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ABSTRACT
Thyroid disorders in infancy, childhood and adolescence represent common and usually treatable endocrine disorders. Thyroid hormones are essential for normal development and growth of many target tissues, including the brain and the skeleton. Thyroid hormone action on critical genes for neurodevelopment is limited to specific time window, and even a short period of deficiency of TH can cause irreversible brain damage. During the first trimester of pregnancy fetal brain development is totally dependent on maternal thyroid function. Congenital hypothyroidism is one of the most preventable causes of mental retardation, but early diagnosis is needed in order to prevent irreversible SNC damage. Today more than 70% of the babies worldwide are born in areas without an organized screening program. New insights about genetic causes, screening strategies and treatment of congenital hypothyroidism are reported. Hyperthyroidism in newborns is usually a transient consequence of transplacental passage of TSH receptor stimulating antibodies. Hypothyroidism can be detected in infants born to hyperthyroid mothers, due to transplacental passage of TSH receptor antibodies or hypothalamic-pituitary suppression. In childhood and adolescence autoimmune thyroid disease (AITD) as chronic lymphocytic thyroiditis and Graves’ disease account for the main cause of hypothyroidism and hyperthyroidism, respectively. Incidence of AITD increase from infancy to adolescence. Other autoimmune disorders are frequently associated. An increased risk of thyroid nodules and cancer is suggested. Differentiated thyroid cancer and medullary thyroid carcinoma in childhood and adolescence require specific expertise. Follow up programs are advised for high risk patients as long term survivors of childhood cancer. For complete coverage of this and related areas of Endocrinology, please visit our free online textbook, WWW.ENDOTEXT.ORG.


