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GeneralGeneral Introduction 

PREFACE E 

Developmentt of children involves a continuous and dynamic process resulting from 

ann interaction between biological, psychological and sociological factors.1 Biological 

factorss comprise genetic dispositions, hormonal processes and metabolism, functioning 

off  the central nervous system and physical growth. Psychological factors refer to 

cognitivee and social-emotional functioning, an individual's unique learning history of 

experiences,, and social interaction. Sociological factors reflect the socio-economic 

circumstancess and culture an individual and its family live in. Complex interrelationships 

existt between all these factors and research in this field usually focuses on the impact of 

aa limited number of specific factors on a child's development. 

Onee area of research involves the relation between thyroid hormone metabolism (a 

biologicall  factor) and neurodevelopment. Thyroid hormone is essential for normal brain 

development.22 3 Either shortage or too high levels of thyroid hormone during brain 

developmentt in the fetal or neonatal period can cause impairments in further development 

off  the child. Inadequate thyroid hormone concentrations in the fetus and neonate may 

resultt from maternal thyroid deficiencies due to a failing maternal thyroid system or 

maternall  hypothyroxinemia4*7, or from thyroid hormone deficiencies in the infant due to 

congenitall  hypothyroidism8 or preterm birth.9 n 

Thee core of this thesis concerns developmental outcome in relation to imbalances in 

thyroidd hormone concentrations in the perinatal period, when the brain develops rapidly 

andd even transient imbalances in thyroid hormone supply may be harmful for subsequent 

development. . 

Inn the following sections of the introduction, issues relevant to the central theme of 

thee thesis will be discussed. At first, development until school age wil l be addressed, 

moree specifically in relation to four domains of development (neurologic, motor, cognitive 

andd social-emotional domain). Next, thyroid hormone supply in the fetal and neonatal 

periodd wil l be described. Special attention wil l be paid to the thyroid hormone supply in 

infantss who are born premature. Maternal thyroid hormone metabolism wil l also be 

addressedd briefly since it plays an important role in the fetal and neonatal thyroid hormone 

supply.. In addition associations between low neonatal thyroid levels and clinical and 

earlyy neurodevelopmental outcome are described. Finally, two clinical interventions 

aimingg to optimize neonatal thyroid levels in the preterm born infant are described. 
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ChapterChapter 1 

II  CHILD DEVELOPMENT 

1.11 General issues in early child development 
AA basic issue in child psychology concerns the degree to which behavior and 

developmentall  change are considered to result either from biological or from experiential 

andd environmental factors (nature versus nurture debate).1 Today, the importance of both 

naturee and nurture factors as well as their interaction, is fully recognized as contributing 

too developmental change. Deviant biological factors, as well as difficult socioeconomic 

circumstances,, or psychological conditions like child abuse or other deviances in social 

interactionss are expected to result in most cases in developmental problems.1220 

Anotherr important issue in child psychology is whether developmental processes 

displayy continuity or discontinuity. Continuity emphasizes quantitative change; 

individuall  skills are added, combined and recombined in a continuous process through 

learningg and experience. 

Discontinuityy emphasizes qualitative changes in previous abilities and behaviors that 

aree mainly guided by biological factors; development is characterized by relatively stable 

periodss followed by abrupt changes.1 

AA third issue important for child psychology, refers to the researchers' focus of study. 

Onee focus involves normative development, which is concerned with the commonalities 

off  child development and the search for universals. Another focus of study involves 

ideographicc development, which is concerned with factors that produce individual 

differencess among children, such as cultural influences. Interest in developmental 

pathology,, or in the consequences of risk factors early in development for later 

development,, or studies of the effect of early interventions in order to ameliorate further 

development,, also fit this category. 

Thesee general issues are still a source of debate in scientific thinking on child 

developmentt and are also reflected in this thesis. The main subject of this thesis concerns 

thee impact of one biological factor (fetal and neonatal thyroid hormone concentrations) 

onn a child's developmental outcome independent from other contributing factors. The 

impactt of this factor on developmental outcome might change over time because 

developmentt progresses rapidly during the first years of life; therefore outcome will be 

measuredd at different ages (see chapter 2). The focus of study described in this thesis 

involvess ideographic development. 

Inn the next paragraphs, development until school age will be described in more detail. 

Thee focus is on neurologic, motor, cognitive and socio-emotional development, as these 

domainss are addressed in the studies for this thesis. Besides a brief description of each 
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developmentall  domain, different skills wil l be mentioned which have to be acquired in 

thee first years of life. 

Measurementss that are used to assess developmental outcome are described in chapter 2. 

1.22 Development of neurologic functioning, motor skills, cognitive abilities, 
andd social-emotional competencies until school age 

1,2.1.1,2.1. Neurologic development 

Neurologicc development concerns the (biological) maturation of the central nervous 

system.21222 The newborn infant is equipped with different reflexes, highly stereotyped 

behaviorss that occur as brief responses to specific stimuli. The presence or absence of 

suchh reflexes provides information about the functioning of the brain and nervous system. 

Somee reflexes last throughout life, other reflexes disappear in the first year which indicates 

thee development of more advanced brain functions. There are two important aspects that 

havee to mature. The first aspect concerns muscular tone; postural control involves an 

increasinglyy fine coordination of extensor muscles and flexor muscles. The second aspect 

concernss a fixed pattern in controlling different muscles; muscles closest to the brain 

comee under control first before muscles farther away. Postural development can be 

distinguishedd in gross and fine motor development. Gross motor movements involve 

musclee groups near the trunk, such as waving. Fine motor movements involve small 

gesturess of hands and fingers. 

