Choanal atresia/stenosis 0 0 0 0
Cleft 0 0 0 0
Large 3.1 0 0 0.5
Flat 0 0 0 0.3
Small/short 7.8 5.7 2.2 9.2
Long 0 0 0 0.1
Broad 0 1.6 0 1.0
Pinched 1.6 1.6 4.3 1.4
Low hanging columella 10.9 15.6 10.9 4.8
Profile convex 0 1.6 2.2 2.3
Profile concave 0 0.8 0 2.9
Tip deviated 0 0 0 0.5
Septum deviated 4.7 3.3 6.5 0.7
Hairy polyp 0 0 0 0
General ridge prominent 0 0 0 0
General ridge broad 0 0 0 0
Nose alae 
Hypoplasia 0 2.5 4.3 0.6
Coloboma 6.3 4.9 2.2 1.2
Nose nares 
Broad 3.1 0 2.2 0.3
Single 0 0 0 0
Flare 1.6 0.8 2.2 0
Anteversion # 9.4 8.2 11.1 4.0
Asymmetry 0 0 0 0.2
Supernumerary 0 0 0 0
Narrow/thin 0 0 0 0.5
Nose bridge 
Flat 4 0 3.3 0 3

2.5 c.v. / 0.8 m.a.
Prominent/high 5 17.2 7.4 10.9 11.9

14.1 c.v. / 3.1 m.a. 7.4 c.v. / 0 m.a. 10.9 c.v. / 0 m.a.
Wide 1.6 6.6 6.5 3.1
Thin 1.6 0.8 0 3.7
Nose tip 
Bifid 0 3.3 2.2 0.3
Broad 9.4 9.8 13.0 2.6
Flat 0 0 0 0.1
Bulbous 3.1 1.6 2.2 2.5
Overhanging 0 0 0 1.7
Nose septum 
Absent cartilage 0 0 0 0
Short 0 0 0 0.2
Broad 0 0 0 0.9
Narrow 0 0 0 3.6
Nose base
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Broad 3.1 5.7 8.7 5.4
Narrow 0 0 0 0.3
Upper jaw 
Cleft 0 0 0 0
Hypoplastic  0 0 0 0.2
Prominent 3.1 1.6 4.3 2.0
Narrow 0 0 0 0.3
Asymmetry 0 0 0 0
Absent premaxilla 0 0 0 0
Prominent premaxilla 4.7 3.3 0 1.1
Lower jaw 
Absent 0 0 0 0
Cleft 0 0 0 0.1
Asymmetry 1.6 0 0 0
Prominent 6.3 5.7 4.3 0.3
Retro/micrognathia 1.6 4.1 2.2 1.6
Chin 
Dimpled/grooved 4.7 0.8 2.2 2.8
Pointed 1.6 1.6 2.2 0.6
Voice 
Aphonia 0 0 0 0
Nasal 0 0 0 0.2
Dysarthria 0 0 2.2 0.2
Hoarse 0 0 0 0
Cat’s cry/high-pitched 0 0 0 0
Low-pitched 0 0 0 0
Philtrum 
Long 15.6 14.8 15.2 3.0
Short 6.3 9.0 6.5 2.8
Smooth 14.1 12.3 10.9 5.0
Prominent/deep 9.4 7.4 13 1.8
Oral region 
Extra oral frenulae 0 0 0 0
Synechiae 0 0 0 0
Prominent nasolabial folds 0 0 0 0
Oral pigmentation 0 0 0 0
Peri-oral pigmentation 0 0 0 0
Mouth 
Microstomia 4.7 0.8 0 1.0
Macrostomia 4.7 1.6 6.5 0.3
Asymmetry 0 0 4.3 0.1
Open mouth appearance 1.6 0.8 2.2 0
Pouting 0 0 0 0.1
Upturned corners 0 0 0 0
Downturned corners 0 0 0 0.1
Upper lip 
Cleft midline 0 0 0 0
Cleft non-midline 1.6 0 0 0
Thin 10.9 5.7 8.7 8.4
Fullness 6.3 5.7 6.5 5.4
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Tight 0 0 0 0.2
Everted 1.6 1.6 0 2.0
Pit(s) 0 0 0 0
Cupid bow 4.7 4.1 6.5 3.8
Lower lip 
Cleft 0 0 0 0
Pit(s) 0 0 0 0
Fullness 4.7 8.2 17.4 16.1
Thin 0 0 0 0.9
Tight 0 0 0 0.1
Everted/drooping 4 3.1 0 6.5 0.3

0 c.v. / 3.1 m.a. 2.2 c.v. / 4.3 m.a.
Gums 
Fusion and/or jaw 0 0 0 0
Hypertrophy 0 0 2.2 0.2
Palate 
Cleft 0 0 0 0
High/narrow 0 0.8 0 6.0
Short 0 0 0 0.2
Wide 0 0 0 0
Fistula 0 0 0 0
Cleft uvula 0 0 0 0
Absent uvula 0 0 0 0
Hypoplastic uvula 0 0.8 0 0.9
Long uvula 1.6 4.1 0 2.3
Prominent lateral ridges 0 0 0 0
Alveolar ridges 
Thick 0 0 0 0
Cleft 0 0 0 0
Tongue 
Aplasia 0 0 0 0
Hypoplasia 0 0 0 0
Cleft 0 0 0 0
Large 0 0 0 0.1
Lobulated 0 0 0 0
Smooth 0 0 0 0.1
Prominent groove(s) 0 0 0 0.1
Ankyloglossia 0 0 0 0.7
Glossoptosis 0 0 0 0
Protruding 0 0 0 0
Fasciculations 0 0 0 0.4
Geographic 0 0 0 0.5
Teeth 6

Macrodontia 2.5 1.2 7.4 0.6
Microdontia 0 0 0 0.3
Supernumerary teeth 0 0 0 0
Oligodontia 0 4.9 0 0.3
Single central incisor 0 0 0 0
Advanced eruption 0 0 0 0
Delayed eruption 0 0 0 0
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Neonatal 0 0 0 0
Premature loss 0 0 0 0
Dental crowding 0 0 0 2.8
Malocclusion 0 0 0 0.1
Widely spaced 0 0 0 0.3
Abnormally shaped 0 0 0 0.1
Asymmetry 0 0 0 0.2
Fusion incisors 0 1.2 0 0
Diasthema 0 0 0 11.6
Dentin anomalies 0 0 0 0
Enamel anomalies 0 0 0 0
Ear 
Agenesis 0 0 0 0
Small 1.6 4.9 0 5.3
Aplasia 0 0 0 0
Large 1.6 0.8 2.2 3.1
Asymmetry 0 0 0 1.7
Long 1.6 0 0 0
Flat 0 3.3 2.2 0.2
Round (incr AP) 1.6 2.5 6.5 0.2
Narrow (decr AP) 0 0.8 0 0.1
Dysplastic 0 0 2.2 0
Simple 0 0 0 0.1
Cupshaped 0 0 0 2.6
Lop ear 0 0 0 0
Crumpled 0 1.6 0 1.0
Low-set 0 0.8 0 0.5
Posteriorly rotated 1.6 4.9 2.2 1.4
Prominent 1.6 1.6 2.2 2.4
Cystic pinna 0 0 0 0
Calcification cartilage 0 0 0 0
Helices 
Hypoplastic/thin 0 0 0 0.8
Abnormally modeled 1.6 0 6.5 0.1
Overfolded 9.4 19.7 15.2 3.8
No fold 0 0 0 2.5
Notched 0 0 0 0
Horizontal upper ridge 1.6 2.5 0 0.4
Darwins lump 1.6 7.4 6.5 4.6
Pits 1.6 0 0 0
Ear lobules
Hypoplastic/absent 1.6 4.1 0 4.3
Large 7.8 1.6 0 5.4
Attached 1.6 0.8 0 13.0
Uplift 0 0.8 0 0.6
Crease 0 0 0 0
Cleft 0 0 0 0.1
Ear tragus 
Absent 0 0 0 0
Hypoplastic 0 0 0 0
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Ear meatus 
Absent 0 0 0 0
Atresia 0 0 0 0
Narrow 0 0 0 0
Ear pits
Unilateral 1.6 0.8 0 1.2
Bilateral 1.6 2.5 0 0
Ear tags
Unilateral 0 0 0 0.2
Bilateral 0 0 0 0.1
Neck 
Branchial cyst/cleft/sinus 0 0 0 0
Webbing 0 0 0 0
Cystic hygroma 0 0 0 0
Long 0 0.8 0 0
Short 0 0 0 0
Thick/broad 1.6 0 0 0
Torticollis 0 0 0 0
Loose skinfolds 0 0 0 0
Thorax
Broad 0 0 0 0
Narrow 0 0 0 0.2
Increased AP diameter 0 0 0 0.2
Asymmetry 0 0 0 0.9
Short 0 0 0 0
Long 0 0 0 0
Flat 0 0 0 0
Flaring 0 0 0 0
Xiphisternum 0 0 0 0
Pectus carinatum 0 1.6 2.2 0.3
Pectus excavatum 3.1 0 0 2.1
Short sternum 0 0 0 0
Sternum asymmetry 0 0 0 0
Mammae
Absent 0 0 0 0
Hypoplasia 0 0 0 0
Hypertrophy 0 0 0 0
Asymmetry 0 0 0 0
Gynecomastia 0 0 0 0.1
Pseudo-gynecomastia 0 0 0 0.1
Premature development 0 0 0 0
Nipples 
Absent 0 0 0 0
Hypoplasia 0 0 0 0
Large 0 0 0 0
Asymmetry 0 0 0 0.1
Supernumary   0 3.3 2.2 3.0
Wide-spaced 0 0 0 0.4
Inverted 1.6 0 0 4.0
Shoulders
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Broad 0 0 0 0.1
Narrow 0 0 0 0
Sloping 0 0 0 0.2
Anteriorly rotated 0 0 0 0.1
Clavicles 
Absent 0 0 0 0
Hypoplastic 0 0 0 0
Long 0 0 0 0
Horizontal  0 0 0 0
Scapulae 
Absent 0 0 0 0
Small 0 0 0 0
High/sprengel 0 0 0 0.1
Winged 0 0 0 0.4
Pectoral muscle 
Absent 0 0 0 0.1
Hypoplasia 0 0 0 0
Ribs 
Absent 0 0 0 0
Prominent bows 0 0 0 0
Abdomen 
Diastasis recti 0 0 0 0.6
Muscle aplasia 0 0 0 0
Muscle hypoplasia 0 0 0 0
Protuberant 0 0 0 0.1
Abnormal umbilicus position 0 0 0 0
Hernia umbilicalis 0 0 0 0.2
Omphalocele 0 0 0 0
Hernia inguinalis 0 0 0 0
Back 
Decreased lumbar lordosis 0 0 0 0
Decreased thoracic kyphosis 0 0 0 0
Increased lumbar lordosis 0 0 0 1.1
Increased thoracic kyphosis 0 0 0 0.2
Scoliosis 1.6 0.8 2.2 1.5
Rigid spine 0 0 0 0
Buffalo hump 0 0 0 0.1
Spinal cord 
Spina bifida 0 0 0 0
Meningocele/ 0 0 0 0
myelomeningocele
Syringomyelia 0 0 0 0
Pilonidal cyst/sinus/dimple 0 0 0 0
Tethered cord 0 0 0 0
Sacrum 
Dimple/sinus 0 3.3 2.2 0
Caudal appendage 0 0 0 0
Asymmetric crease 0 3.3 6.5 0.3
Fat pads 0 0 0 0
Upper limbs
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Absent 0 0 0 0
Proportionally short 0 0 0 0
Rhizomelia 0 0 0 0
Mesomelia 0 0 0 0
Acromelia 0 0 0 0
Overgrowth 0 0 0 0
Hemihypertrophia 0 0 0 0
Reduction deformity (some digits) 0 0 0 0
Reduction deformity (no digits) 0 0 0 0
Constriction rings 0 0 0 0
Asymmetry 0 0 0 0
Humerus 
Absent 0 0 0 0
Bowed 0 0 0 0
Elbow 
Valgus  0 0 0 1.7
Webbing 0 0 0 0
Acromial dimple 0 0 0 0
Forearm 
Absent 0 0 0 0
Bowed 0 0 0 0
Madelung deformity 0 0 0 0
Hands 
Absent 0 0 0 0
Small (malproportionate) 0 0.8 0 0
Large (malproportionate) 0 0 0 0
Narrow 0 0 4.3 0.6
Broad 0 0 2.2 0.2
Asymmetry 0 0 0 0
Ectrodactyly 0 0 0 0.1
Syndactyly 0 0 0 0.6
Trident hands 0 0 0 0
Club hands 0 0 0 0
Clenched hands 0 0 0 0
Hands deviation (ulnar/radial) 0 0 0 0
Hands long handpalm 0 0 0 0.4
Hands thenar hypoplasia 0 0 0 0
Hands hypothenar hypoplasia 0 0 0 0
Hands edema dorsum hands 0 0 0 0
Hands isolated metacarpal shortening 0 0.8 0 0.1
Palmar crease 
Sydney crease 0 0 0 0.3
Simian crease 4.7 2.5 2.2 2.1
Bridging crease 1.6 0 0 2.7
Absent creases 0 0 0 0
Decreased flexion creases 0 0.8 0 0
Deep flexion creases 0 0.8 4.3 0.2
Fingers 
Absent/oligodactyly 0 0 0 0
Hypoplastic 0 0 0 0
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Polydactyly (pre-axial) 0 0 0 0.1
Polydactyly (post-axial) 0 0 0 0
Polydactyly (meso-axial) 0 0 0 0
Mirror image polydactyly 0 0 0 0
Long 1.6 0.8 0 1.5
Arachnodactyly 0 0 0 0
Short 0 0 0 0.3
Brachydactyly 0 0 0 0.1
Macrodactyly 0 0 0 0
Broad 0 0 0 0.1
Camptodactyly 1.6 0 0 0.1
Clinodactyly 3.1 9.8 4.3 3.5
Ulnar deviation dig II-III 4.7 3.3 0 0.6
Ulnar deviation dig V 0 0 2.2 0
Radial deviation dig IV-V 0 0 0 0.4
Overlapping 0 0 0 0
Symphalangism 0 0 0 0
Syndactyly 6.3 2.5 6.5 1.3
Tapering 0 0.8 0 0.4
Clubbing 0 0 0 0
Wide tips 0 0.8 0 0.6
Fetal pads 32.8 36.9 34.8 41.1
Short end-phalanges 0 0 0 0.2
Absent phalanges 0 0 0 0
Constriction rings 0 0 0 0
Thumbs 
Absent 0 0 0 0
Hypoplasia 0 0 0 0.1
Asymmetry 0 0 0 0
Broad 0 0 0 0.8
Adducted 0 0 0 0
Proximal placement 0 0 0 0.1
Hitch-hiker’s 0 0 0 0
Triphalangeal 0 0 0 0
Short end-phalanges 0 0 0 0
Pelvis 
Broad 0 0 0 0
Narrrow 0 0 0 0
Hip dislocation 0 0 0 0
Lower limbs
Absent 0 0 0 0
Proportionally short 0 0 0 0
Rhizomelia 0 0 0 0
Mesomelia 0 0 0 0
Acromelia 0 0 0 0
Sirenomelia 0 0 0 0
Duplication 0 0 0 0
Asymmetry 4.7 3.3 6.5 0.2
Overgrowth 0 0 0 0
Hemihypertrophy 0 0 0 0
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Reduction deformity (no digits) 0 0 0 0
Reduction deformity (some digits) 0 0 0 0
Constriction rings 0 0 0 0
Femur
Absent 0 0 0 0
Bowed 0 0 0 0
Patella 
Absent 0 0 0 0
Hypoplastic 0 0 0 0
Knee 
Varum 0 0 0 0.7
Valgum 0 0 0 0.7
Webbing 0 0 0 0
Tibia 
Absent 0 0 0 0
Bowed 0 0 0 0
Feet 
Absent 0 0 0 0
Malproportionally small 0 0 0 0
Malproportionally large 0 0 0 0
Short 0 0 0 0.3
Long 0 0 0 0.7
Narrow 0 0 2.2 0.3
Broad 0 0.8 2.2 0.3
Asymmetry 0 0.8 0 0
Pes planus ^ 7.8 3.3 2.2 2.7
Pes cavus 0 0 0 0.3
Talipes equinovares 0 0 0 0
Ectrodactyly 0 0 0 0
Prominent heel 0 0 0 0
Rockerbottom 0 0 0 0
Deep plantar creases 0 0 0 0
Fetal pads 0 0 0 0
Edema dorsum 0 0 0 0
Isolated metacarpal shortening 0 0.8 0 0
Toes 
Absent 0 0 0 0
Hypoplastic 0 0 0 0
Pre-axial polydactyly 0 0 0 0
Meso-axial polydactyly 0 0 0 0
Post-axial polydacryly 0 0.8 0 0
Mirror-image polydactyly 0 0 0 0
Long 1.6 0.8 2.2 0
Short 0 0.8 0 0.2
Broad 0 0 0 0.7
Short terminal phalanges 0 0 0 0
Syndactyly II-III 0 0 0 0.4
Partial syndactyly II-III 6.3 7.4 2.2 0.3
Syndactyly (not II-III) 0 0 0 0
Partial syndactyly (not II-III) 0 0 0 0