INTRODUCTION 
Thyroid hormone is essential for the growth and maturation of many target tissues, including the brain and skeleton. As a result, abnormalities of thyroid gland function in infancy and childhood result not only in the metabolic consequences of thyroid dysfunction seen in adult patients, but in unique effects on the growth and /or maturation of these thyroid hormone-dependent tissues as well. In most instances, there are critical windows of time for thyroid hormone-dependent development and so the specific clinical consequence of thyroid dysfunction depends on the age of the infant or child. For example, newborn infants with congenital hypothyroidism frequently have hyperbilirubinemia, and delayed skeletal maturation, reflecting immaturity of liver and bone, respectively, and they are at risk of permanent mental retardation if thyroid hormone therapy is delayed or inadequate; their size at birth, however, is normal. In contrast, hypothyroidism that develops after the age of three years (when most thyroid hormone-dependent brain development is complete) is characterized predominantly by a deceleration in linear growth and skeletal maturation but there is no permanent effect on cognitive development. In general, infants with severe defects in thyroid gland development or inborn errors of thyroid hormonogenesis present in infancy whereas babies with less severe defects or acquired abnormalities, particularly autoimmune thyroid disease, present later in childhood and adolescence. In the newborn infant, thyroid function is influenced not only by the neonate ’ s own thyroid gland but by the transplacental passage from the mother of factors that affect the fetal thyroid gland.
In the last several decades, there have been exciting advances in our understanding of fetal and neonatal thyroid physiology, and screening for congenital hypothyroidism has enabled the virtual eradication of the devastating effects of mental retardation due to sporadic congenital hypothyroidism in most developed countries of the world. In addition, advances in molecular biology have led to new insights regarding the early events in thyroid gland embryogenesis and mechanisms of thyroid action in the brain. At the same time, the molecular basis for many of the inborn errors of thyroid hormonogenesis and thyroid hormone action is being unraveled. However, new questions and new challenges arise. In particular, the survival of increasingly small and premature fetuses has resulted in a growing number of neonates with abnormalities in thyroid function and a continuing controversy as to which of these infants require therapy. This chapter will focus on current concepts regarding the ontogenesis of thyroid function in the fetus and will review the major disorders of thyroid gland function in infants and children.
ONTOGENESIS OF THYROID FUNCTION IN THE FETUS AND INFANT
The ontogeny of mature thyroid function involves the organogenesis and maturation of the hypothalamus, pituitary, and thyroid glands as well as the maturation of thyroid hormone metabolism and thyroid hormone action. The placenta also plays a key role in the transfer of hormones and factors other than T4 that impact on thyroid function. In the first half of pregnancy, maternal T4 provides an important source of hormone for the developing fetus. Much of our knowledge derives from work in animal models, particularly sheep and rat. In interpreting these data, it is important to remember potential limitations in these models because of differences both in the structure of the placenta and timing of maturation. For example, the rat thyroid gland is much less mature at birth than its human counterpart and significant maturation of the thyroid gland and of the hypothalamic-pituitary-thyroid axis in this species occurs in the first 2 or 3 weeks after birth in the absence of placental or maternal influence, as compared with the third trimester in human infants.
Thyroid Gland Embryogenesis
Thyroid gland development is extensively reviewed in an earlier chapter and is shown diagrammatically in Figure 1. In brief, the thyroid gland is derived from the fusion of a medial outpouching from the floor of the primitive pharynx, the precursor of the thyroxine (T4)-producing follicular cells, and bilateral evaginations of the fourth pharyngeal pouch, which gives rise to the parafollicular, or calcitonin (C) secreting cells. Commitment towards a thyroid-specific phenotype as well as the growth and descent of the thyroid anlage into the neck results from the coordinate action of a number of transcription factors, including thyroid transcription factor 1 (TTF1, now called NKX2 (1), TTF2 (now called FOXE1) and PAX8 (1,2). Because these transcription factors are also expressed in a limited number of other cell types, it appears to be the specific combination of transcription factors and possibly non-DNA binding cofactors acting coordinately that determine the phenotype of the cell.
Other transcription factors and growth factors that play a role in early thyroid gland organogenesis include HHEX1, HOXA3 (3) and members of the fibroblast growth factor family, i.e., FGF10, but the initial inductive signal is unknown. A role of the neighboring heart primordium in the specification of the thyroid anlage has been postulated. Studies of cadherin expression suggest that the caudal translocation of the thyroid anlage may also arise indirectly, as a result of the growth and expansion of adjacent tissues, including the major blood vessels (4). In late organogenesis, the sonic hedgehog (SHH) gene and its downstream target TBX1 appear to play an important role in the symmetric bilobation of the thyroid (5); SHH also suppresses the ectopic expression of thyroid follicular cells (6).
During caudal migration the pharyngeal region of the thyroid anlage contracts to form a narrow stalk, known as the thyroglossal duct, which subsequently atrophies. Usually no lumen is left in the tract of its descent but, occasionally, an ectopic thyroid and/or persistent thyroglossal duct or cyst form if thyroid descent is abnormal.
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Figure 15- 1. Approximate timing of thyroid gland maturation in the human fetus.
In the human, embryogenesis is largely complete by 10 to 12 weeks gestation. At this stage, tiny follicle precursors can be seen, iodine binding can be identified and thyroglobulin (Tg) detected in follicular spaces (7,8) . Thyroid hormones are detectable in fetal serum by gestational age 11 to 12 weeks with both thyroxine (T4) and triiodothyronine (T3) being measurable. However, as discussed in further detail below, it is likely that a fraction of the hormones detectable at this early stage is contributed by the mother through transplacental transfer. Thyroid hormones continue to increase gradually over the entire period of gestation as does serum thyroxine-binding globulin (TBG) (9,10) . TBG is present at levels of 100 nmol/L (5 mg/L) at gestational age 12 weeks and progressively increases up to the time of birth, reaching concentrations of 500 nmol/L (25 mg/L). The serum TBG concentrations are higher in the infant then in adult humans as a consequence of placental estrogen effects on the fetal liver. In addition to the increase in total T4 there is also a progressive increase of the free T4 concentration indicating a maturation of the hypothalamic- pituitary- thyroid axis. The increased total T4 / thyrotropin (TSH) and free T4 /TSH ratios also indicate an increased ability of the thyroid gland to respond to TSH due to upregulation of the TSH receptor (11). Whereas the TBG and total T4 levels rise throughout gestation, the concentrations of free T4, and TSH rise until 31 to 34 weeks, declining thereafter to term (12).
Tg can be identified in the fetal thyroid as early as the 5th week, and is certainly present in follicular spaces by 10 to11 weeks, but maturation of Tg secretion takes much longer and it is not known when circulating Tg first appears in the fetal serum (not shown). By the time of gestational age 27 to 28 weeks, however, Tg levels average approximately 100 mg/L, much higher than in the adult and they remain approximately stable until the time of birth (13,14) . Iodide concentrating capacity can be detected in the thyroid of the 10 to 11 week fetus, but maturation of the Wolff-Chaikoff effect (reduction of iodide trapping in response to excess iodide) does not appear until 36 to 40 weeks gestation. Thus the premature fetus is more sensitive than the full term neonate to the thyroid-suppressive effects of iodine exposure.
The Hypothalamic-pituitary Axis
TSH is detectable at levels of 3 to 4 mU/L at gestational age 12 weeks and increases moderately over the last two trimesters to levels of 6 to 8 mU/L (8,9).The maturation of the negative feedback control of thyroid hormone synthesis is observed by approximately mid-gestation (Figure 1), with elevated serum TSH concentrations being observed in hypothyroid infants as early as 28 weeks (8). When TSH-Releasing Hormone (TRH) is given to mothers, a rise in TSH in the fetal circulation has been noted as early as 25 weeks gestation (15). It is of interest that the fetal TSH increment after TRH is greater than is the paired-maternal response, a consequence either of enhanced TSH release or impaired TSH degradation, perhaps due to immaturity of the hepatic glycoprotein metabolic clearance system. Similarly TSH is reduced in the cord serum of infants with neonatal thyrotoxicosis due to the transplacental passage of thyroid-stimulating antibodies from mothers with Graves’ disease as early as the end of the 2nd trimester.
Serum levels of TRH are higher in the fetal circulation than in maternal blood, the result both of extrahypothalamic TRH production (placenta and pancreas) and the decreased TRH degrading-activity in fetal serum. The physiological significance of these increased levels of TRH in the fetal circulation is not known.
Maturation Of Peripheral Thyroid Hormone Metabolism
As discussed in an earlier chapter, there are three iodothyronine deiodinases involved in the activation and inactivation of thyroid hormone. All three are coordinately regulated during gestation and function to closely regulate the supply of T3 to developing tissues while at the same time protecting the fetus against the effects of excess thyroid hormone. The physiological rationale for the maintenance of reduced circulating T3 concentrations throughout fetal life is still unknown, but it has been suggested that its function may be to avoid tissue thermogenesis and potentiate the anabolic state of the rapidly growing fetus while at the same time permitting highly regulated, tissue- specific maturation in an orderly, temporal sequence.