Untill  the age of 2Vi years, changes in the motor repertoire seem to be related to the 

developmentt of balance control. From the age of 2Vi years motor functioning becomes 

moree differentiated, efficient and fluent. The child develops the ability to perform a 

motorr task in different manners adapted to environmental circumstances. 

AA neurologic examination evaluates the intactness and maturity of the central nervous 

system.. It endeavors to analyze sensori-motor function in terms of identifiable neural 

mechanisms.. The level of motor development is important but is not the aim of the 

assessment.. Examination of the neurologic development evaluates the quality of sensori-

motorr performances at a certain age rather than the quantity of these performances; not 

thee exact age of independent walking is of importance but the quality of the walking 

processs (taken into account the developmental changes of the performance). Motor 

developmentall  tests and neurologic examination techniques are considered not 

interchangeablee but complementary.23 24 

15 5 



ChapterChapter 1 

1.2.2.1.2.2. Motor development 

Motorr development can be considered as a representation of the nervous system and 

neuromuscularr maturation.24 The progression of motor skills follows two general 

principles.11 Body parts develop in a trunk-to-extremities direction and mature in a head-

to-foott progression (see above). Learning to move around also helps infants to organize 

theirr world, it contributes to their spatial understanding and the meaning of heights and 

distance.. The development of motor skills follows a reasonably predictable sequence, 

butt children differ in the timing and manner in which they acquire skills. As children 

maturee biologically and cognitively, they become motivated to accomplish more and 

discoverr the world around them: reach, grasp, move or shake things, to move themselves, 

etc.. This motivation stimulates the development of new motor behaviors from the 

availablee physical resources. This process involves exploration and selection. 

Inn the first two years, the infant learns to sit with support, to sit alone, walk holding on 

too furniture, walk alone, walk up and down stairs. Three sets of fundamental motor skills 

emergee beyond the first year. The first set consists of locomotor movements including 

walking,, running, jumping, hopping, skipping and climbing. The second set consists of 

manipulativee movements including throwing, catching, kicking, striking and dribbling. 

AA third set consists of stability movements involving body control like bending, turning, 

swinging,, rolling, head standing and beam walking. 

1.2.3.1.2.3. Cognitive development 

Cognitivee functioning refers to the mental processes used by individuals to understand 

andd adapt to the world surrounding them. Research focuses on the normative development 

off  general cognitive processes, like thinking, reasoning, learning, and problem solving. 

AA child's cognitive functioning can be assessed with standardized intelligence tests. 

Intelligencee research, however, focuses on individual differences in cognitive performances, 

onn methods to measure these differences and whether these differences show consistent 

andd interpretable patterns. The assessment of intelligence arose from the need to determine 

whichh children were suitable learners for the classroom and which children were mentally 

deficient.11 25 26 In this thesis cognitive outcome is assessed using a standardized 

developmentall  test or an intelligence test (see chapter 2). Both developmental tests and 

intelligencee tests provide norm scores for different ages obtained from the general 

populationn making it possible to compare the performance of high-risk children with that 

off  the reference population. 

Languagee and verbal comprehension are important items in measuring intelligence. 

Languagee acquisition plays a major role during infancy, preschool and early childhood 

16 6 



GeneralGeneral Introduction 

developmentt and can be considered a different developmental domain. In our research 

wee studied language as part of general cognitive functioning (see chapter 2). 

AA brief description of general cognitive development is now given as background 

informationn since in this thesis group differences in cognitive outcome are studied. 

AA number of theories concern cognitive development and one of the most important 

theoriess is by Jean Piaget (1896-1980).' The first period is called the sensorimotor period, 

whichh extends from birth until about age 2. The sensorimotor period is divided in 6 substages 

andd starts with various inborn reflexes. The reflexes evolve into sensorimotor schemes 

(skilledd and generalizable action patterns -such as sucking- with which infants act on and 

understandd the world), which become progressively more complex during infancy. An 

examplee of an important sensorimotor achievement is the concept of object permanence. 

Thee culmination of the sensorimotor period is the onset of mental representation which 

meanss that mental problem solving begins to replace overt trial and error. 

Thee second period, the preoperational period, extends from about age 2 to about age 

6.. The child's intellectual adaptations are now faster and more efficient. This period is 

alsoo a time of specific cognitive acquisitions like, for example, qualitative identity which 

referss to the knowledge that the qualitative nature of something is not changed by a 

changee in its appearance. For example, a wire remains the same wire even though it has 

bentt into a different shape. Thinking in this period is often 'egocentric1 because the 

childd has difficulty taking the perspective of others. Thinking is also often focused on 

onlyy one aspect of a problem at a time, therefore the child is misled by what is perceptually 

obvious.. Another cognitive ability that is acquired is called conservation which refers to 

thee knowledge that quantitative properties of objects are not changed by a change in 

appearance.. For example, in choosing which of two rows with an equal number of blocks 

hass more blocks, the child wil l base its answer on the most salient feature, length of the 

rows,, and wil l not yet take into account other information like density. Beyond school 

age,, and as such beyond the scope of this thesis, two more periods can be distinguished, 

thee concrete operational period (from about age 6 to about age 12) and the formal 

operationall  period (from about age 12 onwards). 

Thiss stage theory of Piaget is characterized by qualitative changes in cognitive 

development.. Four factors are identified that contribute to cognitive change. The first 

factorr is biological maturation since learning and development occur within constraints 

sett by the child's maturational level. The second and third factor refer to experience; 

physicall  experience which refers to the child's interactions with inanimate objects, and 

sociall  experience which refers to the child's interactions with people. In both experiences, 

Piagett stresses the importance of assimilation and accommodation. Whenever a child 
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interactss with the environment, the child assimilates the new experiences to his current 

cognitivee structures and at the same time the child accommodates his cognitive structures 

too fit the environment and the new experiences. The last factor, equilibration, accounts 

forr the organizational processes in cognitive development which means that inputs from 

maturationn and various kinds of experience are coordinated into cognitive structures. 