Phenotypic abnormalities

219

Symphalangism 0 0 0 0
Widely spaced ^ 1.6 1.6 6.5 0.4
Sandal gap ^ 20.3 21.3 10.9 26.7
Overriding 1.6 4.1 4.3 0.3
Clinodactyly dig V 3.1 1.6 2.2 4.5
Hammertoes 4.7 3.3 4.3 0.2
Toes 2nd longer than 1st 4.7 2.5 0 3.1
Fetal pads 0 0 2.2 0
Clinodactyly other than V 0 0 0 2.4
Halluces 
Absent 0 0 0 0
Hypoplasia 0 0 0 0
Short 0 0 0 0.2
Long 0 0 0 0.1
Asymmetry 0 0 0 0
Broad 0 1.6 0 0.9
Narrow 0 0 0 0
Varus 0 0 0 0
Valgus ^ 4.7 2.5 0 2.5
Proximal implantation 0 0 0 0
Dorsiflexed/hammertoes 0 0 0 0
Joints 
Contracture 0 0.8 0 0
Contractures 0 0 0 0
Dislocation 0 0 0 0
Dislocations 0 0 0 0
Enlargement 0 0 0 0
Hypomobility small joints 0 0 0 0.2
Hypomobility large joints 0 0 0 0
Hypomobility small and large joints 0 0 2.2 0.2
Hypermobility small joints 9.4 4.1 2.2 5.6
Hypermobility large joints 0 0.8 0 3.8
Hypermobility small and large joints 0 3.3 0 1.8
Muscles 
Isolated agenesis 0 0 0 0
Hypoplasia 0 0 0 0
Atrophy/dystrophy 0 0 0 0
Hypertrophy 0 0 0 0
Hypotonia 0 0 0 0
Hypertonia 0 0 0 0
Weakness 0 0 0 0
Fasciculations 0 0 0 0
Myotonia 0 0 0 0
Neurology 
Hemiplegia/paresis 0 0 0 0
Diplegia/paresis 0 0 0 0
Tetraplegia/paresis 0 0 0 0
Spasticity 0 0 0 0
Carnial nerve palsy 0 0 0 0
Developmental delay 0 0 0 0
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Skin general 
Atrophy/dystrophy 0 0 0 0
Thin/translucent 0 0 0 0.1
Thick/broad 0 0 0 0
Hyperkeratosis 0 0 0 0.1
Ichtyosis 0 0 0 0
Dry 0 0 2.2 5.5
Cutis laxa 0 0 0 0
Hyperelasticity 0 0 0 0
Excessive skin folds 0 0 0 0
Slow healing 0 0 0 0
Abnormal scarring 0 0 0 0
Photosensitvity 0 0 0 0
Lipodystrophy 0 0 0 0
Cutis marmorata & 0 0 0 0.9
Poikiloderma 0 0 0 0
Lymphedema 0 0 0 0
Calcification 0 0 0 0
Dimples 0 0 0 0
Eczema 0 0 0 1.1
Skin localized 
Hypoplasia/aplasia 0 0.8 0 0
Atrophy 0 0 0 0
Striae 0 0 0 0.3
Bullae 0 0 0 0
Scleroderma 0 0 0 0
Fibromata 0 0 0 0
Lipomata 0 0 0 0.2
Xanthomata 0 0 0 0
Scalp defects 0 0 0 0
Skin pigmentation 
Albinism 0 0 0 0
Generalized hypopigmentation 0 0 0 0
Generalized hyperpigmentation 0 0 0 0
Patchy hypopigmentation 1.6 0 4.3 3.2
Patchy hyperpigmentation 0 0.8 0 0
CAL solitary $ 6.3 8.2 6.5 14.1
CAL multiple $ 3.1 4.1 8.7 4.1
Solitary nevus 3.1 0 0 7.4
Multiple nevi 1.6 1.6 2.2 4.4
Linear sebaceus nevus 0 0 0 0
Axillary freckling 0 0 0 0
Acanthosis nigricans 0 0 0 0
Skin vascular 
Capillary hemangioma 3.1 7.4 4.4 0.7
Port-wine stain 1.6 0.8 2.2 0.2
Teleangiectasia 0 0 0 0
Stork bite 2 0 4.1 2.2 0

3.3 c.v. / 0.8 m.a. 2.2 c.v. / 0 m.a.
Angel’s kiss 2 0 0.8 4.3 0.1

0.8 c.v. / 0 m.a. 4.3 c.v. / 0 m.a.
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Arterial malformation 0 0 0 0
Venous malformation 0 0 0 0
(prom vessels)
Lymphatic malformation 0 0 0 0
Arterio venous malformation 0 0 0 0
Mixed malformation 0 0 0 0
Prominent vessels 0 1.6 0 0
Multiple hematomata 0 0 0 0
Skin body hair 
Generalized 0 0 0 2.3
Localized 0 0 0 0.3
Nails 
Absent 0 0 0 0
Hypoplasia 0 0 0 0.2
Short 0 0 0 0.8
Narrow 0 0 0 0.1
Concave 0 0 0 0.9
Hyperconvex 0 0 0 0
Thin/brittle 0 0.8 0 0.3
Thick  0 0.8 0 0
Pits 0 0 0 0
Striped 0 0 2.2 0.2
Bifid/double 0 0 0 0
Fused 0 0 0 0
Abnormal color 0 0 0 0
c.v. = common variant
m.a. = minor anomaly
1 Item considered a common variant at the age of 20 years and a minor anomaly at the age of 1 and 10 years
2 Item considered common variant at the age of 1 year and minor anomaly at the age of 10 and 20 years
3 Item considered a minor anomaly at the age of 1 and 10 years but at 20 years only when very extreme. 
4 Item considered minor anomaly at the age of 10 and 20 years, but at 1 year only when very extreme
5 Item considered common variant at all ages but a minor anomaly when very extreme at the age of 1 year
6 Scoring of teeth phenotype is dependent on the stage of teeth eruption. Therefore, percentages are calculated 
only for the population of 10 and 20 year olds.
* Item is considered to be so common at the age of 1 year that it will not be scored unless very extreme. 
# Item is common variant at all ages but will be somewhat more frequently seen at the age of 1 year
^ Item will be less visible in 1 year olds when they do not walk yet
$ Item will be less visible in 1 year olds
& Item is minor anomaly but prevalence will be somewhat higher in 1 year olds.
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Table VA. Most frequently found common variants and minor anomalies in CH-T thyroid agenesis and the 
significance of the difference as compared to the control group

CH-T
thyroid 
agenesis

Controls p-value
Fisher’s exact 

test

p-value
FDR-corrected

D. A.

Low anterior hairline 12.5 0.4 <0.001 <0.0001 +
Eyelid ectropion 4.7 0.0 <0.001 <0.0001 +
Forehead metopic ridge 4.7 0.0 <0.001 <0.0001 +
Eyelid full lateral parts 10.9 0.8 <0.001 <0.0001 +
Lower jaw prominent 6.3 0.3 <0.001 <0.0001 +
Toes partial syndactyly II-III 6.3 0.3 <0.001 <0.0001 +
Philtrum long 15.6 3.0 <0.001 <0.0001 +
Hammertoes 4.7 0.2 0.002 0.0069 +
High anterior hairline 10.9 2.5 0.002 0.0069 +
Lower limbs asymmetry 4.7 0.2 0.002 0.0069 +
Philtrum prominent/deep 9.4 1.8 0.002 0.0069 +
Macrostomia 4.7 0.3 0.004 0.0127
Philtrum smooth 14.1 5.0 0.006 0.0175
Nose tip broad 9.4 2.6 0.010 0.0271
Fingers ulnar deviation dig II-III 4.7 0.6 0.013 0.0329 +
Fingers syndactyly 6.3 1.3 0.015 0.0356
Nose septum deviated 4.7 0.7 0.018 0.0401 +
Eyebrows synophrys 6.3 1.4 0.019 0.0401 +
Feet pes planus 7.8 2.7 0.037 0.0722 +
Microstomia 4.7 1.0 0.038 0.0722
Nose low hanging columella 10.9 4.8 0.040 0.0724
Helices overfolded 9.4 3.8 0.042 0.0725
Upper jaw prominent premaxilla 4.7 1.1 0.046 0.0760
Nose nares anteversion 9.4 4.0 0.051 0.0808 +
Eyebrows fullness 4.7 1.2 0.055 0.0836
Eyebrows sparse implantation 4.7 1.6 0.099 0.1447
Face round-shaped 6.3 2.8 0.118 0.1601
Philtrum short 6.3 2.8 0.118 0.1601
Palmar crease simian crease 4.7 2.1 0.169 0.2214
Halluces valgus 4.7 2.5 0.232 0.2905
Fingers fetal pads 32.8 41.1 0.237 0.2905
Hypermobility small joints 9.4 5.6 0.260 0.3088
Toes sandal gap 20.3 26.7 0.307 0.3535
Chin dimpled/grooved 4.7 2.8 0.425 0.4750
Toes 2nd longer than 1st 4.7 3.1 0.451 0.4897
Upper lip thin 10.9 8.4 0.488 0.5151
Nose bridge prominent/high 14.1 11.9 0.556 0.5710
Upper lip cupid bow 4.7 3.8 0.731 0.7310
D.A. = Discrimination analysis
The items with a FDR-corrected p-value <0.05 are indicated in italics. The last column shows the group of 16 most 
discriminating items (indicated by +) found by multivariate analysis (all p-values were <0.01). 
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Table VB. Most frequently found common variants and minor anomalies in CH-dystopic thyroid and the 
significance of the difference as compared to the control group

CH-T 
dystopic
thyroid

Controls p-value Fisher’s 
exact test

p-value 
FDR-corrected

D.A.

Helices overfolded 19.7 3.8 <0.001 <0.0001 +
Toes partial syndactyly II-III 7.4 0.3 <0.001 <0.0001 +
Philtrum long 14.8 3.0 <0.001 <0.0001 +
Lower jaw prominent 5.7 0.3 <0.001 <0.0001 +
Eyelid full lateral parts 7.4 0.8 <0.001 <0.0001 +
Nose low hanging columella 15.6 4.8 <0.001 <0.0001 +
Nose tip broad 9.8 2.6 <0.001 0.0001 +
Eyes asymmetry 4.1 0.3 0.001 0.0030 +
Low anterior hairline 4.1 0.4 0.001 0.0030 +
Philtrum prominent/deep 7.4 1.8 0.001 0.0030 +
High anterior hairline 9.0 2.5 0.001 0.0030
Generalized obesity 7.4 2.0 0.002 0.0051 +
Philtrum short 9.0 2.8 0.002 0.0051 +
Face square shaped 4.9 0.9 0.003 0.0062 +
Fingers clinodactyly 9.8 3.5 0.003 0.0062 +
Philtrum smooth 12.3 5.0 0.003 0.0062 +
Ear posteriorly rotated 4.9 1.4 0.015 0.0291
Lower lip fullness 8.2 16.1 0.023 0.0422
Eyebrows fullness 4.1 1.2 0.029 0.0504
Cow’s lick 8.2 14.9 0.053 0.0855 +
Face asymmetry 4.1 1.5 0.056 0.0855
Nose nares anteversion 8.2 4.0 0.057 0.0855 +
Nose bridge wide 6.6 3.1 0.061 0.0875
Retro/micrognathia 4.1 1.6 0.067 0.0884
Palpebral fiss. mongoloid slant 8.2 4.3 0.067 0.0884
CAL solitary 8.2 14.1 0.090 0.1096
Hypotelorism 4.1 1.8 0.093 0.1096
Face narrow/elongated 4.1 2.3 0.216 0.2458
Palate long uvula 4.1 2.3 0.216 0.2458
Toes sandal gap 21.3 26.7 0.230 0.2530
Fingers fetal pads 36.9 41.1 0.382 0.4066
Upper lip cupid bow 4.1 3.8 0.802 0.8271
Ear small 4.9 5.3 1.000 1.0000
D.A. = Discrimination analysis
The items with a FDR-corrected p-value <0.05 are indicated in italics. The last column shows the group of 17 most 
discriminating items (indicated by +) found by multivariate analysis (all p-values were <0.01).
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Table VC. Most frequently found common variants and minor anomalies in CH-T eutopic thyroid and the 
significance of the difference as compared to the control group

CH-T
eutopic 
thyroid

Controls p-value
Fisher’s exact 

test

p-value
FDR-

corrected

D.A.

Philtrum prominent/deep 13.0 1.8 <0.001 <0.0001 +
Helices abnormally modeled 6.5 0.1 <0.001 <0.0001 +
Forehead metopic ridge 8.7 0.0 <0.001 <0.0001 +
Philtrum long 15.2 3.0 0.001 0.0053
Eyes asymmetry 6.5 0.3 0.001 0.0053 +
Macrostomia 6.5 0.3 0.001 0.0053 +
Sacrum asymmetric crease 6.5 0.3 0.001 0.0053 +
Ear round (incr AP) 6.5 0.2 0.001 0.0053 +
Lower limbs asymmetry 6.5 0.2 0.001 0.0053 +
Helices overfolded 15.2 3.8 0.002 0.0080
Nose tip broad 13.0 2.6 0.002 0.0080 +
Eyebrow medial flare 4.3 0.0 0.002 0.0080 +
Mouth asymmetry 4.3 0.1 0.005 0.0171 +
Angel’s kiss 4.3 0.1 0.005 0.0171 +
Face asymmetry 8.7 1.5 0.008 0.0240
Nose septum deviated 6.5 0.7 0.008 0.0240 +
Hammertoes 4.3 0.2 0.011 0.0293 +
Palmar crease deep flexion creases 4.3 0.2 0.011 0.0293
Toes sandal gap 10.9 26.7 0.015 0.0371
Macrodontia1 7.4 0.6 0.017 0.0371
Lower jaw prominent 4.3 0.3 0.017 0.0371 +
Lower lip everted/drooping 4.3 0.3 0.017 0.0371 +
Low anterior hairline 4.3 0.4 0.025 0.0522
Widow’s peak 15.2 6.3 0.028 0.0557 +
Fingers syndactyly 6.5 1.3 0.029 0.0557
Nose nares anteversion 11.1 4.0 0.039 0.0720 +
Nose alae hypoplasia 4.3 0.6 0.044 0.0754 +
Hands narrow 4.3 0.6 0.044 0.0754 +
Palpebral fissures mongoloid slant 10.9 4.3 0.053 0.0877 +
Eyelid full lateral parts 4.3 0.8 0.067 0.1072
Nose low hanging columella 10.9 4.8 0.076 0.1177
Philtrum smooth 10.9 5.0 0.086 0.1290
Face narrow/elongated 6.5 2.3 0.100 0.1455 +
High anterior hariline 6.5 2.5 0.119 0.1680
Philtrum short 6.5 2.8 0.150 0.2027
Nose pinched 4.3 1.4 0.152 0.2027 +
Nose bridge wide 6.5 3.1 0.182 0.2361
Upper jaw prominent 4.3 2.0 0.249 0.3145
Macrocephaly 4.3 2.1 0.266 0.3274
Nose base broad 8.7 5.4 0.314 0.3768
Upper lip cupid bow 6.5 3.8 0.419 0.4905
Fingers fetal pads 34.8 41.1 0.445 0.5086
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Skin patchy hypopigmentation 4.3 3.2 0.657 0.7317
Fingers clinodactyly 4.3 3.5 0.674 0.7317
Epicanthi 4.3 3.7 0.686 0.7317
Lower lip fullness 17.4 16.1 0.837 0.8734
Nose bridge prominent/high 10.9 11.9 1.000 1.0000
Upper lip thin 8.7 8.4 1.000 1.0000
1 Only patients from the 1992-93 and 1981-82 cohort were compared to controls
D.A. = Discrimination analysis
The items with a FDR-corrected p-value <0.05 are indicated in italics.
The last column shows the group of 23 most discriminating items (indicated by +) found by multivariate analysis 
(all p-values were <0.01).
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GENERAL DISCUSSION
Congenital hypothyroidism (CH) is known to be notorious because of the serious life-long 
cognitive and motor deficits seen before the advent of neonatal CH-screening programs (1-
5). The ultimate aim of neonatal screening and early treatment of CH patients is to prevent 
irreversible delay in brain development due to thyroid hormone deficiency in early (postnatal) 
life and to guarantee an outcome, indistinguishable from their peer group. This preventive 
action comprises the complete process of detection, confirmative diagnostics, early and 
adequate initial and long-term treatment, careful follow-up and continuous evaluation of 
the screening procedure. In this context outcome should be interpreted in a wider sense 
encompassing cognitive, motor and socio-emotional outcome, as well as physical well-being 
and quality of life.
In the chapters 2 to 7 various aspects of prevention, outcome and disease-related features of 
CH patients were studied. This chapter presents a conclusive overview of the results of the 
previous chapters.