The seleno-enzyme type 1 iodothyronine deiodinase (D1), an important activating enzyme in adult life, is low throughout gestation. In addition to catalyzing T4 to T3 conversion, D1 catalyzes the inactivation of the sulfated conjugates of T4. As a consequence, circulating T3 concentrations in the fetus are quite low whereas the serum levels of the biologically inactive isomer reverse T3 and of T3 sulfate  are increased (10). Unlike D1, both the Type 2 deiodinase (D2), an activating enzyme and D3, an inactivating enzyme are present in fetal brain as early as 7 weeks ’ gestation (16) . D2 converts T4 to T3 while D3 converts T4 to reverse T3. D2 and D3 are the major isoforms present in the fetus and are especially important in defining the level of T3 in the brain and pituitary. The highest concentration of D2 is in brain, pituitary, placenta and brown adipose tissue. D3 is present in many fetal tissues, most prominently the brain, uteroplacental unit, skin, and gastrointestinal tract (17). This is consistent with the key role of D3 in protecting fetal tissues against high maternal T4 concentrations present either in the placenta or in amniotic fluid.
In the presence of hypothyroidism, D2 activity increases while D3 decreases These coordinate activities have been found to be critically important in defending the rat fetus against the effects of fetal hypothyroidism as long as maternal T4 levels are maintained at normal concentrations (18, 19). Despite the low levels of circulating T3, brain T3 levels are 60-80% those of the adult by fetal age 20-26 weeks (20). Thus, whereas the physiological interrelationships between the various deiodinases in the fetus and placenta seem designed to maintain circulating T3 concentrations at a reduced level, specific mechanisms have evolved for maintaining brain T3 concentrations so that normal development can proceed.
Role of the Placenta
Contributions of the maternal thyroid to fetal thyroid economy.
In the human infant under normal circumstances, the placenta has only limited permeability to thyroid hormone and the fetal hypothalamic-pituitary-thyroid system develops relatively independent of maternal influence. Placental thyroid hormone transporters, thyroid hormone binding proteins, iodothyronine deiodinases, sulfotransferases and sulfatases regulate the transport of maternal thyroid hormones to the fetus (20a,20b). The transport of iodine through the placenta is also important as the organ has shown to actively concentrate the anion (20c).
The human placenta expresses iodothyronine Type 2 deiodinase I (D2) (which activates T4 to T3) and Type 3 (D3) (which inactivates T4 and T3). Maternal T4 is metabolized by D3 having 200 times the activity of D2 (20b). Both D2 and D3 activity decrease with advancing gestation (20b). Thus, the relative impermeability of the human placenta to thyroid hormone is due to the presence of D3 which serves to inactivate most of the thyroid hormone presented from the maternal or fetal circulation. The iodide released in this way can then be used for fetal thyroid hormone synthesis. Iodine is actively transported from the maternal circulation to the fetus through the placenta that express placental sodium iodide transporter (NIS) (20c,20d). NIS actively concentrates Iodine. NIS protein levels are significantly correlated with gestational age during early pregnancy and increase with increased placental vascularization (20e).
Interest in the potential role of maternal T4 in the fetal thyroid economy was reawakened with the recognition that in infants with the congenital absence of thyroid peroxidase, the cord serum concentration of T4 is nonetheless between 25 and 50% of normal (21). Since these infants are completely unable to synthesize T4, the measured hormone must be maternal in origin. Similar results are obtained in retrospective studies of cord serum in infants with sporadic congenital athyreosis. This maternal T4 disappears rapidly from the newborn circulation with a half-life of approximately 3 to 4 days.
There is also evidence that maternal-fetal T4 transfer occurs in the first half of pregnancy, when fetal thyroid hormone levels are low (19,22). Low concentrations of T4, presumably of maternal origin, have been detected in human embryonic coelomic fluid as early as 6 weeks gestation and in fetal brain as early 10 weeks gestation prior to the onset of fetal thyroid function indicating its maternal origin (22a-22f). Furthermore, both D2 and D3 activity as well as thyroid hormone receptor (TR) isoforms are present in low concentrations in human fetal brain from the mid first trimester, indicating that the machinery to convert T4 to T3 and to respond to T3 is present. The mechanisms of actions of thyroid hormones in the developing brain are mainly mediated through two ligand activated thyroid hormone receptor isoforms (22b,22c). There is also an important role for the thyroid hormone transporters in one or more of these processes (22g).
Between 6-12 weeks gestation, if maternal total T4 concentration is 100%, the total T4 concentration in the coelomic fluid would be 0.07% and T4 in the amniotic cavity as little as 0.0003-0.0013% of maternal total T4 concentrations.  Fetal circulating concentrations of T3 are at least 10 fold lower than T4, whereas by fetal age of 20-26 weeks T3 levels in the fetal brain are 68-80% of the adult brain (20). Unlike adults, the proportion of free unbound T4 is also higher than bound T4 in early gestation. Free T4 levels are determined by the fetal concentrations of the thyroid hormone binding proteins in the circulation and the amount of maternal T4 crossing the placenta (7-9). It seems likely that when fetal thyroid function is normal, the net flux of T4 from mother to fetus is relatively limited. However, when the fetus is hypothyroxinemic, there is significant bulk transfer of T4 to the fetal circulation. This can occur both at the level of the placental maternal capillary interface and via uptake of thyroid hormone from the amniotic fluid through the immature epidermis. T4 uptake by the fetus can also occur via fetal ingestion of amniotic fluid. While the T4 concentrations in amniotic fluid appear modest, the fraction of T4 free in amniotic fluid is approximately ten-fold higher than that of serum and thus the free T4 concentration in amniotic fluid is approximately equal to that in fetal serum at 20 weeks gestation. It has been shown on numerous occasions in both animals and humans that amniotic fluid iodothyronine concentrations reflect those in the maternal circulation (23).
Placenta is permeable to TRH (15) and to immunoglobulins G (IgG) from midgestation. At the time of delivery, cord blood TPOAb correlate with maternal TPOAb concentrations (23a).  Maternal passage of TPOAb and TgAb are not associated with thyroid fetal dysfunction. On the contrary, maternal TSH receptor antibodies (both stimulating and blocking) can be dangerous for the fetus and the newborn. 
Fetal and neonatal hyperthyroidism can be caused by transplacental passage of TSH receptor antibodies (TRAb), whereas hypothyroidism can be due to transpancental passage of blocking TSH receptor antibodies, from mothers with severe Graves’ disease or severe hypothyroidism due to chronic lymphocytic thyroiditis.( The placenta is also permeable to certain drugs (15). Thus, the administration to the mother of excess iodide, drugs (especially propylthiouracil or methimazole), can affect thyroid function in the fetus and the newborn. 
Role of Maternal Thyroid Hormone for fetal brain development and neurocognitive development in the offspring
The essential role that thyroid hormones (TH) play on the fetal brain development starts long before the onset of fetal thyroid function (22-22a). Thus, during the first trimester of pregnancy, fetal brain development is totally dependent on maternal thyroid function. Because the action of TH on critical genes for fundamental neurobiological processes is limited to specific time window, even a short period deficiency of TH may cause permanent brain damage. TH deficiency may affect neuronal cell differentiation and migration, axonal and dendritic outgrowth, myelin formation and synaptogenesis (22b-22f). It is well known that severe Iodine deficiency during pregnancy causes inadequate thyroid hormone production and irreversible brain damage known as cretinism, still endemic in many areas of the world (23b). None of the neurological features of severe endemic cretinism (24) due to iodine deficiency are found in infants with sporadic congenital hypothyroidism whose mothers have normal thyroid function and who receive early and adequate postnatal treatment. Similarly, impaired hearing, when found is much milder and less frequent (25). This would appear to provide unequivocal evidence that the neurological damage sustained by infants with endemic cretinism can be largely prevented by maternal T4. In addition to endemic cretinism, significant developmental delay despite early and adequate postnatal therapy has also been reported in other models of combined maternal-fetal hypothyroidism, such as materno-fetal POU1F1 deficiency (26) and TSH receptor blocking antibody-induced congenital hypothyroidism (27).
In iodine sufficient areas the main cause of maternal thyroid dysfunction (hypothyroidism, subclinical hypothyroidism or hypothyroxinemia) is thyroid autoimmunity, detectable in up to 17% of women (27a). Several studies reported on the consequences of maternal thyroid dysfunction in the progeny. Studies in children born to women with non-iodine deficient hypothyroidism during pregnancy (28,29,29a,29b) as well as in children from hypothyroxinemic mothers (30,30a-30e) have been published. Different parameters and different periods of pregnancy (i.e., increased TSH, low T4, presence or absence of autoimmunitity, prevalent obstetrical or developmental outcome) were analyzed, reporting conflicting results and conclusions. 