1.2.4.1.2.4. Social-emotional development 

Sociall  behavior in human beings is transactional, indicating that an individual's actions 

bothh affect and are affected by the actions of others. Early social development differs from 

laterr social interactions in that infants have few, but intense relationships. These initial 

relationshipss are very influential and have long term effects on the child's social, personality 

andd cognitive development. Infants develop strong emotional relationships (attachment 

relations)) especially with their mothers but also with the father or other regular caretakers. 

Thee developmental course of infant-caregiver attachment can be divided in four stages.27 

Thee first stage, which extends from birth until 2 months, is characterized by indiscriminate 

sociall  responsiveness; the infant responds socially to almost anyone. The second stage, 

fromm 2 until 7 months, is characterized by discriminate social responsiveness; the infant 

directss social responses principally to familiar people but does not protest when the caregiver 

leaves.. The third stage, from 8 to 24 months, is characterized by focused attachment. 

Infantss are wary of strangers, protest to separation, and use the caregiver as a source of 

comfortt and as a secure base. The fourth stage, which extends from 30 months onwards, 

iss characterized by goal-oriented partnership. The child no longer protests when the 

caregiverr leaves and is able to share united goals. 

Thee child's role in infant-caregiver interactions is greatly influenced by his emotional 

expressivenesss and responsiveness to environmental stimulation. These aspects of 

personalityy are called temperament. Temperament is meant to describe the baby's 

behaviorall  style, reflecting not so much what babies do as how they do it.28 

AA child's social-emotional well-being and temperament is reflected in its overt 

behaviors.. Social maladjustment or frustration can be expressed so strongly that it is 

conceptualizedd as a behavior problem by the observers or caretakers of the child. A 

seriouss amount of behavior problems is considered to reflect psychopathology.29 M) For 

assessmentt of a child's social-emotional development standardized questionnaires, like 

thee Child Behavior Checklist (CBCL), are frequently used describing the kind and amount 

off  potential behavior problems, which are to be completed by informants who know the 

childd well, like parents, schoolteachers, and in adolescence also by peers, or the child 

himself.. These behavior descriptions also reflect the personal view of the informants on 
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thee child's behavior. Information obtained from these questionnaires provides norm-

relatedd behavior descriptions, which makes them very useful in studies on high-risk 

children.. These questionnaires do not, however, reveal the nature or cause of the 

underlyingg behavior problems.3132 

1.33 Predictive value of early diagnosed developmental problems 
Ass mentioned earlier, developmental outcome is the result of a combination of 

biological,, psychological and sociological factors. Therefore, poor developmental 

outcomee also stems from a combination of different factors. In young children, 

developmentt may be delayed or impaired because of cerebral damage, an immature 

nervouss system, understimulation, poor health, mental and/or physical deficits. The 

underlyingg cause of developmental problems and the presence of compensating factors 

determinee the prognosis.163335 Biological factors are found to have a dominant influence 

onn early outcomes, while the importance of social environment becomes more evident in 

laterr development.34 36 

Neurologicc abnormalities and motor impairment become apparent at young age when 

muscularr tone and reflexes are abnormal and motor milestones like sitting without support 

andd walking are not achieved. Cognitive problems are more difficult to diagnose at young 

age.. Performance on infancy tests of cognitive functioning has shown littl e predictive 

valuee for scores on later intelligence tests. This can be explained by the differences in 

thee content of infancy tests and childhood tests; the first consist mainly of perceptual 

andd motor items, whereas the latter can measure verbal and abstract forms of thought 

moree extensively. It is argued that intelligence in infancy requires different skills than 

intelligencee in childhood, when for instance mental representations can and have to be 

usedd for age appropriate performances. This explanation is related to the continuity-

discontinuityy issue. However, increasing predictability of infancy scores over time has 

beenn found. By the age of 2, infancy tests include many items that measure language 

competencyy and mental representations through which the coherence with later cognitive 

measurementss increases.37 High correlations (.77) between intelligence scores have been 

foundd for assessments at preschool to adolescence age.33 

Thee stability of early behavior problems has also been subject of study. The information 

sourcee of behavioral problems in toddlers is usually the parents. Moderate to high 

correlationss have been found for parent-reported internalizing, externalizing and total 

problemm scores assessed at toddler age and at preschool age. Significantly higher stability 

wass found for externalizing and total problem scores than for internalizing problem 

scores.299 These stabilities indicated general rather than scale specific stability. For example, 

19 9 



ChapterChapter 1 

strongg oppositional behaviors at 2-3 years of age tended to be predictive of both 

internalizingg (withdrawn and depressive behaviors) and externalizing behaviors (destructive 

andd aggressive behaviors) 2 years later. The predictive value of parent reports of behaviors 

att 2-3 years regarding teacher reports of problem behaviors at 4-5 years were, however, 

quitee low. Teachers1 ratings of problem behaviors were associated with the child's 

competencee regarding school tasks.38 Stabilities of parent and teacher ratings of behavior 

problemss decrease with increasing age but they remain significant over a period of 8 years.31 -3: 

Infancyy tests in the first year have limited predictive value for childhood outcome. 

Fromm the age of 2 years, tests performances wil l give a fairly reliable picture whether or 

nott a child experiences difficulties in one or more developmental domains. With aging 

intelligencee scores increase in predictive value. 