Before the nationwide introduction of screening on CH in The Netherlands in 1981, the 
efficacy of the method was evaluated in a regional trial. Because the method appeared feasible 
to detect children with CH and additionally, early treatment provided favorable psychomotor 
outcome, the decision to introduce the screening nationwide was made. Although a 
randomized controlled clinical trial would have been the method of choice to evaluate the 
effect of early screening and postnatal treatment, ethical motives (not withholding this 
beneficial early treatment to any child with CH), amongst others, restrained this not only in 
The Netherlands, but in fact all over the world.
In recent years knowledge about the effect of thyroid hormone on brain development has 
increased tremendously. It is well-known that any state of prenatal (cerebral) shortage of thyroid 
hormone as in endemic iodine deficiency, maternal hypothyroidism or hypothyroxinemia 
and presumably also in MCT8 deficiency and thyroid hormone resistance can lead to cerebral 
damage (6-10). Since important thyroid hormone dependent steps in brain development take 
place from early gestation till several years after birth, both the pre- and postnatal thyroid 
hormone state should be taken into account as important factors for outcome of CH patients. 
Information on the severity and course of the prenatal thyroid hormone state of CH patients 
is usually not available. However, there is evidence that CH patients are subject to some 
degree of prenatal thyroid hormone deficiency; maternal-fetal transfer of thyroid hormone in 
the second half of pregnancy is not sufficient to fill the gap in fetal T4 production completely 
as shown by increased TSH and decreased T4 in cord blood measurements of CH patients 
(11). Sporadically performed fetal blood sampling in CH patients have shown decreased FT4 
and increased TSH concentrations (12;13) and skeletal maturation, as determined in the first 
weeks after birth, is significantly reduced (14-16).
It should be kept in mind that neonatal screening is only capable of shortening the postnatal 
phase of thyroid hormone deficiency. Its potential to establish normal outcome in CH patients 
(on condition that the mother was euthyroid during pregnancy) is dependent on one of two 
options: 1) the prenatal hypothyroid state has no irreversible consequences for outcome or 2) 
the consequences of a prenatal hypothyroid state are reversible with early adequate thyroid 
hormone treatment.
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While indeed many studies have shown that early postnatal treatment of hypothyroidism 
was highly effective in eradicating serious impairments, it gradually became clear that CH 
patients were still vulnerable to persistent cognitive and motor sequela.  Under the assumption 
that these impairments were related to non-optimal treatment conditions in the early years 
after the introduction of the screening, many countries, including The Netherlands, have 
changed the screening procedure and treatment strategy several times, in order to improve 
outcome of CH patients (17;18). By now, the majority of children are treated within 14 days 
after birth with initial T4 doses of 10-15 µg/kg body weight. However, there is an ongoing 
discussion as to whether it is reasonable to expect that all CH patients, especially those 
without any residual thyroid hormone production, can escape from any clinically significant 
brain damage, just by restoring thyroid hormone state shortly after birth.

The aim of our nationwide study entitled “Effect evaluation of the screening on CH in 
The Netherlands” was to investigate whether the improvements in screening strategy had 
normalized development of CH patients, and if not, whether further improvements would 
be feasible. In the design of the study two issues were given highest priority. The first was 
to avoid an inclusion bias, therefore, all patients born within three selected time periods 
(1981-82, 1992-93, 2002-04) were recruited nationwide. The second issue was to avoid a bias 
by suboptimal treatment at the time of the assessments. Therefore, all patients of whom 
data were analyzed had their assessments under euthyroid conditions. Furthermore, all 
cohorts were well characterized in terms of etiology and initial disease characteristics. The 
specific years of the cohorts were deliberately chosen; 1981-82 because these patients were 
born the first years after the introduction of national screening, moreover, this cohort was 
tested previously at the age of 7.5 and 9.5 years and the patients had reached adult age; 1992-
93 because initiation of treatment was significantly different from the 1981-82 cohort, and 
because their results at 10.5 years of age could be compared to the results of previous studies 
in the 1981-82 cohort; 2002-04 because this cohort reflected current screening practice, and 
because both initiation of treatment was earlier and initial T4 dose higher as compared to 
the other cohorts.

What may be expected for intellectual and motor outcome in CH patients, 
integrating the results of the ‘Effect evaluation of the Dutch neonatal CH 
screening’ study?
Before the results of the three cohorts can be integrated, some comments need to be made. In 
the study design patients born in the 2002-04 cohort are tested at 1 and 2 years of age. Because 
the 2 years results were not yet available when this thesis was written, only the preliminary 
results at 1 year of age can be presented. These results ought to be interpreted cautiously. 
First, the recently established Dutch norms of the Bayley Scales of Infant Development-II 
at 1 year of age seem to differ substantially from the American norms, at least when used 
in premature born children, while the Dutch and American norms at 2 years of age are 
comparable (19). Testing of a young child is in many aspects difficult and the predictability of 
eventual outcome increases with age. With this in mind the developmental quotients should 
not be considered the exact equivalent of the intellectual and motor quotients obtained in 
the other cohorts.
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In Table 1 the results of IQ scores obtained in the 1992-93 and 1981-82 cohorts and the 
mental developmental index (MDI) scores of the 2002-04 cohort are presented, for the total 
group and the severity subgroups, of patients with thyroidal CH. Because of the differences 
in norm scores for the tests used to assess motor development between the cohorts, these 
data are not presented in a table, but in the text.

The effect evaluation of the Dutch neonatal CH screening study showed that:

Deficits persist into adulthood
The study presented in Chapter 5.1 is the second one worldwide to report on outcome of adult 
patients with thyroidal CH. In adult CH patients born in 1981-82, and in whom treatment 
started at a median age of 28 days, IQ and motor performance were significantly lower than in 
the norm population, especially in patients with severe CH. IQ scores correlated significantly 
to those obtained at 9.5 years of age.
The other paper, from Norway, also showed persisting cognitive and motor deficits (20). A 
shortcoming of this study is that at the time of testing the mean TSH concentration of the 
patient group was 12.2 mU/l. This is a potential bias because the suboptimal treatment, at 
least in part of the CH patients, might have affected their cognitive functioning (i.e. attention, 
speed of processing etc.) (21;22). Besides, because a subdivision according to severity of CH 
was lacking, the effect of severity on outcome in their patient group could not be analyzed.

Patients suffer most, in terms of intellectual deficits, when CH is severe and treatment is 
delayed
Patients with severe thyroidal CH, born in 1992-93, and in whom treatment started at a mean 
age of 19 days, had lower IQ scores at the age of 10.5 years (mean IQ score 93.7), than the 
norm population. In patients with moderate and mild thyroidal CH no significant differences 
in IQ scores as compared to the norm population were observed. So, the significant reduction 
in timing of treatment (the initial dose did not differ significantly) in patients with severe 
thyroidal CH from mean 29 (in 1981-82) to 19 days (in 1992-93) did not result in improved 
intellectual outcome at the age of 10 years. Patients born in 2002-04 had at the age of 1 year, 
a mental developmental index score (MDI 101.2) comparable with the norm population. Also 
in patients with severe thyroidal CH whose mean age at start of treatment was 9 days, no 
deficits in mental scores (MDI 100.8) could be demonstrated. This might indicate a protective 
role of maternally derived T4 extending up till the first days after birth, at least when mental 
developmental index is concerned.

In all three cohorts motor scores were worse than in the norm population
We have to keep in mind that the tests used to assess motor development in the three 
cohorts were different. Substantial motor problems were observed in the 1981-82 and 1992-
93 cohorts, and even in the 2002-04 cohort, with the earliest treatment and highest initial 
T4 dose, psychomotor developmental index (PDI) scores were still significantly lower than 
the population mean, with no differences between the severity subgroups. Apparently, motor 
deficits persisted despite a substantial advancement of initiation of T4 supplementation.
In none of the three cohorts a correlation could be demonstrated between motor scores or 
psychomotor developmental index score and day of initiation of treatment.
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Do the results of intellectual and motor outcome urge to advance initiation 
of treatment?
For the different brain regions, the period when thyroid hormone is essential for their 
development differs, so deficits may vary depending on the timing, duration and severity 
of hypothyroidism (23;24). When after birth, in particular in patients with severe CH, T4-
concentrations rapidly decline this is undoubtedly a dangerous condition with respect to 
thyroid hormone dependent brain development.
Our effect evaluation study showed that with the present screening procedure and treatment 
strategy mental developmental outcome (measured with the Bayley Scales of Infant 
Development-II-NL) in 1 year old CH patients born in 2002-04 equals the norm population. 
Psychomotor developmental outcome in the youngest cohort, however, was lower than 
controls. Remarkably, there was no correlation with the starting day of treatment. The lack 
of an effect of the substantial advancement of treatment suggests that the domain ‘motor 
outcome’ must be predominantly determined by prenatal factors related to CH. This is 

Table 1. Full scale IQ score in the 1992-93 and 1981-82 cohort and mental developomental index score in the 
2002-04 cohort of patients with thyroidal CH

Age
[range]

Cohort 2002-04
1.1 years
[1.0-1.4]

Cohort 1992-93
10.5 years
[9.6-11.4]

Cohort 1981-82
21.5 years
[21.0-22.3]

Severe thyroidal CH 100.8 93.7 91.3 
n=34, 41 and 35* (96.7-104.9) (89.5-97.9) (86.3-96.3)
Mean age at start of T4 supplementation 
in days

9 19 27

Mean initial T4 dose 12.0 7.0 5.4
in µg/kg 
Moderate thyroidal CH 103.2 96.2 99.1
n=32, 19 and 16* (98.7-107.7) (88.9-103.5) (91.1-107.1)
Mean age at start of T4 10 19 27
supplementation in days
Mean initial T4 dose 11.5 6.6 7.1
in µg/kg 
Mild thyroidal CH 100.4 105.0 101.3
n=53, 22 and 19* (97.1-103.7) (99.5-110.4) (95.7-106.9)
Mean age at start of T4 supplementation 
in days

13 31 74

Mean initial T4 dose 10.5 5.0 5.5
in µg/kg 
Total group with thyroidal CH 101.2 97.3 95.8
n=119, 82 and 70* (99.1-103.4) (94.2-100.4) (92.3-99.2)
Mean (median) age at start of T4 
supplementation in days [range]

11 (9)
[2-34]

23 (20)
[2-73]

40 (28)
[4-293]

Mean (median) initial T4 dose 11.2 (10.4) 6.5 (6.0) 5.7 (5.8)
in µg/kg [range] [5.4-20.1] [2.8-12.9] [2.5-10.7]
* Number of patients in the 2002-04, 1992-93, 1982-82 cohort respectively
Full scale IQ score and mental developmental index score are expressed as mean with 95% CI between 
parentheses
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supported by the observation that healthy children born to healthy mothers with a FT4 
below the 10th percentile of the reference range at 12 weeks of gestation, had significantly 
lower mental and especially motor function at the age of 2 years than those born to mothers 
with a FT4 between the 50th and 90th percentile (25).
Most intriguingly, we found that in the 2002-04 cohort, the psychomotor developmental 
index score was highest in children with central CH at birth, who were presumably exposed 
to a hyperthyroid environment during gestation because of inadequately treated maternal 
Graves’ disease (PDI 97.3 in 10 patients with this type of central CH, as compared to PDI 89.1 
in 119 patients with thyroidal CH), [Chapter 5.3].

Certainly, the 2002-04 cohort was very young at the time of this first effect evaluation, and 
definite conclusions about their cognitive and motor capabilities require retesting these 
children after at least another decade. Nevertheless, especially the mental developmental 
scores do justify optimism, since the current screening practice meets its obligation. On 
the other hand, no substantial beneficial effect on psychomotor outcome was seen, even 
after shortening the postnatal phase of thyroid hormone deficiency, making it unlikely that 
advancing the start of treatment with another few days will be able to improve motor outcome 
in later life. This is in view with our hypothesis that motor problems are predominantly 
determined before birth. Taking these (partly preliminary) results together, there is for the 
moment no compelling reason to modify the day of heel puncture sampling.

Should the treatment strategy be further optimized?
In evaluating treatment adequacy in relation to outcome of CH patients three aspects of 
treatment are most important: 1) the time needed to establish FT4 within the reference range 
after the initiation of treatment, 2) thyroid hormone determinants during follow-up and 3) 
thyroid hormone determinants at the time cognitive and motor assessments are being done.

Initial T4 dose
Any effect of (initial) T4-supplementation on cerebral development is ultimately mediated 
by the intracellular thyroid hormone receptor occupation, via the established plasma FT4 
concentration. In Chapter 4.1 it is shown that after the initiation of T4 supplementation 
plasma T3 concentrations level off when plasma total T4 concentration is around 75-100 
nmol/l. Already after 3 days plasma FT4 reaches the lower limit of the reference range, 
whereas it takes around 3 to 4 weeks for plasma TSH to reach its reference range. The initial 
T4 dose in the studied patients varied considerably (4.8 to 11.1 µg/kg per day). Nevertheless, 
no solid correlation could be observed between the height of the initial T4-dose and the 50% 
TSH reduction time, nor with the time needed to establish a FT4 concentration within the 
reference range (26).
Despite more than 30 years of experience worldwide, the effect of the initial dose on (long-
term) outcome is still unclear. Also recent reports give conflicting results: e.g. a dose of 10-11 
µg/kg per day was considered low and related to worse outcome by Selva et al. (27), whereas a 
similar dose of 10-11 µg/kg per day was considered to be high by Bongers et al.; the high dose 
was found to be related to above normal outcome at the age of 11-30 months but no clear 
effect could be demonstrated at the age of 5.5-7 years (28;29).
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Within the ranges of initial T4 doses used in the present effect evaluation study, no beneficial 
effect was seen of higher versus lower initial T4 doses on outcome.