Impairment in psychomotor development in the offspring of pregnant women with thyroid dysfunction was first reported by Man et al (28). They examined 131 hypothyroxinemic untreated pregnant women and found 36% of their 7-year-old children scored in the dull normal range or below compared to 16% of children of euthyroid mothers (28). Haddow detected a seven point IQ deficit in 7 to 9 year old children whose mothers were retrospectively found to have been hypothyroid at 17 weeks gestation (29). Accordingly, Pop demonstrated that even babies born to women whose free T4 levels were in the lowest 10% of normal at 12 weeks gestation had a measurable impairment in psychomotor development at 2 years of age as compared with the rest of the population, but this effect was not observed if maternal thyroid function was normal at 32 weeks (30). At variance with the aforementioned studies, Liu and more recently, Momotami failed to demonstrate any IQ deficit in babies born to hypothyroid mothers as long as the hypothyroidism was corrected by the end of the second trimester (31a, 31b).  Similar results were obtained by Downing et al in 3 children born after severe feto-maternal hypothyroidism due to TSH receptor blocking antibodies (31c). Attention deficit disorder (30f,30g) autistic symptoms in offspring (30h) and schizophrenia in later life (30K) have also been associated with maternal hypothyroxinemia. Attention deficit disorder was previously noted in offspring from mothers with thyroid autoimmunity (30i). Children from mothers with anti-thyroid peroxidase antibodies have been found to have intellectual impairment in early infancy (30j) and a reduced childhood cognitive performance at age 4 and 7 and sensineural hearing loss at both ages (30l). An interesting association study, derived from the Rotterdam cohort, (the population based prospective study from Rotterdam (Generation R) for the first time analyzed the effects of maternal thyroid function on brain morphology of the offspring. In this study 3839 mother-child pairs were included. Maternal serum samples were taken before 18 weeks of gestation (9-18w). MRI were performed in 646 children (mean age 8 years) and IQ determined at mean age 6 years. They found that both high maternal and low FT4 showed an inverted U shaped association with child IQ (-1.4-3.8 points), child grey matter volume and cortex volume (32c). Recently, in the prospective double blind randomized controlled antenatal thyroid screening study (CATS), levothyroxine treatment was started from the 13th week of gestation if serum TSH was >97.5th percentile and/or FT4 was <2.5th percentile. The outcome was the IQ in the offspring at 3 years. No significant differences in IQ values were found between 390 children of treated mothers compared to 404 children of untreated mothers (32). 
The incidence of maternal hypothyroidism during pregnancy (3 per 1000 in iodine-sufficient populations (33) is almost ten times that of congenital hypothyroidism for which routine population screening is widespread. Because maternal hypothyroidism has been associated not only with potential adverse effects on fetal brain development but an increased risk of preterm delivery and of miscarriage as well (33a ), some have argued that all pregnant women should be screened for hypothyroidism, a position that has been endorsed by some but not other professional societies. 
Updated guidelines for the management of thyroid disease during pregnancy have been recently released from ATA (33b). 
THYROID FUNCTION IN THE NEONATE, THE INFANT, AND DURING CHILDHOOD
The Full-term Neonate
Marked changes occur in thyroid physiology at the time of birth in the full term newborn. One of the most dramatic changes is an abrupt rise in the serum TSH which occurs within 30 minutes of delivery, reaching concentrations as high as 60 to 70 mU/L (8). This causes a marked stimulation of the thyroid and an increase in the concentrations of both serum T4 and T3 (34). These consist of an approximate 50% increase in the serum T4 and an increase of three- to four-fold in the concentration of serum T3 to adult levels at 1 to 4 days of life. Serum levels of T4, free T4 and TBG remain elevated over cord levels at 7 days of postnatal life (Figure 2), decreasing thereafter. The T3 concentration rises strikingly at Day 7, and continues to rise for the first 28 days. Opposite effects are noted in the reverse T3 levels and T3 sulfate.
Studies in experimental animals suggest that the increase in TSH is a consequence of the relative hypothermia of the ambient extrauterine environment. However, while a significant portion of the marked increase in T3 from its low basal levels in cord serum can be explained by the abrupt increase in TSH, the simultaneous fall in reverse T3 and T3 sulfate are consistent with an increase in D1 activity occurring at the same time. D2 has been identified in human brown adipose tissue as well as brain and the acute increase in T3 in adipose tissue at birth is required for optimal uncoupling protein synthesis and thermogenesis (35,36).
Premature Infants
Thyroid function in the premature infant reflects, in part, the relative immaturity of the hypothalamic-pituitary-thyroid axis that is found in comparable gestational age infants in utero. Following delivery, there is a surge in T4 and TSH analogous to that observed in term infants, but the magnitude of the increase is less in premature neonates (8). In infants <31 weeks, the circulating T4 concentration may not increase and may even fall in the first 1 to 2 weeks of life (37) (Figure 2). This decrease in the T4 concentration is particularly significant in very premature infants, in whom the serum T4 may occasionally be undetectable. In most cases, the total T4 is more affected than the free T4 (38), a consequence of abnormal protein binding and/or the decreased TBG in these babies with immature liver function.
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Figure 15-2. Postnatal changes in of T4, free T4, TBG, T3, rT3 and TSH according to gestational age. Values determined in babies born at gestational age of 23-27, 28-30, 31-34 and 37 weeks or more are reported. Note the increase in T4, free T4 and TBG in the full term infant in the first week of life. T3 also rises strikingly, while rT3 and TSH decline. The increase in T4 and free T4 is blunted in infants <35 weeks, and not seen at all in very premature infants in whom thyroid hormone levels may actually decline. (Redrawn from Williams et al (10). See text for details).
The causes of the decrease in T4 observed postnatally in premature infants are complex. In addition to the clearance of maternal T4 from the neonatal circulation, preterm babies have decreased thyroidal iodide stores (39) (a problem of particular significance in borderline iodine-deficient areas of the world), they are frequently sicker than their more mature counterparts, are less able to regulate iodide balance, and they may be treated by drugs that affect neonatal thyroid function (particularly dopamine and steroids). In addition, since the capacity of the immature thyroid to adapt to exogenous iodide is reduced, there is an increase in sensitivity to the thyroid-suppressive effects of excess iodide found in certain skin antiseptics and drugs to which these babies are frequently exposed (see below).
Despite the reduced total T4 observed in some preterm babies, the TSH concentration is not significantly elevated in most of these infants. In some babies, transient elevations in TSH are seen, the finding of a TSH concentration >40 mU/L being more frequent the greater the degree of prematurity. Frank et al found, for example, that the prevalence of a TSH concentration >40 mU/L in very low birth weight, (<1.5 kg), i.e., very premature, infants was 8-fold higher and in low birth weight, (1.5 kg-2.5 kg) neonates 2-fold higher than the prevalence in term babies (40). Whereas in some cases, an elevated TSH concentration may reflect true primary hypothyroidism, in other instances this increase in TSH may reflect the elevated TSH observed in adults who are recovering from severe illness. Such individuals may develop transient TSH elevations that are associated with still reduced serum T4 and T3 concentrations. These have been interpreted as reflecting a “ re-awakening ” of the illness-induced suppression of the hypothalamic pituitary axis. As the infant recovers from prematurity associated illnesses such as respiratory distress syndrome (RDS), a recovery of the illness-induced suppression of the hypothalamic- pituitary- thyroid axis would also occur.
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Figure 15-3. Cord blood levels of T4, free T4, TBG, T3, reverse T3 and TSH in the human infant. Note the low T3 and high reverse T3 concentrations as well as the discrepancy between the total T4 and free T4 levels in very premature babies. (Redrawn from Williams et al (10). See text for details).
Somewhat surprisingly, given the relative immaturity of the thyroid gland, serum Tg concentrations are higher in the premature than in the full term infant (41), particularly in those who are sick with respiratory distress syndrome.  In view of the attenuated postnatal TSH rise in the latter babies, it is likely that impaired clearance and/or degradation of this glycoprotein from the circulation rather than increased secretion plays an important role.
Small-for-gestational-age (SGA) Infants
SGA infants have significantly higher TSH and lower total and free T4 values than do infants of normal weight (42). This can be related to the severity of the malnutrition in these infants, as well as to fetal hypoxemia and acidemia. Impaired placental perfusion and chronic starvation may also play a role. This pattern of reduced T4 and elevated TSH differs from the response to starvation in older individuals and healthy adults in whom TSH is reduced. The explanation for the relatively higher TSH in duch infants is not known.
Infants and Children
Following the acute perturbations of the neonatal period there is a slow and progressive decrease in the concentrations of T4, free T4, T3 and TSH during infancy and childhood (43). Younger children tend to have slightly higher serum concentrations of T3 and TSH, so age-specific normative values should always be consulted. The serum concentration of reverse T3 remains unchanged or increases slightly. Serum Tg levels also fall over the first year of life reaching concentrations typical of adults by about 6 months of age. Another important aspect of thyroid physiology in the infant and child is the markedly higher T4 turnover in this age group relative to that in the adult. In infants, T4 production rates are estimated to be on the order of 5 to 6 mcg/kg per day decreasing slowly over the first few years of life to about 2 to 3 mcg/kg/day at ages 3 to 9 years. This is to be contrasted with the production rate of T4 in the adult which is about 1.5 mcg/kg/day. The size of the infant thyroid gland increases quite slowly. The thyroid gland of the newborn weighs approximately 1 gram and increases about 1 gram per year until age 15 when it has achieved its adult size of about 15 to 20 g. In general, the size of the thyroid lobe is comparable to that of the terminal phalanx of the infant or child’s thumb.
THYROID DISEASE IN INFANCY
Congenital hypothyroidism