I II  THYROID HORMONE SUPPLY IN THE FETAL AND NEONATAL PERIOD 

II.. 1 Maternal thyroid hormone metabolism 
Duringg normal pregnancy, the rise of oestrogens results in an increase of thyroxine-

bindingg globulin (TBG) in the expectant mother. TBG is one of the transport proteins of 

thyroidd hormone. The higher amount of TBG subsequently results in a rise of serum total 

thyroxinee (T4) and triiodothyronine (T3) concentrations.5 The concentration of TBG 

reachess its maximum by 24 weeks' gestation and remains elevated up to approximately 

22 weeks postpartum. Serum free thyroxine (FT4) concentrations slightly decrease after 

thee first trimester in pregnancy while serum thryoxine-stimulating-hormone (TSH) 

slightlyy increases after an initial fall during early gestation. This initial fall is due to the 

highh concentrations of human chorionic gonadotropin (hCG) in early pregnancy. These 

changess remain within normal limits of serum concentrations for nonpregnant women.39 

Duringg pregnancy, plasma inorganic iodide concentrations decrease because of increased 

renall  clearance and fetal demands for iodide.39 Iodine is a prerequisite for thyroid hormone 

synthesis.. Renal clearance of iodide increases as well as the production of thyroxine by 

thee thyroid gland. Therefore, higher iodine intake is needed in pregnant women to prevent 

goiter.. In iodine deficient areas, goiter occurs in 20-75% of the pregnant women.6 In case 

off  iodine deficiency and/or thyroid hormone disease during pregnancy, treatment with 

iodinee and/or thyroxine is needed to prevent damage to he fetus and the neonate (see 

III .. 1.1 and III . 1.2). 

Thee fetus entirely depends on maternal transfer of thyroid hormone during maturation 

off  its own thyroid system until midgestation (see below). 
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II.22 Thyroid hormone production and metabolism during fetal life 
Beforee the onset of fetal thyroid function, thyroid hormone has been demonstrated in 

embryonicc cavities and tissues.40 Nuclear thyroid hormone receptors, to which T3 is 

bound,, have been found in human brain and lung tissue from the 9th week of fetal lif e on 

andd increase 500-fold in concentrations between 10 and 18 weeks.41 The presence of 

thyroidd hormone during early fetal life results from maternal-fetal transfer of T4. Probably 

materno-fetall  transfer continues until term.42 

Byy 10-12 weeks gestational age, the fetal thyroid gland acquires its capacity to 

concentratee iodide and synthesize thyroid hormone. By the same time, the pituitary can 

producee and secrete thyrotropin, while hypothalamic neurons are able to synthesize 

thyrotropin-releasingg hormone. TBG can also be demonstrated in fetal serum by 12 weeks. 

Significantt thyroid hormone production does not occur before the 16th-20th week of 

gestation.41 1 

II 1.2.1 T4 and T3 production during fetal life 

T44 is the primary secretory product of the thyroid gland.101 T4 must be considered as 

thee prohormone of the bio-active T3. Activation of T4 by conversion into T3 occurs by 

outerr ring deiodination. Deiodination of the inner ring results in inactivation of thyroid 

hormonee by production of reverse T3 (rT3). Both T3 and rT3 can be further deiodinated. 

Fetall  plasma concentrations of T4 increase with increasing gestational age, adult 

plasmaa values are reached by approximately 30 weeks.41 In contrast to T4, plasma T3 

concentrationn remains low and only increases during the last weeks of pregnancy. This 

iss mainly caused by high fetal Dil i activity, by which T3 and T4 are inactivated by inner 

ringg deiodination. 

11.2.2.11.2.2. Regulation of intracellular T3 availability during fetal life. 

Despitee the predominance of inactivating metabolic pathways, there is increasing 

evidencee that thyroid hormone is required from the early embryonic stages on for normal 

maturationn of e.g. the brain, inner ear, lungs, heart and digestive system. These data 

include: : 

1.. In iodine-deficient areas, maternal hypothyroxinemia is common and associated 

withh fetal hypothyroidism. In these cases, the embryo/fetus is already 

hypothyroxinemicc in the first half of pregnancy by insufficient maternal-fetal transfer 

off  T4. This fetal hypothyroidism throughout pregnancy results in severe neurological 

damage,, which can only be prevented by iodine supplementation initiated prior to 

conception.411 ^ 
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2.2. A case of fetal-maternal POUIFI (Pit-1 deficiency; a pituitary specific transcription 

factorr regulating somatotrope, lactotrope. and thyrotrope function) resulting in 

severe,, maternal and fetal hypothyroidism may cause severe and irreversible 

neurologicc deficits with severely impaired neurodevelopment, strabismus, deafness, 

cardiacc failure and respiratory failure.43 A similar clinical picture was described in a 

babyy born from a mother with strongly positive thyroid stimulating blocking 

antibody,, also resulting in fetal and maternal hypothyroidism.4'' 

3.. Maternal thyroid hormone levels during the first half of gestation are a more critical 

factorr for normal brain maturation than previously believed. Several recent reports 

describee an association between low maternal plasma free T4 levels and impaired 

neuropsychologicall  development of the child.4744 

Duringg fetal development, there seems to be a fine regulation of the amounts of T3, 

thatt are generated from T4, in order to tailor the availability of T3 to temporal and spatial 

needs.. This happens independent of circulating T3 and differs in various organs and 

brainn structures in particular. When thyroid hormone is needed locally, T4 is activated 

byy increased activity of DII and /or decreased activity of Dili. 5051 Also the expression of 

nuclearr thyroid hormone receptors, by which T3 exerts its action can be up- or 

downregulatedd in a specific window of time during thyroid hormone dependent processes 

off  maturation." Therefore, sufficient levels of plasma T4, and not plasma T3, are crucial 

forr provision of T3 to the cell, especially in the brain. Ontogenetic variations of the 

differentt deiodinases along with changes in receptor availability ensure appropriate 

thyroidd hormone supply during critical developmental periods. 