Long term treatment strategy
As outlined above thyroid function determinants during follow-up and at the time of cognitive 
and motor assessments are important factors evaluating treatment adequacy. However, for 
several reasons it is difficult to assess treatment adequacy solely based on intermittently 
measured FT4 and TSH concentrations.
T4 supplementation requires a strict once-a-day administration of T4. Treatment control, 
by measuring the plasma TSH and FT4 concentrations, and adjustment of the T4 dose 
accordingly, should anticipate on the increasing body weight and the gradually decreasing 
need of T4 per kg body weight. In general, with an initial frequency of testing TSH and FT4 
twice a week for neonates, gradually liberalized via monthly to two-monthly testing for 
infants and three to four times per year during childhood, to finally once or twice yearly for 
adolescents, it is possible to prevent significant under- or overtreatment, as long as treatment 
compliance is warranted. Even such a frequent control schedule is unsuitable to disclose 
and quantify incidental lack of compliance of the parents, and later on of the patients 
themselves.
Our data on FT4 and TSH concentrations during follow-up of the patients from the 1981-
82 and 1992-93 cohort were not complete, which was mainly due to the fact that it was a 
retrospective study and that patients were treated by many pediatricians all over the country. 
One could speculate that the IQ deficits seen in these two cohorts were related to inadequate 
long term treatment. In our study, all CH patients, regardless of severity, were treated with 
T4 according to criteria of Good Clinical Practice, by pediatricians who followed the Dutch 
national guidelines, published in three editions (1980, 1986, 1997). In the 1981-82 and 1992-93 
cohorts patients with moderate or mild CH had IQ scores indistinguishable from the normal 
population, indicating implicitly that even if patients had experienced phases of insufficient 
treatment, these had no consequences for intellectual outcome at adult age, respectively 10 
years of age. This makes it unlikely that IQ deficits as observed in patients with severe CH 
had something to do with long-term treatment insufficiency.

An important issue in evaluating treatment adequacy is that ‘euthyroidism’ requires an 
etiology specific definition as described in Chapter 4.2. In practice, reference ranges obtained 
from healthy individuals are used to evaluate T4 supplementation adequacy in patients 
treated for a thyroid disease. Chapter 4.2 shows that when TSH was within the reference 
range, FT4 concentrations of patients with thyroidal CH, were shifted upwards compared 
to patients with auto-immune thyroid disease and type I diabetes mellitus; the fact that 
they were normally distributed suggests that the setpoint shift in thyroidal CH is a group 
phenomenon. So, under identical treatment conditions, children with thyroidal CH had 
substantially higher steady state FT4 concentrations than children with acquired thyroidal 
hypothyroidism due to auto-immune thyroid disease. The only relevant difference between 
these two groups is the phase of onset of the hypothyroid state (prenatally vs. postnatally).
During fetal life the hypothalamus-pituitary-thyroid feedback system seems to operate at 
a different setpoint from that in postnatal life because prenatally T4, TBG, TSH and FT4 
concentrations increase with gestational age (30;31). By comparing FT4 and TSH in cord 
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sera of newborns from various gestational ages to those of 2 month old children, it has been 
suggested that the negative feedback control of TSH secretion is changing between 26 weeks 
gestational age and 2 months of life (32). Apparently, the prenatal onset of hypothyroidism 
induced a state of pituitary hyporesponsiveness to thyroid hormone, lasting at least for the 
first 20 years of life.
Studies in the rat have shown that dynamic changes in the maturation of TSH release occurred 
(33), and that exposure to hypothyroidism in the perinatal period in rats led to permanent 
alterations, whereas exposure in the young and adult rats failed to produce permanent 
alterations. The alterations observed were persistently enlarged pituitary gland and higher 
serum TSH concentrations (34). Different genes involved in pituitary TSH expression (TSH 
Beta, D1, D2 and the 4 main TR subtypes) have a distinct expression pattern during fetal 
and neonatal development and react upon changes in thyroid hormone state (35). These 
observations suggest that alterations in the thyroid hormone state during a critical phase of 
fetal programming might induce permanent changes in the thyroid hormone setpoint for 
TSH secretion.
Remarkably, we did not find a relation between the setpoint shift and severity of CH. This 
might indicate that differences between severe and mild CH are less distinct in the prenatal 
phase than postnatally. According to term cord plasma T4-concentrations, the prenatal 
thyroid hormone state in fetuses without (functioning) thyroid tissue is comparable to the 
postnatal thyroid hormone state in neonates with moderate CH. This must be the effect of 
the substantial but limited maternal-fetal transfer of T4 (36).

Our study described in Chapter 4.2 does not allow a conclusion as to whether the 
hyporesponsiveness to thyroid hormone is restricted to the pituitary or whether also brain 
and other target tissues are involved. When treated according to international guidelines 
[i.e. to establish TSH within the reference range (37)], the relatively high FT4 concentrations 
needed to reach a TSH concentration within the reference range might be unfavorable or 
even harmful if other tissues, including the brain, are not hyporesponsive.
In Chapter 6 the influence of long-term T4 supplementation on bone mineral density in adult 
female patients with thyroidal CH was investigated. Although bone mineral density in these 
patients was slightly lower as compared to controls, all scores were within the reference 
range. In addition, adult height and body mass index were not different from the control 
group. These observations, and our personal experience that patients are in a normal clinical 
and mental condition when TSH is within the reference range, do not support the hypothesis 
that the upwards shifted plasma FT4 concentrations in T4 supplemented patients with 
congenital hypothyroidism are harmful for development.

In patients with central CH T4 treatment evaluation is even more complex. Plasma TSH 
concentrations were found to be extremely low when FT4 was within its reference range. 
Even when TSH concentrations were <0.03 mU/l FT4 concentrations were significantly lower 
than in patients with thyroidal CH, but still higher than in patients with T1DM and AITD. 
Moreover, with TSH concentrations <0.03 mU/l, we observed that the FT4 concentrations 
of patients with central CH perfectly matched a Gaussian distribution, quite similar with 
the one of healthy children. Obviously, the TSH reference range for the healthy population 
cannot be used as a guideline for treatment adequacy in patients with central CH. The 
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difficulty is that by measuring exclusively FT4 and aiming at a FT4 concentration within the 
(wide) reference range (10-23 pmol/l), it is hard to tell which FT4 is adequate and the best 
approach of the patients’ individual setpoint.
In patients with thyroidal hypothyroidism measurement of TSH in addition to FT4 gives 
a more specified impression what the patient’s individual setpoint is, being shifted or not.  
Still, measurement of TSH in addition to FT4 in patients with central CH might be helpful 
if TSH is still responsive to changes in FT4 concentration. Whenever extremely sensitive 
TSH assays become available, it is worthwhile to investigate whether in central CH, TSH still 
correlates with FT4 according to a negative feedback system.

While timing of the current screening procedure is considered satisfactory, 
what about other aspects of the screening procedure?
The Dutch screening method distinguishes itself in particular by a unique approach measuring 
T4, TSH and TBG. An important concern in every screening program are the numbers of 
false-positive and false-negative cases. In chapter 2 we have evaluated the Dutch neonatal 
CH screening method, based on data obtained from the 2002-04 cohort; the sensitivity and 
specificity of the Dutch screening approach were 95.8% and 99.9%, respectively. There was 
a remarkable reduction in the percentage of patients with transient CH when the 2002-04 
cohort (38) was compared to the 1981-82 cohort (39), probably as a result of reduced perinatal 
use of iodine in recent years. However, it should be noticed that the evaluation period in the 
2002-04 cohort was rather short. Some patients classified as permanent CH in the neonatal 
period, might turn out to be transient cases (40).

False-positives
When T4 is ≤-1.6 SD, both TSH and TBG are measured. From the T4 (expressed in SD) and 
the TBG (in nmol/l) the ratio is calculated, reflecting the free T4 concentration. In patients 
with a moderately decreased T4 concentration TBG measurement aims to discriminate 
those patients at risk for hypothyroidism (with a low T4/TBG ratio), in whom referral is 
warranted, from those not at risk for hypothyroidism (with a normal T4/TBG ratio). Ideally, 
the TBG measurement in the screening procedure prevents referral of children with TBG-
deficiency. Nevertheless, we did encounter children with (total and partial) TBG-deficiency. 
Part of these children had extremely low T4 (i.e. ≤-3.0 SD). Although their referral can be 
prevented by awaiting their heel puncture TSH and TBG concentrations, this will also delay 
referral in those children at risk of severe hypothyroidism. The remaining group of children 
had moderately decreased T4, in combination with normal TSH but decreased T4/TBG ratio. 
Their referral can be prevented by lowering the T4/TBG ratio cut-off for referral (from 8.5 
to e.g. 6.5). However, lowering the cut-off implies that patients with central CH may not be 
detected by neonatal screening.
The other major group, in whom none of the classical types of CH could be diagnosed consisted 
of severely ill neonates hospitalized in intensive care units at the time of heel puncture 
sampling. In the majority of this group referral could have been avoided if only children 
with elevated TSH would have been referred, as is done for preterm children. However, such 
adapted referral criteria will hamper timely detection of central CH by screening. Besides, 
before preventing their referral we ought to be certain that their decreased heel puncture T4 
concentrations are not a risk factor for impaired brain development.
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Larson et al. have shown that a substantial amount of children with very low birth weight 
or cardiac disease were missed by neonatal CH screening at 2 to 3 days, which led these 
authors to advocate the routine performance of a second screening in the subgroup of 
neonates hospitalized on an intensive care unit (41). This implies that if (in future research) 
T4 supplementation is found to be beneficial in severely ill children, the neonatal screening 
result should not be awaited, because some of these patients might escape detection.

False-negatives
For the 2002-04 cohort, we are aware of 10 false-negative cases of whom 8 had central CH. 
In 5 of the false-negative cases CH was too mild for detection by screening. The number of 
false-negatives can be diminished by changing the cut-off criteria, but this also increases 
the number of false-positive referrals. An alternative approach would be to measure T4, 
TSH and TBG in all heel puncture samples. This costly approach will enable detection of 
children with normal T4 concentrations and elevated TSH and children with normal T4 
concentrations but low T4/TBG ratio. However, also with this approach, some cases might 
be missed, dependent on the cut-off criteria used.
Mass screening programs are almost inevitably confronted with false-negative cases. In a 
primary T4 screening program patients with normal T4 and elevated TSH will be missed, 
whereas in a primary TSH screening program, especially patients with central CH will be 
missed. Considering that the aim of screening is to prevent thyroid hormone dependent risk 
of brain development the Dutch T4-based approach is in our opinion the best choice.

Incidence
Overall, the incidence figures of CH in the screening era (frequently reported to be around 
1:3,000) are higher than in the prescreening era (around 1:6,000), probably due to improved 
detection of milder cases, previously missed because of lack of specific symptoms (42-44). 
The Dutch CH incidence figures we calculated are among the highest worldwide. This 
demonstrates that the Dutch screening approach is an efficient method to detect CH of 
variable etiology and severity.
The Dutch screening method is, compared to other screening methods which measure only 
TSH or T4 and TSH, most suitable to detect children with central CH and those with mild 
thyroidal CH (38;45;46). Early detection via screening and immediate supplementation of 
multiple hormone deficiencies in patients with central CH has a high priority in terms of 
reducing morbidity and mortality.
There is one report with an exceptionally high incidence of CH (no distinction was made for 
permanent or transient CH) in Iran being 1:350 using a combined TSH and T4 screening 
initially, which was changed by TSH only in 2003 (47). Whereas it might be that their high 
incidence is caused by detection of a large amount of children with normal T4 and high TSH, 
not detected by a T4 based approach, other countries with a TSH based screening approach 
found much lower incidence figures (48;49). Therefore, it is more likely that the high incidence 
in the Iranian population is related to ethnic differences, high level of consanguinity (38.9% 
in their study), or unrecognized false-positives.
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What are additional features of the Dutch screening?
In chapter 2 it was shown that in the 2002-04 cohort among the 34 children diagnosed 
with central CH 13 (38%) had a mother with Graves’ disease inadequately treated during 
pregnancy. The incidence of this subtype of central CH was calculated to be at least 1:33,000. 
In chapter 3.1 we have shown that in 7 of 18 children (39%) with central CH the abnormal CH 
screening result was the first clue to maternal Graves’ disease. This illustrates another unique 
feature of the Dutch neonatal screening, i.e. to detect previously neglected or inadequately 
treated maternal Graves’ disease.
Despite the rather high incidence of this type of central CH, endocrinology textbooks 
generally do not mention central CH as a consequence of maternal Graves’ disease. Especially 
because some of the neonates can become severely hypothyroid (50), it is important to detect 
this type of CH as soon as possible.
All women described in Chapter 3.1 were inadequately treated during pregnancy; in some 
of them because Graves’ disease was diagnosed after or in late pregnancy in others because 
treatment was inadequate throughout pregnancy, despite diagnosis of Graves’ disease before or 
in early pregnancy. Because in our population of patients with central CH we did not encounter 
any mother who was adequately treated we postulated that it was the maternal gestational 
hyperthyroidism that caused central CH in the child. So, in the children there is a complex 
situation of likely but not proven fetal hyperthyroidism which pre- or postnatally evolves to 
hypothyroidism. Both conditions may be considered harmful for the developing brain.
Two recent publications support the hypothesis that the central hypothyroidism was due 
to excess thyroid hormone in the fetal period. The first one by Anselmo et al., reported on 
outcome of children born in families with thyroid hormone resistance, due to a mutation in 
the thyroid hormone receptor (TRβ Arg243Gln). These authors showed that the maternal 
hyperthyroxinemia (to which children without a mutation born to mothers with a mutation 
were exposed) led to insufficient fetal TSH secretion (51). The other one by Hernandez et al. 
showed that D3-knockout mice, who were thyrotoxic in the fetal and early postnatal period, 
had markedly elevated serum T3 concentrations and decreased TSH concentrations. The 
mice were central hypothyroid from the late postnatal period up to adulthood. The authors 
concluded that central hypothyroidism was probably induced by overexposure to T3 during 
a critical period of thyroid regulatory axis development (52).
Also other animal studies have shown that excess thyroid hormone in the perinatal period 
can induce permanent alterations in the regulation of thyroid hormone production by 
the hypothalamus-pituitary-thyroid axis (53;54). Eayrs et al. have shown that exposure 
to hyperthyroidism during the first 24 days of life resulted in reduced adult thyroidal and 
pituitary size, while hyperthyroidism induced later did not produce these persistent effects 
(55). These observations suggest the existence of a critical period in which the regulatory 
system is programmed.