Non endemic congenital hypothyroidism is one of the commonest treatable causes of mental retardation. The association between goitrous hypothyroidism and mental retardation was first noted more than 400 years ago by Paracelsus in 1527, and Thomas Curling first described sporadic nongoitrous hypothyroidism in 1850. However, despite the demonstration by Murray in 1891 that thyroid extract could ameliorate many of the features of untreated cretinism, it was not until the 1970’ that the importance of early treatment in diminishing the neuro-psychological abnormalities of congenital hypothyroidism was demonstrated convincingly (45). The development by Dussault et al of a sensitive and specific radioimmunoassay for the measurement of T4 in dried whole blood eluated from filter paper (and later tests for T4 and TSH using 1/8 ″ discs) provided the technical means to screen all newborns for congenital hypothyroidism prior to the development of clinical manifestations (46). Thus, as summarized by Delange, congenital hypothyroidism includes all the characteristics of a disease for which screening is justified: 1) it is common (4-5 times more common than phenylketonuria for which screening programs were initially developed); 2) to prevent mental retardation, the diagnosis must be made early, preferably within the first few days of life; 3) at that age, clinical recognition is difficult if not impossible; 4) sensitive, specific screening tests and 5) simple, cheap effective treatment are available; and 6) the benefit-cost ratio is highly favorable (approximately 10/1, a ratio that does not include the loss of tax income that would result from impaired intellectual capacity in the untreated, but non-institutionalized, person) (47). Since the development of the first pilot screening program for the detection of congenital hypothyroidism in Quebec in 1972, newborn screening programs have been introduced throughout the industrialized nations and are under development in many other parts of the world. It has been estimated that as of 1999, some 150 million infants had been screened for congenital hypothyroidism worldwide with 42,000 cases detected (46). Although there continues to be some disagreement as to whether minor neuro-intellectual sequelae remain in the most severely affected infants, accumulating evidence suggests that a normal outcome is possible even in the latter group of babies as long as treatment is started sufficiently early and is adequate (48-50). Certainly, the main objective of screening, the eradication of mental retardation, has been achieved. 
National screening programs are well organized in many developed countries. However, it must be emphasized that approximately 71% of babies worldwide are not born in an area with an established national screening program for CH. The economic burden of disability owing to congenital hypothyroidism is still a significant public health challenge (50a).
The prevalence of CH was approximately 1:7000 to 1:10000 in the prescreening era and decreased to1;3000 to 1.4000 in the 1970s and 1980s when the screening programs were applied. Rates ranging from 1:1400 to 1:2800 have been recently reported by screening programs in USA, Canada, Italy, Greece, and New Zealand (50b).
Lower TSH cut off values used in the screening programs and changes in birth population partially explained the higher incidence reported. Lower cutoff values for TSH have been adopted in many countries over the years, leading to the identification of milder forms of CH essentially with eutopic thyroid gland (thyroid in situ). Ford and LaFranchi in 2014 (50a) found that lowering the TSH cutoff value from greater than 20-25 uU/mL to greater than 6-10 approximately doubled the incidence of CH. A study from Italy reported that 21.6% of babies with permanent CH had TSH value at screening less than 15 uU/mL (applied between 2000 and 2006, cutoff TSH value ranged from 15 to 7uU/mL in different regions). The frequency of thyroid dysgenesis in this group was 19.6% and TSH levels at confirmation ranged from 9.9 to 708 uU/mL .It is important to remember that in this study TSH value at screening does not discriminate between transient and permanent forms of CH (50c).
Harris and Pass reported that CH incidence increased from 1:3373 in 1978 to 1:1415 in 2005 (50d).  Changes in the demographics of the birth population in New York partially explained the increased incidence of CH. They found a 23% increase with a birth weight < 1500 gr., 50% increase of twin/multiple births, 41% increase in mothers >30 years of age (50d). Also changes in percentage of races or ethnicity of newborns play a role, as shown in the State of California. In this study, the incidence of CH in Asian Indian is reported to be 1:1200 and in Hispanic 1:1600, versus 1:11000 in Non Hispanic Black (50e). A further study from the Italian Study Group, based on data from the Italian National Registry from 1987 to 2008 showed an increased incidence of both permanent and transient CH, in more recent years (50f). The authors investigated trends in the incidence of CH between the period 1987-1998, and 1999-2008. They found an increasing of 38% (from 1:3200 to 1:2320) of the incidence of permanent CH and of 54% (from1:3000 to 1:1940) including the transient forms in the period 1999-2008. The most important factor was the lowering of cutoff TSH values (from greater than 20 to 7/15 uU/ml since 1999. Moreover an increment of 58% of preterm babies with permanent CH was also reported in the second period.  Permanent CH due to thyroid dysgenesis had a slight increase, being the great majority of cases presented with normal/hyperplastic thyroid.
A national study from France, including 6622 cases of CH identified from 1982 to 2012 showed that the incidence rate CH due to eutopic glands increased by 4.4 fold in this period, regardless of the screening method adopted. Interestingly, also severe eutopic forms of CH increased by 2.1%. The incidence of dysgenesis did not change (50g).
Screening Strategies
Screening for primary CH worldwide should be performed on the basis of national resources. The aim of neonatal screening is the earliest identification of any form of congenital hypothyroidism, but particularly those patients with severe hypothyroidism in whom disability is greatest if not treated. The identification of Central Congenital Hypothyroidism (CCH) by screening programs is under debate. Two screening strategies for the detection of congenital hypothyroidism have evolved. In the primary T4/backup TSH method, still favored in much of North America and the Netherlands, T4 is measured initially while TSH is checked on the same blood spot in those specimens in which the T4 concentration is low. In the primary TSH approach, favored in most parts of Europe and Japan, blood TSH is measured initially.
A primary T4/backup TSH program will detect overt primary hypothyroidism, secondary or tertiary hypothyroidism, babies with a low serum T4 level but delayed rise in the TSH concentration, TBG deficiency and hypothyroxinemia; this approach may, however, miss subclinical hypothyroidism.  A primary TSH strategy, on the other hand, will detect both overt and subclinical hypothyroidism, but will miss secondary or tertiary hypothyroidism, a delayed TSH rise, TBG deficiency and hypothyroxinemia. There are fewer false positives with a primary TSH strategy. Both programs will miss the rare infant whose T4 level on initial screening is normal but who later develops low T4 and elevated TSH concentrations. This pattern has been termed “atypical” congenital hypothyroidism or “delayed TSH” and is observed most commonly in premature babies with transient hypothyroidism or infants with less severe forms of permanent disease. 
In a few regions, a second routine specimen is collected from all births at 2-4 weeks of age (51). Results from the Northwest Regional Screening program, coordinated in Oregon, (USA), that applied this method, have recently been published (51a). In 2014 the European Society for Pediatric Endocrinology, (ESPE) on behalf of all the scientific societies of pediatric endocrinologists worldwide (ESPE,PES, SLEP, JSPE, APEG, APPES, ISPAE) published updated guidelines about screening, diagnosis, and management of congenital hypothyroidism (51b, 51c).
According to the ESPE guidelines, the most sensitive test for detecting primary CH is the determination of TSH concentration that detects primary CH more effectively than primary T4 screening (51b,51c). Primary T4 screening with confirmatory TSH testing can detect some cases of CCH, but some cases of mild CH can be missed, depending on the cutoff T4 value used. 
When available, screening strategies for the identification of CCH are: a) a combination of primary T4 and primary TSH screening, b) a combination of primary T4 screening with secondary TSH testing followed by T4 binding protein determination (TBG). The last one is employed by the Netherlands where, in addition to a primary T4/backup TSH approach, TBG is assessed in those filter paper specimens with the lowest 5% of T4 values (52). The T4/TBG ratio is used as an indirect reflection of the free T4, which is difficult to be measured directly in dried blood spots. This approach has been reported to result in improved sensitivity and specificity in detecting milder cases of primary congenital hypothyroidism that might otherwise be missed.  An additional reported advantage was the identification of >90% of infants with central hypothyroidism compared with only 22% with primary T4 screening and none with a primary TSH approach. Since on subsequent testing > 80% of the babies with central hypothyroidism had multiple pituitary hormone deficiencies, a disorder associated with high morbidity and mortality for which effective treatment exists (53,53a), and in view of an apparent frequency (1 in 16,000) similar to that of phenylketonuria (1 in 18,000), the authors have argued that the goals of newborn thyroid screening should be extended to include the detection of babies with central hypothyroidism.
Recently a primary FT4 and TSH strategy was applied in Kanagawa Prefecture in Japan. A different method to determine FT4, based on enzyme-immunometric assays in filter paper blood eluates was used. They found a CCH prevalence of 1:31000 infants (53b,53c).