Inn the next paragraph thyroid hormone metabolism is described in infants with 

insufficientt hormone supply because they were born while their own thyroid hormone 

regulationn system is still immature. 

II.33 Thyroid hormone metabolism in the preterm infant 
Att term birth, there are large changes in plasma thyroid hormone and thyrotropin 

(TSH)) levels. TSH increases rapidly, peaking 30 minutes after birth and reaches peak 

levelss between 50 and 100 mU/1. The TSH surge is followed by a two-fold T4 and an 

eight-foldd T3 increase. Subsequently, there is gradual decline in T4 and T3 levels during 

thee first week of life. T4 levels 1.5 times that of cord blood and T3 levels 3 times that of 

cordd blood are found at the end of the first week. TSH usually decreases to values below 

10mU/l.5-,M M 

Thee TSH surge found in term neonates is not quantitatively similar for infants born 
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earlierr in gestation. After preterm birth, T4, FT4 and T3 levels also remain lower than in 

termm born infants during the first weeks of life. TSH may rise somewhat, but remains 

beloww the cut-off point for congenital hypothyroidism of 20 mU/1.55 This phenomenon is 

generallyy referred to as transient hypothyroxinemia of the preterm infant. T4 and T3 

levelss in preterm infants rise to levels found in term infants between three and eight 

weekss of age. These lower levels of T4 and T3 are due to lower thyroxine-binding protein 

andd free thyroid hormone levels. The severity and duration of transient hypothyroxinemia 

appearss to be inversely correlated with gestational age. In preterm infants of 30-37 weeks 

gestationall  age, thyroid hormone levels after birth follow a similar pattern to that of term 

infantss (a surge after birth, followed by slowly decreasing levels during subsequent weeks 

andd stable levels thereafter). In infants less than 30 weeks gestational age the postnatal 

patternn of thyroid hormone levels differs from the pattern described above. The TSH 

surgee is blunted and followed by a small rise in T4 levels and a minimal rise in T3 levels 

duringg the first 24 hours after birth. Subsequently, there is a fall in serum (free) T4 

concentrationn until a nadir at seven days of age that is lower than the (free) T4 cord 

bloodd level. This T4 nadir is more profound in the lowest gestation infants.10 n 56 TSH 

increasess in response to this T4 nadir, but remains below 20 mU/1. T3 levels rise slowly, 

reachingg term levels only by 8 weeks after birth. Reverse T3 is elevated in preterm infants, 

butt shows a faster decline during the first weeks after birth in infants of lower gestational 

agess as a result of scarcity of the substrate T4. 

Thee low thyroid hormone levels in preterm infants are the result of various factors. 

Thee postnatal time course of (free) T4 in infants <30 weeks gestation suggests that the 

immaturee thyroid gland cannot compensate for the preterm T4-surge, increased T4-

requirementss after birth and/or the loss of maternal T4. Also, inadequate iodine intake 

cann cause hypothyroxinemia in the preterm infant.102 Furthermore, non-thyroidal illness 

cann further decrease (free) T4 and T3. Non-thyroidal illness is caused by elevated cytokine 

concentrationss in plasma and tissues during cardiopulmonary and infectious disorders 

thatt affect many premature infants. These elevated levels of cytokines inhibit thyroid 

function,, metabolism and thyroid hormone action. The (free) T4 nadir at day 7, however, 

occurss to the same extent in sick and healthy very preterm infants, but recovery from 

thiss nadir is slower in the sick infants.1057 
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II.44 Low thyroid hormone levels in preterm infants and its association with 
clinicall and neurodevelopmental outcome. 

II.4.1.II.4.1. Clinical outcome 

Thyroidd hormone plays an important role in maturation of lung (surfactant synthesis)58, 

brain,, heart and vascular system.59 Many papers have shown a relation between low T4 

andd T3 levels at birth or in the neonatal period and clinical outcome: 

1.. Mortality. 

Loww (free) T4 levels in the first week of life are associated with a higher mortality rate, 

thee risk on death being 4 - 6 times higher in infants with T4 level< -2.3 nmol/1.6061 

2.. Respiratory disorders. 

Alreadyy in the early seventies different studies were published on the relation between 

T44 or T3 levels in cord blood and respiratory distress syndrome (RDS).62"64 Preterm 

infantss with RDS also more often have very low T4 and T3 levels in the first week of 

life.55655 This is caused by a combination of low levels of the transport proteins (TBG 

andd albumine) and low free thyroid hormone levels.6566 Infants with low T4 levels in 

thee first week of lif e need more days on supplemented oxygen, more days on the 

ventilatorr and longer hospitalization.67 

3.. Cerebral damage. 

Ann increased risk of intra-ventricular hemorrhage but not of periventricular leuko-

malaciaa was found in infants who had very low T4 levels.68 Other investigators did 

showw a twice-increased risk of cerebral white matter damage in the form of 

echolucencies699 in infants with low T4. 

Althoughh a causal relationship between low T4 or T3 levels and immaturity of the different 

organn systems is suggested by all of these studies, they do not provide evidence for this. 

11.4.211.4.2 Neurodevelopmental outcome 

Becausee thyroid hormone is required for normal brain maturation, the relation between 

transientt hypothyroxinemia and developmental outcome has been subject of study. 