In literature the condition of central CH, related to maternal Graves’ disease is supposed 
to be transient because plasma concentrations of FT4 and TSH remained within their 
reference ranges when T4-supplementation was withdrawn and because the TSH response 
after TRH administration recovered. In the children with this type of central CH, known 
at our department, T4 supplementation was initiated in nearly all because of persistently 
and/or extremely low FT4 concentrations; in 1 child T4 treatment was not initiated because 
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of a spontaneous increase of plasma FT4 concentration. In 13 children we evaluated thyroid 
function after withdrawal of T4 supplementation; persistent thyroidal hypothyroidism was 
observed in 5 of them. Most intriguingly their thyroid ultrasound showed images suspect 
of thyroid damage. Neither this complication, nor the transition from central to thyroidal 
hypothyroidism in the offspring of mothers with Graves’ disease has been described before.
In search for the pathogenesis of this novel finding we also investigated thyroid function 
and structure in children born to mothers with adequately treated Graves’ disease during 
pregnancy and in children with central congenital hypothyroidism as part of multiple 
pituitary hormone deficiencies. In the first group thyroid function was normal (in the 
neonatal period as well as at the time of this study), as well as their thyroid ultrasound images. 
However, in patients with multiple pituitary hormone deficiencies, in whom adequate T4-
supplementation invariably causes longstanding extremely low TSH concentrations (56), very 
small thyroid volumes were observed. Although our results do not allow exclusion of the role 
of antibodies as a causal factor, the fact that only children born to mothers with inadequately 
treated Graves’ disease were affected, strongly suggests that the maternal hyperthyroid state 
(which distinguishes the inadequately from the adequately treated mothers) and excessive 
placental T4 transfer is the major pathologic mechanism. This led us to the hypothesis that 
insufficient TSH secretion due to excessively high maternally derived thyroid hormone 
concentrations, inhibited physiological thyroid growth and development and resulted in loss 
of thyroid integrity in terms of thyroid morphology and function.
Fetal thyroid size, as measured by ultrasound, is increasing with gestational age (57). Besides, 
in patients with TSH receptor mutations hypoplastic thyroid glands have been observed (58). 
In a rat model Eayrs showed that in rats exposed to neonatal hyperthyroidism adult thyroid 
and pituitary size were significantly reduced, and that the relative proportion of pituitary 
mucoid cells (both thyrotropic and gonadotropic type) was higher than in controls (55).
An intriguing diagnostic (and therapeutic) dilemma evolves, observing the ultrasound 
features of substantial thyroid damage, in patients without elevated TSH concentrations. An 
explanation is that the thyroid was still able to meet the need for T4. However, especially 
in the presence of low or low-normal FT4 concentrations, this might indicate that central 
hypothyroidism persisted, and prevented an adequate TSH response. In theory, a TRH-test 
is not helpful as a diagnostic tool, because the TSH response might appear normal when 
thyroidal and central dysfunction co-exist.
The observation that some of the patients with normal TSH after T4-withdrawal showed a 
tendency to lower FT4 concentrations, can also be explained by a shift in the pituitary’s setpoint 
for TSH secretion to slightly lower FT4 concentrations, due to the fetal hyperthyroidism to 
which our patients were exposed. Such a setpoint shift, yet in the opposite direction, is a 
common feature in children with thyroidal CH exposed to fetal or perinatal hypothyroidism 
(56). Bakke et al. found that rats exposed to hyperthyroidism in the neonatal period 
(comparable with the fetal phase in humans), responded with lower TSH concentrations on 
an antithyroid drug challenge at adult age than control rats, which suggests that permanent 
alterations in the setpoint for TSH secretion can be induced (59).
In recent years the influence of (even subtle) changes in the maternal thyroid hormone state 
on the child’s brain development has been a subject of major interest. Although attention 
is mainly focused towards maternal hypothyroidism or hypothyroxinemia, the other side 
of the spectrum, i.e. hyperthyroidism or hyperthyroxinemia might be equally important. 
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Proper detection and early treatment of hypothyroidism of thyroidal as well as central origin 
is necessary to minimize the risk of damage to the developing brain, but naturally, primary 
prevention is -if possible- the first choice.
The fact that many of the mothers and/or fathers involved, were not natively Dutch is 
troublesome because apparently even in The Netherlands, with high standards for health 
care, women with high risk pregnancies in terms of child health may escape from proper 
medical attention.
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RECOMMENDATIONS AND FUTURE PERSPECTIVES
Neonatal screening
With the referral criteria as used in the 2002-04 cohort around 350 children are referred 
each year in The Netherlands, of whom 29% are found to have CH. In all referred children 
thyroid function determinants are measured in venous blood samples and compared to their 
reference ranges. A major issue in pediatric thyroidology is the lack of age-specific reference 
ranges. Reference ranges should be obtained, in order to adequately discriminate the true- 
from the false-positives.
As yet, neonatal screening has no referral criterion for elevated T4,  so neonatal hyperthyroidism 
and resistance to thyroid hormone are missed by screening. Among 101 children (from a 
total group of 241 with T4>3.0SD) 17 had persistently elevated T4, attributed to abnormal 
T4 binding and thyroid hormone resistance, but none had neonatal Graves’ disease (60). 
Considering the high mortality and morbidity rates in children with hyperthyroidism and 
because we have shown that a substantial part of maternal Graves’ disease is not recognized 
until after neonatal screening for thyroid dysfunction, its implementation might be beneficial 
for both child and mother.

In Chapter 3 it is shown that neonatal screening is able to detect a specific type of central CH 
related to inadequately treated maternal Graves’ disease; in fact neonatal screening was the 
first clue to maternal thyroid disease in nearly half of the patients. It is also shown that some 
patients have thyroidal CH after T4 supplementation withdrawal characterized by persistent 
TSH elevation and disintegrated thyroid glands on ultrasound imaging. So, central CH as 
well as persistent thyroidal dysfunction should be considered risk factors of (inadequately 
treated) maternal Graves’ disease. The incidence, specific diagnostic features and long-
term consequences of this type of central CH and the subsequent thyroid disintegration 
remain to be elucidated. It will be challenging to find the optimal treatment strategy for 
this condition, especially because central and thyroidal CH co-exist and as was speculated, 
maternal gestational hyperthyroidism might have caused a setpoint shift in the TSH secretion 
[Chapter 3.2].
A suppressed TSH in the first days to weeks after birth should increase suspicion that the 
child’s thyroid’s regulatory system had been overexposed to thyroid hormone. Especially 
when maternal Graves’ disease was inadequately treated, follow up of their children should 
be extended up to several months after birth. If there is any doubt about the sufficiency of 
thyroid function determinants, T4 supplementation should be initiated. Notwithstanding 
the capability of neonatal screening to detect these children (and their mothers), we have to 
keep in mind that some children might remain undetected especially in case of premature 
birth, when the mother is not diagnosed or when she is non-compliant.
Neither in our study cohort, nor in literature, this type of CH (both the initial central type 
as well as the subsequently disclosed thyroidal type) has been observed in children born to 
women with Graves’ disease, adequately treated during pregnancy. Therefore, it is likely that 
preserving euthyroidism in these women throughout pregnancy will prevent the occurrence 
of this type of CH in their children. Therefore, health care professionals involved in the care 
of pregnant patients with Graves’ disease have an important task to preserve euthyroidism. 
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This implies that the discussion on whether pregnant woman should be screened for 
hypothyroidism should be extended to a screening for hyperthyroidism as well. Still, it 
should be kept in mind that women who escape from medical attention during pregnancy 
might also escape from participation in mass-screening programs.

Treatment
To date it is unknown what the most adequate dose and plasma FT4 concentration would 
be to ascertain normal brain development. It seems reasonable to maintain our current 
initial strategy, in accordance with international guidelines i.e. to start with an initial T4-
dose of 10 µg/kg per day. This should be followed by frequent evaluation of thyroid function 
determinants (every 2 to 3 days, in the first 1 to 2 weeks, gradually liberated to once a month 
in the first year), in order to make dose adjustments when necessary. Because TSH is not a 
reliable determinant in the first 2-4 weeks of treatment, initially, FT4 is the determinant of 
choice.
Randomized controlled clinical trials evaluating outcome in relation to the established 
plasma FT4 concentration are necessary to further optimize treatment strategy. This 
however requires large groups of CH patients with well defined etiologies, as well as long-
term follow-up. An additional problem is that adequacy of treatment is difficult to evaluate 
in a prospective trial because, for reasons of Good Clinical Practice, adequate patient care 
requires an individualized and not a standardized treatment approach. In terms of research 
the variability in approaches hampers the interpretation of data.
Monitoring adequacy of treatment in patients with hypothyroidism requires etiology based 
reference ranges. For the group of patients with thyroidal CH TSH concentrations within 
the reference range can only be established when FT4 concentrations are shifted upwards as 
compared to the reference range. At present, no long term adverse effects of the treatment 
strategy in thyroidal CH patients to establish TSH within the reference range are known. For 
patients with central CH the determinant of choice to monitor treatment adequacy should be 
FT4, since TSH concentrations are well below their reference range when T4 supplementation 
establishes FT4 concentrations within the reference range.
Further research is needed to elucidate the optimal long-term treatment strategy for CH 
patients. Furthermore, establishing hypothyroidism at different pre- and postnatal periods in 
an animal model and investigating the effect on adult pituitary and thyroid morphology and 
gene expression, may elucidate which components of the hypothalamus-pituitary-thyroid 
axis are involved in the establishment of the (shifted) setpoint.

The goal of neonatal screening on CH is to detect patients who benefit from early treatment. 
Early treatment is of special importance for patients with severe thyroidal CH, who, in 
the absence of own thyroid hormone production, are completely dependent on maternally 
derived thyroid hormone.
For the specific subgroup of patients born at term with serious illness and low thyroid hormone 
concentration it is as yet unknown whether they might benefit from T4 supplementation. As 
(part of) these patients are inevitably detected in a T4-based screening program, it should 
be investigated whether this subgroup might benefit from treatment in terms of reducing 
morbidity.
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Chapter 2 showed that some patients with mild CH escaped detection by neonatal screening. 
Patients with trisomy 21 have a mild type of thyroidal CH (61), which is in the vast majority 
too mild to detect by neonatal screening (38;62). Yet, early started T4 supplementation subtly 
improves their early motor development and growth (63). It needs to be established whether 
also other types of mild CH in non-Down-syndrome children are unfavorable for brain 
development, and whether these children might benefit from early T4 supplementation, 
which warrants their detection by screening.

Outcome
In this thesis, Chapter 5, cognitive and motor outcome as investigated in the effect evaluation 
study is presented. This study also investigated outcome at 2 years of age in the 2002-04 
cohort, and various other relevant aspects in all three cohorts such as education, social 
and emotional functioning, as well as behavior of young children with CH, and choice of 
profession and self-esteem in adult patients. At present, these data are being worked out. This 
information will be important to inform patients and parents of children on short and long-
term outcome and to advice them on the possibilities of e.g. physiotherapy, speech-training, 
and other types of adjuvant care.
Although the aim of neonatal screening on CH is to establish normal outcome in CH 
patients, no routine evaluation is coupled to the screening procedure to evaluate its effect. 
Our evaluation study of the Dutch screening was done on research basis to investigate the 
potentials of neonatal CH screening to establish normal outcome. Large-scaled prevention 
programs should not be performed without feedback with regard to the results, especially in a 
time when Evidence Based Medicine is obligatory for accurate curative and preventive patient 
care. So, we plead for routine evaluation of outcome as a result of neonatal screening.
In particular also for the multi-screening approach starting from January 1, 2007 in The 
Netherlands, routine evaluation should investigate whether and to what extent patients benefit 
from neonatal screening, whether outcome of patients in relation to disease characteristics 
and treatment strategy at various ages is comparable to the norm population, and whether 
the screening procedure or treatment strategy should and could be improved.

Finally…
The efforts concerning screening and early treatment of CH aim at prevention of brain damage 
due to thyroid hormone deficiency. Many reports in literature, including those presented in 
this thesis show that in CH both the prenatal and (duration of the) postnatal hypothyroid 
state appear to be important factors determining outcome. It should be noted however, 
that impaired brain development might not only be the consequence of (pre- or perinatal) 
thyroid hormone deficiency. In recent years it has become clear that a number of genes (such 
as TITF1, PAX8 and FOXE1) are expressed in the developing thyroid as well as in selected 
areas of the (developing) central nervous system (58). In patients harbouring a mutation in 
any of these genes, the phenotype usually involves CH in combination with other features 
such as impaired neurological development resulting in cognitive and motor deficits. In this 
perspective, the phenotype of patients with mutations in TITF1, characterized by CH and 
choreoathetosis, is most illustrative (64).
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Up till now, only in a minority of patients with thyroid dysgenesis mutations have been found. 
In Chapter 7 we have shown that a thorough physical examination in a large group of CH 
patients revealed the occurrence of specific phenotype abnormalities. Some of the observed 
abnormalities seemed to be restricted to one subtype of CH e.g. oligodontia in patients with 
dystopic thyroid remnants. These observations might be helpful in the search for novel genes 
involved in thyroid development and to elucidate the whole spectrum of the CH phenotype, 
which eventually will ensure adequate care and counselling for these patients.
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SUMMARY
This thesis, entitled ćongenitalhypothyroidism.nl´ links to various aspects of CH; it deals 
with neonatal screening, diagnosis, treatment, outcome and phenotypic abnormalities of 
Dutch CH patients.

Chapter 1 gives a short introduction on development and morphology of the thyroid gland. 
Furthermore a brief outline is given on the regulation of thyroid hormone synthesis by the 
hypothalamus-pituitary-thyroid axis, the action of thyroid hormone via its receptors and the 
role of iodothyronine deiodinases in regulation of thyroid hormone (in)activation.
In the first years of life thyroid hormone plays a major role in development, especially of the 
brain, where it is involved in the regulation of cell migration, formation of cortical layers and 
in differentiation of neuronal and glial cells, oligodendrocytes and astrocytes.
During pregnancy the placenta has an important role in the fetal thyroid hormone state. The 
high activity of the deactivating deiodinase-type 3 (D3) in the placenta most likely protects 
the fetus by limiting the affluence of maternal T4, maintaining the fetal T3 concentrations 
low. Maternal thyroid disease may have major influences on the fetal thyroid hormone state 
because not only thyroid hormone but also thyroid antibodies and anti-thyroid drugs can 
pass the placenta.
In order to determine the presence and etiology of CH various thyroid function determinants, 
especially in combination, are helpful. The most common etiologies of CH are thyroidal CH 
(either due to thyroid dysgenesis or dyshormonogenesis) or central CH (with a defect in the 
hypothalamus-pituitary regulation of the thyroid). At present a number of genes are known 
to be involved in thyroid gland development and thyroid hormone production.
Neonatal CH screening programs have been implemented worldwide to prevent irreversible 
cerebral damage due to lack of thyroid hormone by enabling early and adequate T4-
supplementation. T4 supplementation in patients with CH aims to establish euthyroidism 
as soon as possible after the diagnosis of CH, and to maintain euthyroidism by adapting 
T4 supplementation dose regularly. The ultimate goal is to establish normalized outcome in 
every aspect. Several studies have investigated cognitive and motor outcome of CH patients. 
Although some studies have reported that CH patients have normal development, others 
have found persisting deficits, despite early treatment. To what extent type and severity of 
CH and treatment strategy (such as day at which treatment is started, initial T4 dose, long-
term treatment adequacy) contribute to eventual outcome is discussed in the Introduction 
and in Chapter 5.

Chapter 2 describes the Dutch neonatal CH screening program. With a unique T4-TSH-
TBG-based approach patients with CH of thyroidal as well as central origin are detected. Of 
all referred neonates born between April 1, 2002 and May 31, 2004 screening results and first 
venous sample results were recorded and classified as transient or permanent thyroidal or 
central CH, or no CH.
Of the 430,764 screened children born in the study period 772 had an abnormal screening 
result of whom 224 (29%) had CH; another 13 CH patients did not have abnormal screening 
results. The overall incidence of CH was 1:1,800, of permanent CH 1:2,200, of permanent 
thyroidal CH 1:2,500, of permanent central CH 1:21,000 and of transient CH 1:12,000, 
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respectively. The most frequent explanations for the 548 false-positive referrals (71% of the 
referred cohort) were severe illness (occurring in 198 children, 36% of the false-positives) and 
TBG deficiency (occurring in 200 children, 36% of the false-positives).
Based on our observations, including the high calculated incidence for CH in the 2002-04 
cohort, the T4-TSH-TBG screening approach appeared to be an efficient method to detect 
CH of variable etiology and severity. Still, a small percentage of children with CH escaped 
detection via this screening approach, especially those with very mild CH with a T4 >-0.8 SD 
and premature born children with central CH.

In the past decade we encountered an increasing number of children with central CH 
who were born to mothers with Graves’ disease. In Chapter 3.1 the characteristics of 18 
children and their mothers were described. Nine mothers were diagnosed after delivery, 
the majority after their children were detected with central CH by neonatal screening. Four 
mothers were diagnosed during pregnancy, 3 of them in the third trimester, and treated with 
antithyroid drugs since diagnosis. Another 4 mothers were diagnosed before pregnancy, but 
they used antithyroid drugs irregularly; free T4 concentrations less than 22 pmol/l were not 
encountered during pregnancy. All neonates had decreased plasma free T4 concentrations 
(range 3.9 –11.5 pmol/l); their plasma TSH ranged between 0.1 and 6.6 mU/liter. TRH tests 
showed pituitary dysfunction. In 17 children T4 supplementation was initiated.
Because all mothers were insufficiently treated during pregnancy, it was hypothesized that 
a hyperthyroid fetal environment impaired maturation of the fetal hypothalamic-pituitary-
thyroid system. The neonatal CH screening program appeared not only useful in detecting 
central CH but also maternal Graves’ disease.
After initiation of T4 supplementation thyroid function determinants were frequently 
monitored in the children. Because of the presumed transient condition of pituitary 
hyporesponsiveness T4 supplementation was withdrawn. However, as a novel phenomenon, 
persistently elevated TSH concentrations were observed in 5 children together with very 
small thyroid volumes with inhomogenous echotexture on ultrasound imaging (referred 
to as thyroid disintegration). To study the pathogenesis of this finding thyroid function 
determinants were determined and thyroid ultrasound imaging performed in 3 groups of 
children, described in Chapter 3.2. When this study was performed 28 children with central 
CH born to mothers with inadequately treated Graves’ disease were known at our department; 
19 participated in this study, representing the first group (A); in 13 T4 supplementation was 
withdrawn. The second group (B) concerned 6 children, without thyroid dysfunction in the 
neonatal period, who were born to mothers with adequately treated Graves’ disease and the 
third group (C) concerned 10 patients with central CH as part of multiple pituitary hormone 
deficiencies (MPHD).
Five children from group A had developed thyroidal hypothyroidism characterized by 
persistently elevated TSH-concentrations and exaggerated TSH-responses after TRH-
stimulation. In the majority of patients of group A and C thyroid echogenicity and volume 
was decreased and echotexture inhomogeneous. Thyroid ultrasound imaging was normal in 
group B children.
Based on these findings it was concluded that inadequately treated maternal Graves’ disease 
might not only lead to central CH but carries a risk of thyroid disintegration in the offspring 
as well. We speculated that insufficient TSH-secretion due to excessive maternal-fetal thyroid 
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hormone transfer inhibited physiological thyroid growth and development, resulting in loss 
of thyroid integrity in terms of thyroid morphology and function. Because this type of central 
CH as well as the subsequently disclosed thyroidal CH were only observed in children born 
to mothers inadequately treated during pregnancy, we supposed that their occurrence could 
have been prevented by preserving euthyroidism in the mother throughout pregnancy.