Measurement of T4 and/or TSH is performed on an eluate of dried whole blood (DBS) collected on filter paper by skin puncture on day 1-4 of life. Primary CH screening has been shown to be effective for the testing of cord blood or the blood collected on filter paper after the age of 24 hours. Blood is applied directly to the filter paper and after drying the card is sent to the laboratory. The best time to collect blood for TSH screening is 48 to 72 hours of age. The practice of early discharge from the hospital of otherwise healthy full term infants has resulted in a greater proportion of babies being tested before this time. For example, it has been estimated that in North America 25% or more of newborns are now discharged within 24 hours of delivery and 40% in the second 24 hours of life (54). Because of the neonatal TSH surge and the dynamic changes in serum T4 and T3 concentrations that occur within the first few days of life, early discharge increases the number of false positive results. It is important that in the screening laboratory the results of TSH are interpreted in relation to time of sampling. Ethnicity seems to play a role in determining mean TSH values at birth (54a). 
Physicians caring for infants need to appreciate that there is always the possibility for human error in failing to identify affected infants, whichever screening program is utilized. This can occur due to poor communication, lack of receipt of requested specimens, or the failure to test an infant who is transferred between hospitals during the neonatal period (55). Therefore if the diagnosis of hypothyroidism is suspected clinically, the infant should always be tested (Figure 5).
Similarly, as is obvious from the discussion earlier in the chapter, adult normative values, provided by many general hospital laboratories, differ from those in the newborn period and should never be employed. Normal values according to both gestational and postnatal age for cord blood T4, free T4, TBG, T3, reverse T3, and TSH up to 28 days of life (10) are shown in Figure 2. Normal serum levels of Tg in premature and full-term infants (13,14) and normal serum levels of free T4 and TSH in the first week of life (56) have also been published, though it should be noted that precise values may vary somewhat, depending on the specific assays used.
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Figure 15-4. Three month old male infant who was diagnosed clinically when he presented with a history of poor feeding at 3 months of age. The child was born in Puerto Rico prior to the development of newborn screening. Note the dull face, periorbital edema and enlarged tongue.
Screening in special categories of neonates at risk of CH
Special categories of neonates with CH can be missed at screening performed at usual time, particularly preterm babies and neonates with serious illnesses and multiple births.  Drugs used in neonatal intensive care (i.e., dopamine, glucocorticoids that suppresses TSH), immaturity of hypothalamic-pituitary thyroid axis, decreased hepatic production of thyroid binding globulin, reduced transfer of maternal T4, reduced intake of iodine or excess iodine exposure, fetal blood mixing in multiple births can affect the first sample, and in many center a second specimen is required to rule out CH. (See section thyroid function in infants for more details).
Preterm babies have a higher incidence of a unique form of hypothyroidism, characterized by a delayed elevation of TSH. These babies can later develop low T4 and elevated TSH concentrations. This pattern has been termed “atypical” congenital hypothyroidism or “delayed TSH”. Preterm babies with a birth weight of less than 1500 gr. have an incidence of congenital hypothyroidism of 1:300. Survival of even extremely premature babies (<28 weeks of gestation) is around 90% in developed countries, and the incidence of prematurity is around 11.5 % in US and 11.8 % worldwide. So, an increasing subpopulation of preterm babies and high risk newborns deserves a special sight about screening and follow up of CH.
In these categories a second specimen 2-6 weeks from the first (ESPE guidelines suggested at about 15 days, or after 15 days from the first) may be indicated: preterm neonates with a gestational age of less than 37 weeks, Low Birth Weight and Very Low Birth Weight neonates and ill and preterm neonates admitted to neonatal intensive care unit, specimen collection within the first 24 hours of life, and multiple births, particularly in the case of same sex twins. The interpretation of the screening results should consider the results of a multiple sampling strategy, the age of sampling and the maturity (GA/birth weight) of the neonate.
Two recent papers (56a,56b) showed that a second screen (using a lower TSH cutoff) is able to detect the delayed elevation of TSH that occurs in these babies. Vigone et al (56a) revaluated the children with a diagnosis of CH detected at second screen and treated with L-thyroxine after 2 years of age and found 24% of cases with permanent congenital hypothyroidism, 52% with transient hypothyroidism and 24% with persistent hypertropinemia. Neither screening nor confirmatory TSH levels were able to predict the thyroid function after 2 years of age in these children.
Timing of normalization of thyroid hormones is critical for brain development (56c) and treatment should be started immediately if DBS TSH concentration is 40 mUI/l or more, after baseline TSH and FT4 serum determination, because this value strongly suggests decompensated hypothyroidism (56d). If TSH is < 40 mUI/l the clinician may postpone treatment, pending the serum results, for 1-2 days. ESPE guidelines (51b,51c) suggest treatment should be started if venous TSH concentration is persistently >20 mUI/l, even if serum FT4 is normal. Overtreatment can be dangerous for neurocognitive outcome and should be avoided, individualizing the dosage. 
It is still a matter of debate if treatment can be beneficial in otherwise healthy babies with venous TSH concentration between 6-20 mUI/l and FT4 concentration within the normal limits for age. In these cases, diagnostic imaging is recommended to try to establish a definitive diagnosis. If TSH concentration remains high for more than 3 or 4 weeks, it is possible (in discussion with the family) either starting LT4 supplementation immediately and retesting, off treatment, at a later stage, or retesting two weeks later without treatment. Waiting for larger studies that are able to answer to this question, and given the irreversibility of a possible harm to the child, treating during early childhood and revaluating the thyroid function after myelination of the central nervous system is completed (by 36 to 40 months of age) can be a prudent behavior (56e). LT4 treatment must be started immediately if FT4 or TT4 levels are low, given the known adverse effect of untreated decompensated CH on neurodevelopment and somatic growth.
CH is defined on the basis of serum FT4 levels as severe when FT4 is <5 pmol/l, moderate when FT4 is 5 to 10 pmol/l  and mild when FT4 is 10 to 15 pmol/l respectively. Determination of serum thyroglobulin (Tg) is useful, if below the detection threshold, to suggest athyreosis or a complete thyroglobulin synthesis defect. Measurement of Tg is most helpful when a defect in Tg synthesis or secretion is being considered. In the latter condition the serum Tg concentration is low or undetectable despite the presence of a normal or enlarged, eutopic thyroid gland. Serum Tg concentration also reflects the amount of thyroid tissue present and the degree of stimulation. For example, Tg is undetectable in most patients with thyroid agenesis, intermediate in babies with an ectopic thyroid gland and may be elevated in patients with abnormalities of thyroid hormonogenesis not involving Tg synthesis and secretion. Considerable overlap exists, and so, the Tg value needs to be considered in association with the findings on imaging. In patients with inactivating mutations of the TSH receptor discordance between findings on thyroid imaging and the serum Tg concentration has been described in some but not all studies (56f).
Clinical findings are usually difficult to appreciate in the newborn period except in the unusual situation of combined maternal-fetal hypothyroidism. Many of the classic features (large tongue, hoarse cry, facial puffiness, umbilical hernia, hypotonia, mottling, cold hands and feet and lethargy), when present, are subtle and develop only with the passage of time. In addition to the aforementioned findings, nonspecific signs that should suggest the diagnosis of neonatal hypothyroidism include: prolonged, unconjugated hyperbilirubinemia, gestation longer than 42 weeks, feeding difficulties, delayed passage of stools, hypothermia or respiratory distress in an infant weighing over 2.5 kg ( 57). A large anterior fontanelle and/or a posterior fontanelle > 0.5 cm is frequently present in affected infants but may not be appreciated. In general, the extent of the clinical findings depends on the cause, severity and duration of the hypothyroidism. Babies in whom severe feto-maternal hypothyroidism was present in utero tend to be the most symptomatic at birth. Similarly, babies with athyreosis or a complete block in thyroid hormonogenesis tend to have more signs and symptoms at birth than infants with an ectopic thyroid, the most common cause of congenital hypothyroidism. Unlike acquired hypothyroidism, babies with congenital hypothyroidism are of normal size. However, if diagnosis is delayed, subsequent linear growth is impaired. The finding of palpable thyroid tissue suggests that the hypothyroidism is due to an abnormality in thyroid hormonogenesis or in thyroid hormone action.
Bone maturation reflects the duration and the severity of hypothyroidism. Signs of delayed epiphyseal maturation on knee x-rays, persistence of the posterior fontanelle, a large anterior fontanelle, and a wide sagittal suture all reflect delayed bone maturation. The absence of one or both knee epiphyses has been shown to be related to T4 concentration at diagnosis and to IQ outcome, and is thus a reliable index of intrauterine hypothyroidism. 
Imaging Techiniques in CH
Imaging studies are helpful to determine the specific etiology of CH. Both scintigraphy and ultrasound (US) should be considered in neonates with high TSH concentrations. Ideally, the association of US and scintigraphy gives the best information in a child with primary hypothyroidism. Scintigraphy shows the presence/absence (athyreosis), position (ectopic gland, in any point from the foramen caecum at the base of the tongue to the anterior mediastinum) and rough anatomic structure of the thyroid gland. 
US, in experienced hands, is a valid tool in defining size and morphology of a eutopic thyroid gland, however, US alone is less effective in detecting ectopic glands. Color Doppler US improves the effectiveness of US (57a).