Inn two population-based cohort studies of very low birth weight infants of less than 33 

weekss gestation an association was found between the severity of the transient 

hypothyroxinemiaa and neurodevelopment.687071 Data were available from the screening 

onn congenital hypothyroidism and measured T4 in the first week of life. At 2 years of age, 

Reusss et al.68 found a 4.4 fold increase of disabling cerebral palsy in infants with T4 levels 

beloww -2.6 SD and a mean difference of 6.8 points on the Bayley mental developmental 
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scoree compared to infants with a SD of higher than -1.3 SD. Meijer et al.71 found a 3.5 fold 

increasee of delayed psychomotor development in infants with T4 levels below - 3.1 SD at 

22 years, and in the same cohort an increased risk of handicap was demonstrated at 5 years 

off  age and of school failure at 9 years.70 In another study, an association was found between 

loww T3 levels in the neonatal period and a delay in mental development at 18 months72, 

whilee at 8 years a 6.6 point IQ difference was demonstrated.73 In all 3 cohort studies the 

associationss persisted after correction of risk factors for abnormal neurodevelopmental 

outcome.. Apart from neurodevelopmental studies also specific effects on myelination were 

studied.. De Vries et al. found a delayed motor nerve conduction velocity in preterm infants 

withh low T4 levels (< 60 nmol/1), the delay was about 1 to 3 weeks in maturation time.74 

I l ll  OPTIMIZATION OF THYROID HORMONE SUPPLY IN THE FETAL 

ANDD NEONATAL PERIOD 

IH.11 Thyroid hormone treatment in pregnant women 
IIIIII A A Maternal hyperthyroidism 

Inn the majority of pregnant women with hyperthyroidism, Graves' disease is the 

underlyingg pathology. Thyreotoxicosis during pregnancy is characterized by low serum 

TSHH concentrations and/or elevated FT4 levels. The incidence of hyperthyroidism during 

pregnancyy varies from 0.05 to 0.2%.575 Neonatal hyperthyroidism occurs in 1% to 8% of 

infantss born from mother with Graves' disease76 and is commonly due to the 

transplacentall  passage of thyroid stimulating antibodies, which are responsible for the 

pathogenesiss of Graves' disease. Although neonatal hyperthyroidism is usually a transient 

disease,, it is associated with fetal death up to 20%77, congenital malformations, longterm 

morbidityy and developmental problems.4 Hyperthyroidism during pregnancy is usually 

treatedd with thyreostatics resulting in FT4 concentrations in the upper part of the normal 

referencee range and TSH levels in the lower part of the normal reference range to decrease 

thee risk of fetal and neonatal hypothyroidism.6 7 

IIIA.2IIIA.2 Maternal hypothyroidism and maternal hypothyroxinemia 

Maternall  hypothyroidism (low FT4 levels and high TSH levels, both outside the normal 

range)) is usually known before the onset of pregnancy and treated with thyroxine because 

fertilit yy is often impaired in untreated hypothyroid women.56 In normal pregnancy, 

maternall  thyroid need increases during the first trimester (see II . 1 and II.2) when the 

fetuss is entirely dependent on the mother for thyroxine. Therefore, levothyroxine 
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treatmentt has to be raised with 25% to 509c to reach low normal TSH levels.78 In case of 

optimall  thyroxine treatment, the fetus wil l be euthyroid throughout pregnancy and will 

developp normally. If maternal thyroid stimulating and/or thyroid inhibiting antibodies 

aree present, transient neonatal hyperthyroidism or hypothyroidism may occur.6 

Theree is an ongoing debate whether or not all pregnant women should be screened 

duringg pregnancy on hypothyroxinemici (FT4 levels within the low-normal range, <lOth 

percentile,, and TSH levels within the normal range) that occurs much more frequent in 

pregnantt women and has also been associated with developmental delay in their 

offspring41477 4X (see also II.2.2). 

HI.22 Antenatal TRH treatment to improve clinical outcome in preterm born 
infants s 

Thee major cause for neonatal death in preterm infants is respiratory distress syndrome 

(RDS)) due to surfactant deficiency. RDS is associated with very low T4 and T3 levels in 

thee first week of life (see paragraph 1.2.1.1.). Antenatal glucocorticoid therapy has been 

shownn efficacious in decreasing the incidence of RDS and to lower the mortality rate.79 

Thyroidd hormone can stimulate surfactant, as was demonstrated in animal studies. A supra-

additivee effect of thyroid hormone and corticosteroids has been found.80 The potential 

valuee of antenatal administration of T4 and T3 to the fetus via the mother to accelerate 

lungg maturation is limited because these hormones will be partly inactivated by the placenta. 

Ann alternative approach to produce elevated thyroid hormone levels in the fetus is to 

administerr TRH to the mother. TRH is a tripeptide that readily crosses the placenta. 

TRHH treatment affects the fetal and neonatal thyroid state. It induces a rapid increase 

inn fetal plasma TSH levels with subsequent elevation of both T3 and T4 concentrations. 

Thee fetal response to antenatal TRH is much greater than the maternal response, which 

mayy be a consequence of reduced negative feedback on the pituitary because the fetal 

thyroidd hormone concentration is lower than that in postnatal life.81 Pituitary-thyroid 

functionn is subsequently transient suppressed after TRH administration and in infants 

whoo are born during the early phase of suppression postnatal surge of T3, T4 and TSH is 

lowerr than normal.8284 

III.2.1III.2.1 Intervention trials with antenatal TRH treatment in pregnant women in case of 

imminentimminent preterm delivery 

Fromm 1988, several clinical trials of antenatal TRH in addition to corticosteroids 

administeredd to women at risk of preterm birth have been conducted to reduce the risk of 

neonatall  mortality and neonatal lung disease. In a meta-analysis published by Crowther*5 no 
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Tablee 1: Randomized clinical trials of antenatal TRH supplementation on clinical outcome 