Chapter 4 describes the initial and long-term response on T4 supplementation in CH 
children. Chapter 4.1 presents the results of a retrospective analysis of plasma TSH, total 
T4, FT4 and total T3 measurements in CH neonates during the first weeks of treatment, 
treated with initial daily T4 dosages ranging from 4.8 to 11.1 μg/kg per day.
A 50% reduction in the initial plasma TSH concentration was achieved after 3-4 days of 
treatment, independent of CH severity; TSH became within its reference range (0.4-4.0 mU/
l) after a median of 32 days after the start of T4 supplementation. Plasma FT4 reached the 
lower limit of the reference range (12-29 pmol/l) at a median age of 3 days. The increase in 
plasma T3 concentrations levelled off within a few days, when T4 reached concentrations of 
around 100 nmol/l.
Apparently, in the initial phase of treatment plasma TSH concentration was not helpful in 
assessing the proper T4 supplementation dosage; once plasma TSH had reached normal 
values, it became a reliable determinant in addition to plasma FT4. At the time that plasma 
TSH was normalized, CH neonates showed a higher range of plasma FT4 concentrations 
than the reference range. It was concluded that the range for plasma FT4 during treatment in 
the first months needed to be adapted in CH patients.
The study described in Chapter 4.2 was performed to investigate the dynamics of thyroid 
function determinants after the first months. Plasma FT4, TSH and T3 of children with 
CH (both thyroidal and central) aged 0.5 to 20 years of age were analyzed and compared to 
children with acquired thyroid disorders and controls.
When TSH was within the reference range (0.4-4.0 mU/l), mean FT4 in thyroidal CH (21.1 
pmol/l; 95% confidence interval (CI), 20.8-21.5) was significantly higher than in autoimmune 
thyroid disease (14.8 pmol/l; 95% CI, 14.3-15.3) and diabetes (13.9 pmol/l; 95% CI, 13.6-14.2). 
In central CH, when TSH was ≤0.02 mU/l, mean FT4 was 16.3 pmol/l (95% CI, 16.0-16.6). 
When FT4 was within the reference range (10-23 pmol/l), 43% of the TSH concentrations in 
thyroidal CH were above 4.0 mU/l, compared with 18% in autoimmune thyroid disease and 
0% in type 1 diabetes mellitus; in central CH, 95% of TSH concentrations were below 0.4 
mU/l.
So, also after the initial phase FT4 concentrations remained elevated in T4-supplemented 
patients with thyroidal CH, when TSH concentrations were established within the reference 
range. When FT4 was within the reference range TSH tended to be elevated. Intriguingly, this 
phenomenon could not be observed in T4-supplemented patients with acquired thyroidal 
hypothyroidism. Therefore, it was suggested that a pre- and/or perinatal hypothyroid state 
shifted the setpoint of the thyroid’s regulatory system. In patients with central CH, when 
FT4 concentrations were established within the reference range, the pituitary secreted only 
minute amounts of TSH. Therefore, for monitoring T4 supplementation, reference ranges for 
FT4 and TSH should be adapted to the etiology of hypothyroidism.
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Chapter 5 describes part of the results of the Dutch nationwide study “Effect evaluation of 
the screening on CH in The Netherlands”. Since its national institution in 1981, the Dutch 
neonatal CH screening procedure has been adapted by advancing the day of heel puncture 
sampling several times. Besides, the initial treatment strategy gradually changed from low 
initial T4 dose in the early years of screening, to higher initial T4 dose in recent years. In the 
effect evaluation study the effect of these changes was evaluated.
The intellectual and motor outcome in patients with CH born in 1981-82, 1992-93, and 
2002-04, and tested under euthyroid conditions, was investigated. Outcome was analyzed in 
relation to type and severity of CH and treatment variables. Severity of CH was classified as 
severe, moderate or mild, according to the pre-treatment (F)T4-concentration.

Chapter 5.1. In the 1981-82 cohort 70 patients with thyroidal CH were tested at a mean 
age of 21.5 years; 49 of them were previously tested at 9.5 years. Their median age at start of 
treatment was 28 days (range 4-293).
The mean Full Scale IQ score (95.8), as measured with the Wechsler Adult Intelligence Scales, 
was significantly lower than the norm population. In addition, CH patients had significantly 
higher (i.e. worse) motor scores, as measured with the Movement ABC (Total motor 
impairment score 7.8) compared with controls (3.2). Both intellectual and motor outcome 
were most severely affected in patients with severe CH: mean full scale score 91.3, mean total 
motor impairment score 9.8.
In the group that was tested previously at the age of 9.5 years, no significant change in IQ 
scores from childhood to adulthood was found and for the majority of patients motor score 
classification remained the same. Initial T4 concentration correlated with intellectual and 
motor scores, the starting day of treatment did not.

Chapter 5.2. In the 1992-93 cohort 82 patients with thyroidal CH were tested at a mean age 
of 10.5 years. Their median age at start of treatment was 20 days (range 2-73 days).
For the total thyroidal CH group the mean Full Scale IQ score (97.3), measured with the 
Wechsler Intelligence Scale for Children, was not significantly different from the population 
mean. However, in patients with severe CH the mean Full Scale IQ score (93.7) was 
significantly lower than in the normative population, whereas IQ-scores of patients with 
moderate and mild CH were comparable to those of the normative population.
In all three severity subgroups significant motor problems were observed, as measured 
with the Movement ABC, but again most pronounced in the severe CH group. Initial FT4 
concentration but not the starting day of treatment or initial T4 dose correlated with IQ and 
motor scores.

Chapter 5.3. In the 2002-04 cohort 119 patients with thyroidal CH were tested, with the 
Bayley Scales of Infant Development, at a mean age of 1.1 years. Their median age at start of 
treatment was 9 days (range 2-34).
For the total group the mental developmental index scores (MDI 101.2) were not different 
from the population mean, also for the severe CH subgroup (MDI 100.8). Psychomotor 
developmental index scores were significantly lower (PDI 89.1) than the population mean 
in the total CH group. No differences were seen between the severity subgroups. MDI and 
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PDI correlated weakly with the height of the initial T4 dose but not with the initial FT4 
concentration and the starting day of treatment.
It should be noted that the 2002-04 cohort was very young (mean age 1.1 year) at the time of 
the first evaluation; their outcome at later age should be awaited before definite conclusions 
can be drawn on their cognitive and motor capabilities. The present results show that in the 
2002-04 cohort, who were screened and treated according to current practice, no differences 
could be demonstrated in mental developmental indices between CH patients at the age of 1 
year (also those with severe CH), and the norm population. Psychomotor developmental index 
scores were, however, still lower in the 2002-04 cohort than in controls, despite a significant 
advancement of treatment initiation as compared to the other cohorts, which suggests that 
motor outcome is predominantly determined by prenatal factors and will presumably not 
benefit from advancing treatment even further.

In the 1992-93 and the 2002-04 cohorts also a small number of patients with central CH was 
tested. The 5 patients with central CH (all as part of multiple pituitary hormone deficiencies 
[MPHD]) in the 1992-93 cohort, whose mean initial FT4 concentration was 7.7 pmol/l and 
in whom T4-supplementation was initiated at a mean age of 34 days after birth had a Full 
Scale IQ score of 99.0, their total motor impairment score (14.5) was substantially higher 
(i.e. worse) than the mean of the normative population (5.0). In the 2002-04 cohort the 9 
patients with central CH as part of MPHD (mean initial FT4 concentration 10.3 pmol/l, 
mean age at start of T4 supplementation 23.1 days) had a mental developmental index score 
of 91.8 and a psychomotor developmental index score of 85.9; these scores were 101.4 and 
97.3, respectively in 10 patients with central CH born to mothers with Graves’ disease (mean 
initial FT4 concentration 7.6 pmol/l, mean age at start of T4 supplementation 10.8 days).

In Chapter 6 bone mineral density (BMD) of CH patients is described. As shown previously, 
normalization of plasma TSH in T4-supplemented patients with thyroidal CH requires 
elevated plasma FT4-concentrations as compared to patients with acquired thyroidal 
hypothyroidism.
Thyroid hormone is involved in the process of bone remodelling and has an important role 
in the development and maintenance of bone mass. Thyroid hormone excess results in a 
shortened remodelling cycle leading to an imbalance between bone resorption and formation. 
In hyperthyroid subjects as well as in patients with thyroid cancer who receive suppressive 
T4 doses, decreased BMD has been shown.
To investigate the effect of longstanding upwards shifted FT4 concentrations, as compared to 
the reference range, we investigated bone mineral density (BMD) in 14 adult female patients 
with thyroidal CH and compared this to 9 age-matched female controls.
There were no significant differences between patients and controls for femoral neck bone 
mineral content, BMD (0.98 vs. 1.01 g/cm2), T-score (0.1 vs. 0.3 SD) and Z-score (0.1 vs. 
0.3 SD) and for spine bone mineral content. The differences in spine BMD (0.97 vs. 1.09 g/
cm2), T-score (-0.7 vs. 0.4 SD) and Z-score (-0.5 vs. 0.6 SD) were significant. Despite a lower 
spine BMD in patients with CH as compared to the control group, all scores were within 
the reference range. These findings do not support the hypothesis that the upwards shifted 
plasma FT4 concentrations in patients treated for CH have a deleterious effect on BMD.
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Chapter 9

Chapter 7 describes phenotypic abnormalities in children with CH. Many studies have 
reported on the increased incidence of congenital anomalies in patients with CH. Besides in 
patients with CH harboring mutations in one of the genes known to be involved in thyroid 
development (TITF1, FOXE1, PAX8, NKX2.5, and possibly GLIS3), specific extrathyroidal 
abnormalities have been observed.
To gain insight in the types and patterns of morphological characteristics in patients with 
specific types of thyroidal CH a careful physical examination of the body surface directed 
to phenotypic abnormalities was performed in 232 patients with thyroidal CH (with either 
thyroid agenesis, dysgenesis or with normal located thyroid gland). Their data were compared 
to a control group of 1,007 children.
We found that in the total CH cohort and in patients with CH due to thyroid dysgenesis 
the percentage of patients with 1 or more abnormality was significantly higher than in the 
control population (32.9%, 36.9% and 21.7%, respectively, p<0.001). Especially in CH patients 
with a dystopic thyroid specific major malformations i.e. bilateral ear pits, oligodontia and 
turricephaly were found significantly more frequent. In the total CH group the percentage 
of patients with 1 or more minor anomalies (95.7 %) was significantly higher than in the 
control group (82.5%). A number of individual as well as combinations of minor anomalies 
and common variants occurred significantly more frequent in the CH subgroups.
The careful grouping of patients according to their phenotype and the types and patterns in 
morphological findings, may be helpful in subsequent molecular studies in search for new 
genes involved in thyroid development.

In Chapter 8 a conclusive overview is given. The implications of the results and conclusions 
of the chapters 2 to 7 for clinical and screening practice are outlined and put in perspective 
of eventual future research possibilities.
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Plasma free T4 (upper panel) and TSH concentrations (lower panel) are shown for group A (red), group B (blue), 
and group C (green). The results represent measurements before T4 supplementation was started. Open and 
closed symbols are used to discriminate between different lines. The gray line in the upper panel represents the 
lower limit of the plasma free T4 normal range [i.e. 0.9 ng/dl (12 pmol/liter)]. To convert free T4 to Systeme 
Internationale (SI) units, multiply by 12.87. 

Chapter 3.1  
Figure. 1. Plasma free T4 and TSH concentrations in the children 

Colour figures
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TRH test results at neonatal age are shown for group A (red), group B (blue), and group C (green). In child A1 
(who also underwent a TRH test in the neonatal period) and child B1 (after T4 supplementation was interrupted 
for a few months) a TRH test was performed at the age of 1 yr (black). 

Figure 2. TSH response after administration of TRH 
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Figure 1. A and B, T4 dose, expressed in micrograms per kilogram per day (A), and plasma FT4 concentrations 
(1 ng/dl = 12.87 pmol/liter) (B) in children, 0.5–20 yr of age, when TSH concentrations were within the refer-
ence range [0.4–4.0 mU/liter for CH-T(a), CH-T(b), and AITD and  0.02 mU/liter for CH-C]. Concentrations are 
expressed as mean surrounded by CI. Within all groups, data of children 16.5–20.0 yr of age are grouped together 
and labeled  16.5. Red filled square, CH-T(a); green filled square, CH-T(b); blue open square, CH-C; pink triangle, 
AITD; brown X, T1DM. C, Distribution curves of FT4 of the different groups, when the simultaneously measured 
TSH is within the reference range (same as for A and B). The table in the right upper corner represents FT4 mean 
± 2 SD for each group. The bar that incorporates the mean FT4 concentration of the etiology group is striped.

A B

C mean FT4 ± 2SD
CH-T (a) 1.67 ng/dL 1.11-2.23

CH-T (b) 1.61 ng/dL 0.96-2.26
CH-C 1.27 ng/dL 0.79-1.75
AITD 1.15 ng/dL 0.72-1.58
T1DM 1.08 ng/dL 0.76-1.40

Chapter 4.2

Colour figures
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Figure 2. A, FT4 concentrations (1 ng/dl = 12.87 pmol/liter) when TSH concentrations were between 0.4 and 1.3, 
1.4 and 2.2, 2.3 and 3.1, and 3.2 and 4.0 mU/liter, respectively. Concentrations are expressed as mean surrounded 
by CI. For children with CH-C, mean FT4 concentration was 1.27 ng/dl (16.3 pmol/liter) when TSH was less than 
or equal to 0.02 mU/liter. Red filled square, CH-T(a); green filled square, CH-T(b); pink triangle, AITD; brown X, 
T1DM. B, FT4 concentrations in children with CH-T(a) (red filled square) aged more than 10 yr compared with 
those of children with Graves’ disease (pink triangle) when TSH was within the reference range. Concentrations 
are expressed as mean surrounded by CI.

A B
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Figure 3. A, TSH concentrations (logarithmic scale) in children with CH-T, AITD, and T1DM when FT4 con-
centrations were 0.93–1.24 ng/dl (12.0–16.0 pmol/liter), 1.25–1.55 ng/dl (16.1–20.0 pmol/liter), 1.56–1.86 ng/dl 
(20.1–24.0 pmol/liter), and 1.87–2.18 ng/dl (24.1–28.0 pmol/liter). Concentrations are expressed as geometric 
mean surrounded by CI. B, Scatter plot of TSH concentrations (logarithmic scale) against FT4 concentrations and 
the regression line (fitted by SPSS) for each group. The correlation coefficient and P value are indicated in the left 
lower corner. The lower and upper limit of the reference range for FT4 and TSH are indicated by the dashed lines. 
C, TSH concentrations (logarithmic scale) in children with CH-C when FT4 concentrations were 0.93–1.24 ng/dl 
(12.0–16.0 pmol/liter), 1.25–1.55 ng/dl (16.1–20.0 pmol/liter), 1.56–1.86 ng/dl (20.1–24.0 pmol/liter), and 1.87–
2.18 ng/dl (24.1–28.0 pmol/liter). Concentrations are expressed as geometric mean surrounded by CI. Red filled 
square, CH-T(a); green filled square, CH-T(b); blue open square, CH-C; pink triangle, AITD; brown X, T1DM.