It is important to remember that an attempt to obtain an imaging of the thyroid in a newborn should never delay the initiation of treatment. Scintigraphy should be carried out within 7 days of starting LT4 treatment. Scintigraphy may be carried out with either 10-20 MBq of technetium-99m (99mTc) or 1-2 MBq of iodine-123 (I123). Tc is more widely available, less expensive, and quicker to use than I 123. Scintigraphy with I123, if available, is usually preferred because of the greater sensitivity and because, I123, unlike of technetium-99 is organified. Therefore, imaging with this isotope allows quantitative uptake measurements and tests for both iodine transport defects and abnormalities in thyroid oxidation. An enrichment of the tracer within the salivary gland can lead to misinterpretation, especially on lateral views, but this can be avoided by allowing the infant to feed before scintigraphy, thus empting the salivary glands and keeping the child calm under the camera. The perchlorate discharge test is considered indicative for a organification defect when a discharge of > 10% of I123 administred dose occurs in a thyroid in normal position (when perchlorate is given at 2 hours).
Excess iodine intake through exposure (i.e from antiseptic preparation), maternal TSH receptor blocking antibodies, inactivating mutation in the TSH receptor and in the sodium/iodide symporter (NIS), and TSH suppression from LT4 treatment can give interfere with the I123 uptake, showing no uptake in the presence of a thyroid in situ (apparent athyreosis).
Thyroid ultrasonography is performed with a high frequency linear array transducer (10-15 MHz) and allows a resolution of 0.7 to 1mm. Thyroid tissue is more echogenic than muscle and less echogenic than fat. In the case of absence of the thyroid fat tissue can be misdiagnosed as dysplastic thyroid gland in situ. Distinguish between thyroid hypoplasia and dysplastic non thyroidal tissue in a newborn requires an enormous experience, and reevaluation at later age can result in a different diagnosis (57a).
Combining scintigraphy and thyroid ultrasound improve diagnostic accuracy, and helps to address further investigations, including molecular genetic studies. Infants found to have a normal sized gland in situ in the absence of a clear diagnosis should undergo further reassessment of the thyroid axis and imaging at a later age.
Therapy
Replacement therapy with L-thyroxine (L-T4) should be begun as soon as the diagnosis of congenital hypothyroidism is confirmed. In babies whose initial results on newborn screening are suggestive of severe hypothyroidism therapy should be begun immediately without waiting for the results of the confirmatory serum. Severe hypothyroidism is defined by T4 <5 mcg/dL (64 nmol/L) and/or TSH >40 mU, or. accordingly with ESPE guidelines(51g,51k), CH is defined on the basis of serum FT4 levels as severe when FT4 is <5 pmol/l, moderate when FT4 is 5 to 10 pmol/l and mild when FT4 is 10 to 15 pmol/l. As noted above, treatment need not be delayed in anticipation of performing thyroid imaging studies as long as the latter are done within 5-7 days of initiating treatment (before suppression of the serum TSH). Parents should be counseled regarding the causes of congenital hypothyroidism, the importance of compliance and the excellent prognosis in most babies if therapy is initiated sufficiently early and is adequate and educational materials should be provided (58). An initial dosage of 10-15 mcg/kg/day of L-T4 is generally recommended to normalize the T4 as soon as possible. The highest dose is indicated in infants with severe disease, and the lower in those with a mild to moderate form. L-T4 Tablets can be crushed and given via a small spoon, with suspension, if necessary in a few milliliters of water or breast milk or formula or juice, but care should be taken that all of the medicine has been swallowed. Thyroid hormone should not be given with substances that interfere with its absorption, such as iron, calcium, soy, or fiber. Drugs such as antacids (aluminium hydroxide) or infantile colic drops (simethicone) can interfere with L-thyroxine absorption. Many babies will swallow the pills whole or will chew the tablets with their gums even before they have teeth. Reliable liquid preparations are not available commercially in the US, although they have been used successfully in Europe. L-T4 can also be administred in liquid form, but only if pharmaceutically produced and licensed L-T4 solutions are available. A brand name rather a generic formulation of L-T4 is recommended because they are not bioequivalent (58a). 
The aims of therapy are to normalize the T4 as soon as possible, to avoid hyperthyroidism where possible, and to promote normal growth and development. When an initial dosage of 10-15 mcg/kg is used, the T4 will normalize in most infants within 1 week and the TSH will normalize within 1 month, Subsequent adjustments in the dosage of medication are made according to the results of thyroid function tests and the clinical picture. Often small increments or decrements of L-thyroxine (12.5 mcg) are needed. This can be accomplished by 1/2 tablet changes, by giving an alternating dosage on subsequent days, or by giving an extra tablet once a week. 
As stated in ESPE guidelines: “ L-T4 alone is recommended as the medication of choice and should be started as soon as possible, no later than two weeks of life or immediately after confirmatory test results in infants identified in a second routine screening test. L-T4 should be given orally. If intravenous administration is necessary, the dose should be no more than 80% of the oral dose”. Serum or plasma FT4 (or TT4) and TSH concentration should be determined at least 4 hours after the last L-T4 administration. TSH should be maintained in the age-specific reference range and FT4 in the upper half of the age- specific reference range. “The first follow up examination is indicated after 1-2 weeks after the start of LT4 treatment and then every 2 weeks until TSH levels are completely normalized and then every 1- 3 months until 12 months of age. Between the age of one and three years, children should undergo frequent clinical and laboratory evaluations (every 2 to 4 months).” Thereafter, evaluations should be carried out every 3 to 12 months until growth is completed. “More frequent evaluations should be carried out if compliance is questioned or abnormal values are obtained. Any reduction of L-T4 dose should not be based on a single increase of FT4 concentration during treatment. “Measurements should be performed after 4-6 weeks any change in the dosage or in the L-T4 formulation”.
Re-evaluation and Trial Off Therapy
In hypothyroid babies in whom an organic basis was not established at birth and in whom transient disease is suspected, a trial off replacement therapy can be initiated after the age of 3 years when most thyroxine-dependent brain maturation has occurred, as shown by magnetic risonance imaging studies (56e). Re-evaluation is recommended if the treatment was started in a sick child (i.e. preterm), if thyroid antibodies were detectable, if no diagnostic assessment was completed, and in children who have required no increase in L-T4 dosage since infancy. Re-evaluation is recommended also in the case of a eutopic gland with or without goiter, if not enzyme defects have been detected, if any other cause of transient hypothyroidism is suspected. 
Re-evaluation is not necessary if venous TSH concentration has risen during the first year of life, due to either LT4 underdosage or poor compliance. To perform a precise diagnosis LT4 treatment is suspended for 4-6 weeks, and biochemical testing and thyroid imaging are carried out. To establish the presence of primary hypothyroidism, without defining the cause, L-T4 dose may be decreased by 20-30% for 2 to 3 weeks. If TSH serum levels rise to > 10 mU/L during this period, the hypothyroidism can be confirmed.
Prognosis
Although all are agreed that the mental retardation associated with untreated congenital hypothyroidism has been largely eradicated by newborn screening, controversy persists as to whether subtle cognitive and behavioral deficits remain, particularly in the most severely affected infants (59-64). Both the initial treatment dose and early onset of treatment (before 2 weeks) are important. Time to normalization of circulating thyroid hormone levels, the initial free T4 concentration, maternal IQ, socioeconomic and ethnic status have also been related to outcome (59,62,63,64). The long term problems for these babies appear to be in the areas of memory, language, fine motor, attention and visual spatial. Inattentiveness can occur both in patients who are overtreated and those in whom treatment was initiated late or was inadequate. In addition to adequate dosage, assurance of compliance and careful long-term monitoring are essential for an optimal developmental outcome. More details about long term follow up are reported in ESPE guidelines (51g,51K). Progressive hearing loss in CH should be recognized and corrected, because strongly influenced the outcome). Recently, extensive reports on long term outcome of congenital hypothyroidism in young adults have been published (64a,64b). In the French cohort of 1202 CH young adults, hearing impairment was found at a mean age of 23.4 years in 9.5% versus 2.5% of general population, and the risk of developing hearing impairment was three times higher in these patients than in general population (64c). Also interesting data about pregnancy outcomes in young women with CH came out from the French cohort (64d).
CAUSES OF PERMANENT CONGENITAL HYPOTHYROIDISM
Permanent congenital thyroidal (primary) hypothyroidism can be the consequence of a disorder in thyroid development and/or migration (thyroid dysgenesis), or due to defects at every step in thyroid hormone synthesis (thyroid dyshormonogenesis). Although congenital hypothyroidism (CH) is in the great majority of cases a sporadic disease, the recent guidelines (51g,51k) for CH recommend genetic counseling in targeted cases. Positive family history for CH, association with cardiac or kidney malformation, midline malformation deafness, neurological sigs (i.e., choreoathetosis, hypotonia, any sign of Albright hereditary osteodystrophy, lung disorders,  suggest genetic counseling, in order to assess the risk of recurrence and to provide further information about a possible genetic etiology of CH. Recently a targeted next-generation (NGS) panel, covering all exons of the major CH genes, has been proposed as a useful tool to identify the genetic etiology of CH (64e). Lowering TSH cut off value at screening increases the diagnosis of CH with eutopic thyroid. A targeted next-generation (NGS) panel has been applied to patients with CH and thyroid in situ (64f).