Author r 

Knightt 1994101 

ACTOBAT T 
19955 KM 

Ballardd 1998105 

Chilee 1998106 

Europee 1999107 

Population n 

nn = 405 
infants s 

nn = 1397 
infants s 

nn = 297 
infants s 

nn = 370 
infants s 

nn = 275 
infants s 

Combinedd antenatal treatment 

Corticosteroidss plus 100 (ig 
TRHH every 12 hours for 
44 doses or until delivery 
Corticosteroidss plus 200 (ig 
TRHH every 8 hours for 
44 doses or until delivery 
Corticosteroidss plus 400 ug 
TRHH every 8 hours for 
44 doses or until delivery 
Corticosteroidss plus 400 (ig 
TRHH every 8 hours for 
44 doses or until delivery 
Corticosteroidss plus 400 (ig 
TRHH every 8 hours for 
44 doses or until delivery 

Neonatall  outcome 

Death h 
RDS S 
Chronicc lung disease 
RDS S 
Needd for ventilation 
Deathh or 02 at day 28 
Deathh or chronic lung 
disease e 
RDS S 
RDS S 
Death h 
022 at day 28 
Deathh or 02 at day 28 
RDS S 

* **  RR 1.17 (1 .00-1 .36) ## RR 1.15(1.01 - 1.31) 
## RR 0.27 (0.09 - 0.75) * RR 0.63 (0.43 - 0.94) 

Results s 
Treatment t 

4/83 3 
24/83 3 
24/83 3 

242/684 4 
292/684 4 
170/684 4 
41/131 1 

91/131 1 
41/172 2 
28/172 2 
14/172 2 
34/136 6 
59/136 6 

Placebo o 

18/99# # 
45/99* * 
41/99 9 
208/6855 * * 
255/6855 ## 
157/685 5 
40/137 7 

105/137 7 
29/160 0 
24/160 0 
10/160 0 
43/139 9 
49/136 6 

overalll  effect of the combined treatment could be demonstrated. Eleven trials were identified 

thatt provided clinically meaningful data. Only five of them used adequate treatment allocation, 

weree placebo controlled and used an intention to treat analysis. Different TRH regimens 

weree used, which makes making comparisons difficult (see table 1). 

Whenn data of the five trials are combined, antenatal TRH in addition to corticosteroids 

hass no beneficial effects for any of the infant outcomes: death, death or need for oxygen 

att 28 days, chronic oxygen dependence, need for oxygen therapy, the risk of RDS or 

severee RDS. A relative risk of 1.16 (CI 1.03 - 1.29) for the use of mechanical ventilation 

cann be calculated, indicating that antenatal TRH increases the risk of infants needing 

ventilation. . 

III.2.2III.2.2 Effect of antenatal TRH treatment on developmental outcome 

Thee only study that examined the consequences of antenatal TRH treatment for 

neurodevelopmentall  outcome86 reported a delayed development in children of the TRH 

group.. TRH treated children showed an increased risk of motor delay (RR 1.31, 95% CI 

1.09-1.56),, motor impairment (RR 1.51, 95% CI 1.01-2.24), sensory impairment (RR 

1.97,, 95% CI 1.10-3.53) and social delay (RR 1.25, 95% CI 1.03-1.51). This follow-up 

studyy has been criticized because the questionnaire that was used lacked psychometric 

qualitiess such as validity, reliability and normative data.87 
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III.33 Neonatal thyroid treatment in preterm born infants to improve short 
termm and long term outcome 

1113.11113.1 Interventions trials with neonatal thyroid hormone treatment 

Fromm 1985, clinical trials of thyroid hormone replacement have been conducted to 

improvee neonatal mortality and morbidity and/or developmental outcome. In a meta-

analysiss published by Osborn88 no overall effect of thyroxine or T3 supplementation 

couldd be demonstrated in the investigated populations. Although the meta-analysis did 

detectt almost all clinical trials published and therefore should give a representative 

answer,, very different study designs were used, making comparison difficult. 

Tablee 2: Randomized clinical trials of thyroid hormone supplementation on clinical and 
neurodevelopmentall  outcomes 

Author r Populationn Other interventions Treatment Neonatall  outcome 

Chowdryy 1984s" 25 - 28 wks. Surfactant 
<< 1250 grams. Steroids t 
T4<< 4 mg/dl or TRH 
TSHH <20mU/l 

NN = 23 

Vanholee I997"2 25 - 30 wks 

NN =40 

vann Wassenaer < 30 weeks 
199741 1 

Surfactantt no 
Steroidss t yes 
TRHH yes 

Surfactantt yes 
Steroidss t yes 
TRHH no 

10|ig/kg/dayy T4 
dayy 14 - 66 

111 T4 treatment 
122 placebo 

200 ug/kg /day T4 
dayy 1 - 14 

200 T4 treatment 
200 placebo 

88 ug /kg/day T4 
dayy 1 - 42 

Mortality y 
BPDD or O, at day 28 
PDA A 

Mortality y 
BPDD or O, at day 28 
PDA A 

Mortality y 
BPDD or O, at day 28 
PDA A 

NN = 200 1000 T4 treatment 
1000 placebo 

Smithh 2(X)0* << 32 weeks and 
6000 - 1500 g 

NN - 4 7 

Surfactantt yes 
Steroidss t yes 
TRHH no 

100 ug /kg/day T4 
dayy 1 - 21 

299 T4 treatment 
188 placebo 

## assessed at uncorrected age, ## assessed at corrected age. 
**  only 2 babies in each group were followed until 2 yrs 
§§ number of infants assessed in treatment vs placebo group 
tt use of antenatal steroids to prevent RDS 

Mortality y 
BPDD or O, at day 2Ï 
PDA A 
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Only y fourr clinical trials were conducted as randomized placebo controlled trials8992 

(tablee 2). In these trials only thyroxine was supplemented, different dosage schemes of 8 

too 20 microgram/kg/day and with treatment periods of 2 to 6 weeks. 