A B

C

Colour figures
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Figure 4. Plasma T3 concentrations (1 nmol/liter = 
65 ng/dl) when TSH concentrations were 0.10–0.39, 
0.4–1.3, 1.4–2.2, 2.3–3.1, 3.2–4.0, or 4.1–10.0 mU/liter. 
Concentrations are expressed as mean surrounded by 
CI. For children with CH-C, the mean T3 concentra-
tion was 162.5 ng/dl when TSH was less than or equal 
to 0.02 mU/liter. Red filled square, CH-T(a); green 
filled square, CH-T(b); pink triangle, AITD; brown X, 
T1DM.
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NEDERLANDSE SAMENVATTING
Schildklierhormoon (thyroxine, T4) is in de vroege levensfasen van essentieel belang voor 
groei en rijping van de hersenen. Omdat bij kinderen met congenitale hypothyreoidie 
(aangeboren schildklierhormoontekort, afgekort CH) de hypothyreoidie zich reeds voor de 
geboorte manifesteert en duurt tot het moment dat adequate T4 behandeling wordt gegeven 
na de geboorte, lopen deze kinderen het risico op mentale en motorische retardatie indien 
niet tijdig na de geboorte gestart wordt met T4. Omdat gebleken is dat het klinisch beeld 
doorgaans te laat tot de diagnose CH leidt, is neonatale screening de enige methode gebleken 
om kinderen met CH vroegtijdig te kunnen opsporen en behandelen. In Nederland werd de 
CH screening in 1981 landelijk ingevoerd. 
Het doel van de screening en vroege behandeling is de hersenontwikkeling te waarborgen, 
zodat patiënten met CH zich net zo ontwikkelen als hun leeftijdsgenoten, zowel op cognitief 
als op motorisch gebied, maar ook waar het gaat om hun sociaal-emotionele ontwikkeling.
Uit onderzoek naar de ontwikkeling van CH patiënten geboren in 1981-82 bleek echter dat 
kinderen met de ernstigste vorm van hypothyreoidie in vergelijking met kinderen uit een 
controlegroep, beiden getest op 7,5 en 9,5 jarige leeftijd, gemiddeld circa 10 IQ-punten lager 
scoorden en ook t.a.v. motorische vaardigheden belangrijk achterbleven. 
Om de ontwikkeling van CH kinderen te verbeteren werd in de afgelopen jaren de 
screeningsprocedure en behandelingsstrategie diverse keren gewijzigd. Zo werd de screening 
vervroegd, om kinderen nog eerder te kunnen behandelen en werd de initiële T4 dosis 
verhoogd, met als doel eerder euthyreoidie (normale schildklierhormoonconcentraties) te 
bereiken. Er is echter nooit geëvalueerd of deze wijzigingen hebben geleid tot een verbetering 
c.q. normalisering van de ontwikkeling van CH kinderen. 
Het onderzoek “Effectevaluatie van de screening op CH” is opgezet om te onderzoeken 
1) in hoeverre de veranderingen aan de screeningsprocedure en behandelingsstrategie 
hebben bijgedragen aan de optimale ontwikkeling van het kind met CH, 2) in hoeverre 
de zorg voor kinderen met CH nog verbeterd kan of moet worden, en 3) in hoeverre de 
screeningsprocedure en behandelingsstrategie nog aanpassingen behoeven. Een deel van 
de resultaten van dit onderzoek wordt in dit proefschrift beschreven. Daarnaast worden 
een aantal andere aspecten van CH beschreven zoals de screeningsprocedure, diagnose, 
behandeling en fenotypische kenmerken van patiënten met CH.

Hoofdstuk 1. Dit hoofdstuk geeft een korte introductie over de schildklier, in het bijzonder 
over de oorzaken en implicaties van CH.

Hoofdstuk 2. In dit hoofdstuk wordt de Nederlandse screeningsprocedure beschreven. De 
Nederlandse CH screeningsmethode, welke gebaseerd is op T4, TSH en TBG is uniek in de 
wereld. Deze screening biedt bij uitstek de mogelijkheid om kinderen met centrale CH op te 
sporen. Bij centrale CH wordt de schildklier onvoldoende gestimuleerd tot de productie van 
schildklierhormoon. 
Van de kinderen geboren van 1 april 2002 tot en met 31 mei 2004 werd, van allen die verwezen 
werden in verband met een afwijkende hielprik, in kaart gebracht wat de hielprikuitslag was, 
wat de uitslag van verifiërend bloedonderzoek was en welke diagnose er uiteindelijk werd 
gesteld. 
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Bij de kinderen met fout-positieve screeningsuitslagen (kinderen die een afwijkende 
screeningsuitslag hadden, maar bij verifiërend onderzoek geen CH bleken te hebben) bleken 
de belangrijkste oorzaken voor het verlaagde T4, een tekort aan T4-bindende eiwitten 
(TBG-deficiëntie), en ernstig ziek zijn ten tijde van de screening. Er bleek ook een klein 
aantal CH patiënten met een fout-negative screeningsuitslag (kinderen die geen afwijkende 
screeningsuitslag hadden, maar wel CH bleken te hebben). Dit waren met name patiënten 
met een hele milde vorm van CH (bij wie het TSH onder de afkapgrens lag), en prematuur 
geboren kinderen met centrale CH. 
De berekende incidentie voor CH in de Nederlandse populatie bleek hoog te zijn ten opzichte 
van andere landen (1:1,800). Dit betekent dat de T4-TSH-TBG methode uitermate geschikt is 
om CH met verschillende etiologie en ernst op te sporen.

De afgelopen jaren zijn een toenemend aantal kinderen met een centrale CH onder onze 
aandacht gekomen van wie de moeder de ziekte van Graves bleek te hebben. Bij de ziekte 
van Graves leidt de aanwezigheid van antistoffen die de schildklier stimuleren tot te hoge 
schildklierhormoonconcentraties. In Hoofdstuk 3.1 worden de kenmerken van de kinderen 
in de neonatale periode en hun moeders beschreven en in Hoofdstuk 3.2 de lange termijn 
follow-up van deze kinderen.
Bij de kinderen was sprake van lage schildklierhormoonconcentraties, zonder verhoogd TSH 
en een insufficiënte TSH respons na TRH stimulatie, wat duidt op een centrale hypothyreoidie. 
Analyse van de gegevens van de moeders leerde dat het in alle gevallen ging om niet adequaat 
behandelde ziekte van Graves. Dit kwam ofwel omdat bij de moeder de diagnose pas na de 
zwangerschap werd gesteld (soms naar aanleiding van de afwijkende screeningsuitslag bij 
hun kind), of laat in de zwangerschap; bij sommige moeders was de diagnose wel gesteld voor 
de zwangerschap, maar werd de medicatie (thyreostatica) niet of onzorgvuldig genomen. Uit 
deze bevindingen concludeerden we dat maternale hyperthyreoidie tijdens de zwangerschap, 
met als gevolg verhoogde overdracht van T4 van moeder naar kind, leidt tot een verstoring 
van het zich ontwikkelende hypothalamus-hypofyse-schildklier regulatiesysteem. Bij op één 
na alle kinderen werd gestart met T4 behandeling.
Bij follow-up bleek dat een aantal van de kinderen, na het staken van de T4 behandeling, 
persisterend licht verhoogd plasma TSH concentraties had, met een verhoogde respons 
in de TRH test, en het beeld van een beschadigde schildklier bij echografisch onderzoek; 
overeenkomend met een thyreoidale CH. Hieruit werd geconcludeerd dat het langdurig 
ontbreken van adequate TSH stimulatie in de pre/perinatale fase van groei en ontwikkeling 
van de schildklier had geleid tot een blijvend onderontwikkelde schildklier. Dit beeld is nog 
niet eerder beschreven. 

T4 behandeling bij CH kinderen heeft als doel in de initiële fase zo snel mogelijk euthyreoidie 
te bereiken, en op de lange termijn deze te handhaven. In de literatuur wordt veelvuldig de 
hoogte van de initiële T4 dosis gecorreleerd aan de ontwikkelingsscores. Veel belangrijker 
lijkt echter hoe snel er een normaal FT4 wordt bereikt, omdat dat van belang is voor de 
intracellulaire schildklierhormoonvoorziening.
In Hoofdstuk 4.1 en 4.2 werden de initiële en lange termijn respons van schildklier functie 
determinanten (TSH, FT4) op T4 behandeling onderzocht. 
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Bij de evaluatie van TSH en FT4 respons op de initiële T4 behandeling bleek er geen duidelijke 
relatie te zijn tussen de hoogte van de initiële T4 dosis en de snelheid waarmee een FT4 
binnen de referentie range werd bereikt. Wel bleek dat het FT4 reeds binnen 2 a 3 dagen de 
ondergrens van de referentie range bereikte, terwijl dit voor TSH zo’n 3 à 4 weken duurde. 
Daaruit concludeerden we dat de plasma TSH concentratie in de eerste periode na het starten 
van de behandeling geen goede maat is om te monitoren of de T4 dosering adequaat is. 
Bij het onderzoek naar het lange termijn beloop van TSH en FT4 tijdens T4 behandeling 
bleek dat patiënten met thyreoidale CH gemiddeld een hoger FT4 nodig hebben om hun TSH 
te normaliseren dan T4 behandelde patiënten met verworven hypothyreoidie of controles.
Hieruit werd geconcludeerd dat hypothyreoidie in de pre/perinatale fase leidt tot een shift in 
de setpoint voor TSH secretie. 

In Hoofdstuk 5 wordt een deel van de resultaten van het onderzoek “Effectevaluatie van de 
screening op CH” beschreven. 
Bij de opzet van het onderzoek werd de hoogste prioriteit gegeven aan een ongebiasde inclusie 
van patiënten. Daartoe werd de gehele patiëntenpopulatie geboren in 1981-82, 1992-93, en 
2002-04 uitgenodigd, met uitzondering van die patiënten met een mentale of motorische 
retardatie die gerelateerd was aan een syndroom, of geacht werd niet met hypothyreoidie in 
de vroege levensfase in verband te kunnen of mogen worden gebracht. Bij alle geïncludeerde 
patiënten werden intelligentietesten en motoriektesten afgenomen. Tevens vulden de 
patiënten vragenlijsten in, o.a. om de sociaal-emotionele ontwikkeling in kaart te kunnen 
brengen. Er werd nauwkeurig op toegezien dat alle patiënten ten tijde van de psychologische 
testen een adequate T4 dosering hadden.
In Hoofdstuk 5.1 wordt beschreven dat bij het cohort patiënten geboren in 1981-82 de 
cognitieve en motorische deficieten welke op 9.5 jarige leeftijd werden waargenomen 
(Kooistra et al, Journal of Pediatrics 1994), persisteerden tot op volwassen leeftijd. Bij de 
kinderen met ernstige CH die zowel op 9.5 als op 21.5 jarige leeftijd werden getest was de 
gemiddelde IQ score 91.1 en 90.6, respectievelijk. 
In Hoofdstuk 5.2 worden de resultaten van patiënten geboren in 1992-93 beschreven. Het 
bleek dat bij deze patiënten, getest op 10 jarige leeftijd, geen verbetering werd waargenomen 
in de cognitieve en motorische ontwikkeling, ten opzichte van het 1981-82 cohort, ondanks 
het feit dat in het 1992-93 cohort de start van de behandeling significant eerder was. Vooral 
kinderen met een ernstige CH bleken de grootste deficieten te hebben (gemiddeld IQ 93.7 in 
het 1992-93 cohort, gemiddeld IQ 94.3 in het 1981-82 cohort). 
In Hoofdstuk 5.3 worden de resultaten van patiënten geboren in 2002-04 beschreven, getest 
op 1-jarige leeftijd. Deze groep patiënten werd ook getest op 2-jarige leeftijd, deze resultaten 
zijn in bewerking. In vergelijking met de andere 2 cohorten werden deze patiënten nog vroeger 
behandeld en met hogere initiële T4 dosis. Op de leeftijd van 1 jaar bleken deze patiënten een 
mentale ontwikkelingsscore te hebben vergelijkbaar met hun leeftijdsgenoten (101.2 bij CH 
patiënten, 100 in de norm populatie, getest met de Bayley Scales for Infant Development-
II-NL). De psychomotorische ontwikkelingsscore bleek echter significant lager te zijn ten 
opzichte van de norm populatie (89.1 bij de CH patiënten, 100 in de norm populatie).

In Hoofdstuk 6 wordt de botmineraaldichtheid van CH patiënten beschreven.
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T4 speelt een belangrijke rol bij de botopbouw, alsmede bij het instandhouden van de 
integriteit van het botweefsel. Patiënten met hyperthyreoidie hebben vaker een lagere 
botmineraaldichtheid, en daarmee een verhoogd risico op botbreuken. Omdat uit het 
onderzoek beschreven in Hoofdstuk 4.2 bleek dat patiënten met thyreoidale CH verhoogde 
plasma FT4 concentraties hebben, in vergelijking met andere patiëntengroepen die T4 
gebruiken of controles, werd de invloed hiervan op de botmineraaldichtheid onderzocht bij 
volwassen patiënten met thyreoidale CH.
De botmineraaldichtheid bij volwassen patiënten met CH bleek bij allen in het referentiegebied 
te liggen. Hiermee lijken de langdurig verhoogde FT4 concentraties bij T4 behandelde CH 
patiënten, geen schadelijk effect te hebben op de botmineraaldichtheid.

In Hoofdstuk 7 worden fenotypische kenmerken van patiënten met thyreoidale CH 
beschreven. Er zijn een aantal genen bekend die betrokken zijn bij de schildklierontwikkeling. 
Bij het screenen van grote groepen CH patiënten worden echter slechts bij een gering aantal 
patiënten mutaties gevonden. Deze patiënten hebben vaak naast de CH nog een aantal 
andere specifieke kenmerken zoals gespleten verhemelte, longafwijkingen, neurologische 
afwijkingen, nierafwijkingen of hartdefecten. 
Om inzicht te krijgen in het type en de patronen van morfologische afwijkingen bij patiënten 
met thyreoidale CH, werd bij de patiënten die deelnamen aan het effectevaluatie onderzoek 
een lichamelijk onderzoek uitgevoerd gericht op fenotypische kenmerken. 
Het bleek dat het percentage patiënten met één of meer fenotypische variaties/anomalieën 
significant hoger is dan bij controles. Daarnaast bleek dat bij patiënten met een bepaalde 
etiologie, namelijk een dystopische schildklier, specifieke fenotypische variaties/anomalieën 
vaker werden gezien. Het goed in kaart brengen van de CH etiologie en de (patronen van) 
fenotypische kenmerken, kunnen helpen bij het zoeken naar de moleculaire achtergrond van 
CH.

In Hoofdstuk 8 worden de resultaten van de voorgaande Hoofdstukken verder bediscussieerd 
en worden aanbevelingen ten aanzien van patiëntenzorg en onderzoek gegeven. 

De Nederlandse CH screening blijkt in staat neonaten met centrale CH op te sporen. Bij een 
deel van de kinderen met centrale CH blijkt er sprake van een niet ontdekte of niet adequaat 
behandelde ziekte van Graves bij de moeder. Een deel van deze kinderen blijkt na het staken 
van T4 behandeling een thyreoidale CH te hebben. Omdat noch de centrale CH noch de 
thyreoidale CH bij kinderen van moeders met adequaat behandelde ziekte van Graves is 
waargenomen (op onze afdeling niet, maar ook niet in de internationale literatuur), lijkt het 
dat adequate behandeling van de moeder in de zwangerschap deze problemen bij het kind 
kan voorkomen.

T4 behandeling bij kinderen met CH is erop gericht om snel euthyreoidie te bereiken en 
te handhaven. In de eerste weken is TSH een minder betrouwbare determinant dan FT4 
omdat het een aantal weken duurt voordat TSH gezakt is tot binnen de referentierange. FT4 
bereikt reeds binnen 2 a 3 dagen de ondergrens van de referentierange en vormt daarmee 
een goede maat om de T4 behandeling te monitoren. Omdat op de lange termijn bij CH 
patiënten hogere FT4 concentraties nodig zijn om een TSH binnen de referentie range te 
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bereiken dan bij patiënten met verworven hypothyreoidie zijn referentieranges nodig die 
aangepast zijn aan de oorzaak van de hypothyreoidie. Het nastreven van een normaal TSH 
en het daarbij accepteren van hogere FT4 concentraties, heeft geen nadelig effect op de 
botmineraaldichtheid.

In het onderzoek “Effectevaluatie van de screening op CH” werden diverse aspecten van de 
ontwikkeling van CH patiënten onderzocht zoals cognitieve en motorische ontwikkeling, 
zoals beschreven in Hoofdstuk 5, maar ook educatie, sociaal-emotionele ontwikkeling, gedrag, 
beroepskeuze, levensloop en zelfwaardering. Deze data worden momenteel geanalyseerd. 
Deze informatie is van belang om patiënten en ouders goed te kunnen voorlichten over de 
korte en lange termijn prognose, en eventueel te adviseren in mogelijkheden voor adjuvante 
zorg zoals fysiotherapie en logopedie. 
Voordat meer definitieve conclusies kunnen worden getrokken ten aanzien van de 
ontwikkeling van CH patiënten gescreend en behandeld volgens de huidige inzichten, zullen 
de resultaten op 2-jarige leeftijd van het 2002-04 cohort moeten worden afgewacht. De 
resultaten van dit cohort op 1 jaar laten echter enig optimisme toe; wat betreft de mentale 
ontwikkeling lijkt de screening zijn doel te hebben bereikt. Ondanks verschillen in startdag 
en behandelingsstrategie bleek echter de motorische ontwikkeling bij alle drie cohorten 
achter ten opzichte van de norm populatie, bovendien werd in geen van de cohorten een 
correlatie gevonden tussen de startdag van de behandeling en de motorische ontwikkeling. 
Het lijkt daarom aannemelijk dat de motorische ontwikkelingsachterstand in belangrijke 
mate prenataal bepaald is. Op grond van deze (deels voorlopige) bevindingen lijkt er dus geen 
reden de screeningsdag verder te vervroegen. 

De opzet van het onderzoek en de interpretatie van de uitslagen zijn van belang voor de 
gehele neonatale screening, in het bijzonder ook in het kader van de uitbreiding van het 
aantal te screenen aandoeningen van 3 naar 17 vanaf 1 januari 2007. Screening van alle 
pasgeborenen, om een betrekkelijk klein percentage patiënten veel betere kansen te geven, 
is een groot maatschappelijk offer, nog afgezien van de financiële consequenties. Een 
wetenschappelijk verantwoorde effectevaluatie is essentieel voor een zorgvuldige begeleiding 
van de screeningsprocedure. Routinematige evaluatie is van belang om te onderzoeken of 
patiënten baat hebben bij de neonatale screening, of de ontwikkeling van patiënten gelijk is 
met die van leeftijdsgenoten, en in hoeverre deze afhankelijk is van ziekte of behandeling 
gerelateerde variabelen, en of de screeningsprocedure en behandelingsstrategie aanpassingen 
behoeven. 

Alle inspanningen betreffende screening en vroege behandeling van CH patiënten zijn 
er op gericht om lange termijn hersenschade ten gevolge van schildklierhormoontekort 
te voorkomen. De laatste jaren zijn er echter een aantal genen ontdekt die zowel in (zich 
ontwikkelend) schildklierweefsel, alsmede in andere weefsels, waaronder de hersenen tot 
expressie komen. Patiënten met mutaties in deze genen hebben naast CH soms een variatie aan 
andere kenmerken met mogelijk ook een mentale of motorische ontwikkelingsachterstand. 
Tot op heden worden slechts in een minderheid van patiënten met aanlegstoornissen van 
de schildklier mutaties gevonden. Uit Hoofdstuk 7 bleek echter dat uitvoerig lichamelijk 
onderzoek specifieke fenotypische kenmerken aan het licht bracht, waarvan sommige 
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geassocieerd leken met een bepaalde etiologie. Deze bevindingen kunnen helpen in de 
zoektocht naar nieuwe genen betrokken bij de schildklier ontwikkeling alsmede om het hele 
spectrum van CH kenmerken te ontrafelen, wat uiteindelijk zal bijdragen aan adequate zorg 
en voorlichting aan CH patiënten.
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Hyperdepiep hoera!
Dankzij de inspanning en het enthousiasme van veel, heel veel mensen is dit proefschrift tot 
stand gekomen. Alle patiënten, hun ouders en hun behandelaars dank ik hartelijk voor hun 
medewerking aan het onderzoek. Jullie bijdrage was onmisbaar. 

Een aantal mensen wil ik met name noemen.

Dr. Tom Vulsma, mijn co-promotor. Beste Tom, je bent dokter en wetenschapper in hart 
en klieren. Jouw kennis en enthousiasme leveren steeds weer nieuwe onderzoeksideeën (en 
patiënten) op. Door de zorgvuldigheid waarmee je het weergeven van onderzoeksresultaten 
benadert, werd het wachten op en het verwerken van je commentaar iedere versie opnieuw 
een enerverende periode. Je toewijding aan patiënten en inzet voor de afdeling en het team 
werken enorm motiverend. Dank voor je inspiratie die de basis is geweest voor dit proefschrift. 
Dank ook voor de vrijheid en het vertrouwen dat je me hebt gegeven bij het opzetten en 
uitvoeren van het onderzoek. 

Prof. Dr. Jan de Vijlder, mijn promotor. Beste Jan, tijdens onze eerste researchbesprekingen 
gaven jij en Tom aan dat de ‘Nederlandse screening op congenitale hypothyreoidie geëvalueerd 
moest worden’. Samen besloten we het onderzoeksvoorstel te schrijven en financiering te 
zoeken. Jouw inzet en enthousiasme zijn enorm belangrijk geweest bij de uitvoering en om, 
ondanks de tegenslagen onderweg, de moed er in te houden. Mede dankzij jou ben ik blijven 
geloven in het project. Ik ben je hier erg dankbaar voor. Hoewel er legio boeken en websites 
zijn met schildklierwijsheden, was het altijd erg fijn je in persoon te kunnen raadplegen. We 
missen je vrolijkheid en enthousiasme op de afdeling, nu je met emeritaat bent. 

Ook jullie partners, Elisabeth Vulsma en Corrie de Vijlder, ben ik veel dank verschuldigd. 
Beste Elisabeth en Corrie, dank voor jullie begrip voor de tijd en energie die jullie echtgenoten 
in dit proefschrift hebben gestoken.

Prof. Dr. Raoul Hennekam. Beste Raoul, ik waardeer het dat je telkens weer tijd vond in je 
overvolle schema om met mij de foto’s van patiënten te beoordelen. Door je enthousiasme en 
enorme kennis, en door de interesse en waardering die je steeds voor anderen tentoonspreidt 
weet je mensen enorm te stimuleren. Ik vind het een eer dat ik met dè Professor Hennekam 
heb mogen werken. Ik hoop dat we in de nabije toekomst het onderzoek nog verder kunnen 
uitwerken. 

Dr. Barto Otten. Beste Barto, tijdens mijn studie was het mede door jou dat ik enthousiast 
werd over het vak kinderendocrinologie. Je hebt me aangemoedigd (in meest letterlijke zin 
door me voor te dragen voor de aanmoedigingsprijs bij de KUN) om in onderzoek verder 
te gaan en me eind 1998 in contact gebracht met Tom en Jan. Ik ben je hier nog steeds erg 
dankbaar voor! Ik ben er trots op dat je in de manuscriptcommissie zit.
Ook wil ik jou samen met Dr. Maarten Jansen, hartelijk danken voor jullie onmisbare 
inspanningen bij de opzet van het evaluatieonderzoek. 



Prof. Dr. J. Rovet. I am very honoured and grateful that you have been willing to judge my 
thesis and I admire the work that you have done in the field of congenital hypothyroidism. 
Ook de overige leden van de promotiecommissie, Prof. Dr. H.S.A. Heymans, Dr. G. 
Loeber, en Prof. Dr. W.M. Wiersinga dank ik voor hun inspanningen om het proefschrift 
te beoordelen.

Paul van Trotsenburg. Beste doctor (!) Paul. Dank voor de afgelopen 7 jaar, waarin je altijd 
bereid was om over patiënten en onderzoek te overleggen, en voor je immer to the point uitleg 
van kinderendocrinologische problemen. Onze endobesprekingen gingen altijd vergezeld 
van de nodige humor (met na afloop…..strumazolletje?). Ik vind het bijzonder dat we elkaars 
paranimf waren cq. zijn. Veel succes in je carriere!

Brenda Wiedijk. Beste Brenda, jij was het die in het begin zei “ik ben zo benieuwd hoe het 
met de patiënten op volwassen leeftijd gaat”. Deze opmerking hebben we ter harte genomen 
en er is een prachtig onderzoek uit voortgekomen. 
Mede door jouw inspanning hebben zo vele patiënten aan het onderzoek deelgenomen. Je 
wist de drukke agenda voor de onderzoekspatiënten op magische wijze te beheren. Door je 
jarenlange ervaring op onze afdeling en inzet voor de patiëntenzorg, ben je een steunpunt 
voor al onze patiënten. Het is dan ook niet verwonderlijk dat ze allemaal erg blij zijn te horen 
dat na mijn vertrek, ‘Brenda in ieder geval blijft’. 
Ik ben je erg dankbaar voor de hulp bij het verzamelen van alle gegevens (tenminste 1 van 
ons weet het patiëntennummer of geboortejaar uit zijn hoofd). Brenda, SUPER bedankt. 

Liesbeth van der Sluijs Veer. Beste Liesbeth, wat was (en ben) ik blij dat jij de plotseling 
ontstane vacature kwam invullen toen het onderzoek net was gestart. 
Jouw vriendelijke open houding heeft menig onderzoekspatiënt op zijn gemak gesteld en 
is daarmee, tezamen met je flexibiliteit een belangrijke voorwaarde geweest voor het goed 
lopen van het project. Ik verheug me erop de data van het onderzoek samen verder uit te 
werken. Dank ook dat je mijn paranimf wilt zijn en daarna, op naar jouw promotie, die ik in 
alle vertrouwen tegemoet zie! 

José Willemsen. Beste José, dank dat je altijd bereid bent om te helpen, met brieven, 
vinden van adressen, opsnorren van artikelen, enzovoorts. Je hulp bij het opsporen van 
de behandelaars, vooral van het 1981-82 cohort, om vervolgens de patiënten te kunnen 
uitnodigen voor het onderzoek, was meesterlijk. Mersibokoe.

Ria Nijhuis-van der Sanden. Beste Ria, je bent actief en enthousiast betrokken geweest bij 
de motoriektesten en de interpretatie van de resultaten. Je weet steeds op verrassende wijze 
de testresultaten om te zetten naar de implicaties voor de klinische praktijk. Dank voor je 
hulp!

Libbe Kooistra. Beste Libbe, op jouw eerste onderzoek bij het 1981-82 cohort is het 
Effectevaluatie onderzoek afgestemd. Het was erg leuk en inspirerend om met je samen te 
werken. Je beschikt over een aanstekelijk optimisme, erg handig voor mijn recidiverende 
artikelstress. Ik vind het erg leuk dat je erbij bent de 27e.
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De medewerkers van het Laboratorium Kinderendocrinologie, Carrie, Janine, Truus, 
Remco, Annamarie, Gijs, Jiska, Maarten en alle studenten. Jullie zijn altijd bereid mee te 
denken over klinische problemen, en ondersteuning te bieden om met behulp van aanvullend 
onderzoek het probleem beter in kaart te brengen. Dit is onmisbaar voor goede patiëntenzorg 
en onderzoek. Dank jullie wel hiervoor en natuurlijk ook voor de gezelligheid.

Prof. Dr. W.M. Wiersinga, Prof. Dr. E. Fliers, en Dr. E. Endert en de medewerkers van de 
afdeling Interne Geneeskunde Endocrinologie en het Laboratorium Endocrinologie, 
dank voor de goede samenwerking en voor de leerzame besprekingen.

Bob Last en Martha Grootenhuis, dank ik hartelijk voor de ‘psychologische’ ondersteuning, 
zowel van mij, als van de onderzoeksresultaten en artikelen.

De afdeling nucleaire geneeskunde, Prof. Dr. B. van Eck-Smit en H. Verberne, dank ik 
hartelijk voor de medewerking aan het botmineraaldichtheidsonderzoek bij CH patiënten. 
Beste Hein, veel succes met het afronden van je proefschrift. 

Caren Lanting en Paul Verkerk van TNO, Kwaliteit van Leven, met behulp van jullie inzet 
hebben we de onderzoeksgegevens kunnen completeren. Hartelijk dank daarvoor!

Gedurende ruim 2 jaar hebben de medewerkers van de Regionale Entadministraties 
zich enorm ingezet om ons, zonder vertraging, alle 772 faxen te sturen. Dank voor jullie 
betrokkenheid bij het onderzoek!

Hans Merks, hartelijk dank voor je hulp bij de opzet, het database beheer en het opschrijven 
van de resultaten van het dysmorfie onderzoek, waarbij ik telkens mocht putten uit jouw 
uitgebreide ervaring met je eigen onderzoek. Momenteel ben je met HET artikel bezig. 
Veel succes. Koos Zwinderman en Heleen Stam, dank voor jullie significante hulp bij de 
statistische analyses. Rick van Rijn en Anne Smets, dank voor het maken van de echo’s van 
de schildklier bij onze onderzoekspatiënten. Bert Smit en Arno van Heijst dank voor jullie 
bijdrage bij het verzamelen van de patiëntengegevens. Chris Bor (eindelijk een hoofdstuk 
zonder tabellen) en Sebastiaan de Beer, dank voor jullie hulp bij de lay-out en de omslag.

De bestuursleden en leden van de Stichting Schild wil ik danken voor de prettige 
samenwerking, jullie nimmer aflatende interesse in het onderzoek en jullie inzet om (ouders 
van) patiënten goed en zorgvuldig voor te lichten.

De medewerkers van de polikliniek kindergeneeskunde, vooral Yvonne Simoi, het was 
altijd fijn met jullie samen te werken. 

De nog niet genoemde (oud-)medewerkers van het endoteam, Bert, David, Hanneke, Jose, 
Nitash, Pien, Jeannette, Susanne en Lyda, en ook Irene, Heval en Astrid dank ik voor de 
vele leerzame en gezellige momenten.

27-10



Lieve vrienden, dank voor alle gezellige, goede momenten en in het bijzonder voor jullie 
begrip als mijn laptop weer een prominente plaats in het vakantiehuisje innam. Jullie horen 
ook bij het thuisfront (zie laatste stelling).

Lieve pap en mam, ik weet me altijd en overal door jullie gesteund. Dank voor jullie liefde, 
jullie warmte, voor alles! Ik houd zielsveel van jullie en hoop dat we nog lang bij elkaar zijn.

Lieve pa en ma Matthijsse, dank voor jullie steun in de afgelopen jaren.

Lieve Elles, mijn grote zus, Ronald, Joska en Vere. Jammer dat we zo ver van elkaar wonen, 
ik hoop dat dat nog eens verandert in de toekomst. 

Lieve René, lieve Petr. 
René, je hebt je vaak afgevraagd wat hier zou komen te staan, ik ook. Het moest simpel en 
toch eenvoudig (RM) zijn….dat blijft lastig. Jouw gepassioneerde levenshouding maakt ons 
leven heerlijk dynamisch. Je grenzeloze vertrouwen in mij heeft dit proefschrift gevormd. 
Dankbaar ben ik voor onze liefde, heerlijke humor, voor ons thuis en voor onze kleine, grote 
Petr. Lieve Petr, wat geniet ik van je, iedere dag opnieuw. 
Jullie laten me beiden zien dat de meeste dingen ook vanuit een ander perspectief gezien 
kunnen worden, zij het dan met een verschil in complexiteit van de wijze waarop, danwel 
mijn interpretatie daarvan ☺. Tijd om af te ronden, maar niet na de belangrijkste take (me) 
home message: ik heb jullie lief, het liefst!
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