III.3.2 III.3.2 EffectEffect of neonatal thyroid hormone treatment onon clinical outcome 

Whenn data of the four trials on mortality are combined an odds ratio of 0.60 (CI 0.32 

-- 1.11) cann be calculated. In all these trials the effect onn respiratory insufficiency was 

studiedd but no effect could be demonstrated. PDA showed a tendency to occur less 

frequentlyy in T4 treated infants, with a 

effectt on growth 

Results s 
Treatment t 

l / i i i 
6/11 1 
noo data 

3/20 0 
11/20 0 
noo data 

14/100 0 
37/100 0 
21/100 0 

2/29 9 
15/29 9 
12/29 9 

Placebo o 

2/12 2 
7/12 2 

3/20 0 
11/20 0 

21/100 0 
34/100 0 
29/100 0 

3/18 8 
10/18 8 
11/18 8 

combinedd odds ratio of 0.67 (CI 0.37 - 1.12). No 

hass been found after T4 supplementation.92 Also no effect on the 

Neurodevelopmental l 
outcomee § 

Bayleyy lyr # 
PDI I 
MDI I 

Bayleyy 2 yr * 

Bayleyy 7 m ## 
PDI I 
MDI I 

Bayleyy 6 m ## 
PDI I 
MDI I 

Bayleyy lyr 
PDI I 
MDI I 

Bayleyy 2 yr 
PDI I 
MDI I 

Noo assessments 

Results s 
Treatment t 

n=5 5 
68.44  13.5 
65.66  19.1 

noo data 

n=17 7 
977 3 
888 3 

n=77 7 
101.11  17.1 

99.11  16.9 
n=81 1 

98.33  22.8 
106.55  18.5 
n=81 1 
89.33  20.1 
93.22  22.5 

Placebo o 

n=3 3 
66.33  14.4 
77.00  16.5 

n=17 7 
1022  1 
933 2 

n=72 2 
99.22  15.7 
95.11  14.9 
nn =74 
92.88  22.7 
1044  19.9 
n=75 5 
86.22  20.8 
96.77  26.4 
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occurrencee of intracerebral hemorrhage or periventricular leukomalacia could be 

demonstratedd in infants treated with T4 supplementation90'", while motor nerve conduction 

velocityy did not improve.93 

Inn four other non randomized treatment trials441", mortality or neonatal illness were 

describedd to improve after thyroid hormone treatment but because of the non-randomized 

character9",, the number of exclusions after randomization94, or numbers not analyzed 

accordingg to the study group97 the results are difficult to interpret. 

111.3.3111.3.3 Effect of neonatal thyroid hormone treatment on neurodevelopmental outcome 

untiluntil 2 years 

Thee effect of thyroxine administration on neurodevelopmental outcome was evaluated 

inn three of the four randomized placebo-controlled trials including infants of less than 

300 weeks gestational age (see table 2). Chowdry and co-workersK9 examined mental and 

psychomotorr development in 8 children at 1 year of age, and in only 4 children at two 

years.. Vanhole and colleagues92 assessed mental and psychomotor outcome in 34 children 

att the corrected age of 7 months. In our own trial91, neurodevelopmental outcome was 

studiedd in 158 surviving children at the corrected ages of 6, 12, and 24 months (table 2). 

Thesee 3 trials did not show an improvement of neurodevelopmental outcome in the first 

twoo years after T4 supplementation. However, at 2 years of age we found less (ns) children 

withh an abnormal mental, psychomotor or neurological outcome. Combined with lower 

mortalityy this resulted in a trend to better overall outcome in T4 supplemented children.98 

Becausee the risk of developmental problems is increased in children of younger 

gestationall  ages and these children have had the lowest T4 levels, we have evaluated the 

gestationall  age dependent treatment effects in our own trial.99 Most positive effects of the 

treatmentt were found in infants born at 25/26 weeks. Before 2 years of age no gestational 

agee dependent treatment effects were found. At the age of two years, an improvement of 18 

pointss on the Mental Scale of the Bayley was found in T4 treated children of 25/26 weeks' 

gestation.. In this subgroup, no T4 treated children with an abnormal neurological outcome 

weree present and motor and behavioral outcome was also better. 

IVV SCOPE OF THIS THESIS 

Thiss thesis describes the neurodevelopmental outcome of children who experienced 

transientt low or high thyroid hormone levels during a period of rapid brain development. 

Maternall  thyroid disease, preterm birth and intervention of thyroid function (TRH) are 
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threee possible causes of inadequate thyroid hormone supply in the fetus and neonate 

thatt are addressed in this thesis. The major topic of this thesis concerns long-term outcome 

off  very preterm born children who participated in the neonatal T4 trial. 

Inn chapter 2, the methods are described that are used to assess neurodevelopmental 

outcomee at different ages. In chapter 3, developmental outcome in children is studied 

whoo experienced imbalances in fetal thyroid hormone levels caused by maternal thyroid 

failure.. In chapter 4, the effects of antenatal TRH supplementation on neurodevelop-

mentall  outcome are examined. 

Thee following chapters concern the developmental outcome of the children at different 

agess who participated in the neonatal T4 trial. Effects of the treatment on neurologic and 

psychomotorr outcome until 2 years of age have been published earlier.91" 10° Effects of 

thee treatment on behavior assessed at 2 years are studied in chapter 5, and, effects on 

neurodevelopmentall  outcome at early school age are described in chapter 6. Outcome of 

thyroxinee treated children and placebo children were combined to study risk factors for 

behaviorall  problems in very preterm born toddlers (chapter 7), and to study the proportion 

veryy premature born children with developmental problems in none, one or more 

developmentall  domains at early school age (chapter 8). Finally, in chapter 9, a summary 

andd conclusions of the main results of this thesis will be provided. 
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