 Thyroid Dysgenesis

Unlike in iodine-deficient areas of the world where endemic cretinism continues to be a major health hazard, the majority (85 to 90%) of cases of permanent congenital hypothyroidism in North America, Western Europe and Japan are due to an abnormality of thyroid gland development (thyroid dysgenesis). Thyroid dysgenesis may result in the complete absence of thyroid tissue (agenesis, 20-30%) owing to a defect in survival of the thyroid follicular cells precursors) or it may be partial (hypoplasia); the latter often is accompanied by a failure to descend into the neck (ectopy) mostly located in a sublingual position as a result of a premature arrest of its migratory process. Lowering of cut off TSH values for newborn screening increases the percentage of CH with thyroid in situ. Females are affected twice as often as males. In the United States, thyroid dysgenesis, is less frequent among African Americans and more common among Hispanics and Asians. Babies with congenital hypothyroidism have an increased incidence of cardiac anomalies, particularly atrial and ventricular septal defects (65). An increased prevalence of renal and urinary tract anomalies has also been reported recently (66).  Most cases of thyroid dysgenesis are sporadic. Familial cases represent 2%. Discordance between monozigotic twins is inexplained (67).  Although both genetic and environmental factors have been implicated in its etiology, in most cases the cause is unknown (67a). 
The occasional familial occurrence, the higher prevalence of thyroid dysgenesis in babies of certain ethnic groups and in female versus male infants as well as the increased incidence in babies with Down syndrome (68) all suggest that genetic factors might play a role in some patients. Thyroid transcription factors would appear to be obvious candidate genes in view of their important role in thyroid organogenesis and in thyroid-specific gene expression. To date, however, abnormalities in these genes have been found in only a small proportion of affected patients, usually in association with other developmental abnormalities (68a). 
Thyroid transcription factors (TTF) such as NKX2-1 (or formerly TTF1/TITF1), FOXE1 (Forkhread Box E1, formerly TTF2/TITF2), PAX8 (Paired box gene 8), and NKX2-5, are expressed during early phases of thyroid organogenesis (budding and migration), instead thyroid stimulating hormone receptor gene (TSHR) is expressed during the later phases of thyroid development. All these genes are involved in normal thyroid development and in thyroid dysgenesis. Alternately, epigenetic modifications, early somatic mutations or stochastic developmental events may play a role. Five monogenic forms due to mutations in TSHR, NXK2-1, PAX8, FOXE-1. NXK2-5 have been reported. Monogenic forms represent less than 10% in TD (68a).

TABLE 1. GENETIC CAUSES OF CONGENITAL HYPOTHYROIDISM

	1.1 PRIMARY HYPOTHYROIDISM
	Gene locus
	Inheritance

	 Monogenic forms of thyroid dysgenesis
	
	

	· Thyroid stimulating hormone receptor (TSHR)
	
	AR

	· NK2 1 (NK2-1, TTF1) brain-lung thyroid syndrome
	14q13	
	AD

	· Paired box gene 8 (PAX8)
	2q11.2
	AD

	· Forkhead boxE1 (FOXE1, TTF2) (Bambforth-Lazarus syndrome)
	9q22
	AR

	· NK2 homeobox 5 (NKX2-5)
	
	

	 New candidates gene
	
	

	· Nertrin 1 (NTN-1)
	
	

	· JAG1
	20p.12.2
	

	 Inborn errors of thyroid hormonogenesis
	
	

	· Sodium/Iodide symporter (SLC5A5,NIS
	19p13.2
	AR

	· Thyroid peroxidase (TPO)
	2p25
	AR

	· Pendred syndrome (SLC26A4,PDS) 
	7q31
	AR

	· Thyroglobulin (TG)
	8q24
	AR

	· Iodothyrosine deiodinase (IYD,DEHAL1)
	6q24-25
	AR

	· Dual oxidase 2 (DUOX2)
	15q15.3
	AR/AD

	· Dual oxidase maturation factor 2 (DUOXA2)
	
	AR/AD

	B1.2 CENTRAL HYPOTHYROIDISM
	
	

	 Isolated TSH deficiency
	
	

	· TRHR
	14q31
	AR

	· TSHB	
	1p13
	AR

	 Isolated TSH deficiency or combined pituitary hormone deficiency
	
	

	 Immunoglobulin superfamily member1 (IGSF1) gene defects
	Xq26.1
	X-Linked

	 Combined pituitary hormone deficiency
	
	

	· POU1F1
	3p11
	AR,AD

	· PROP1
	5q
	AR

	· HESX1
	3p21.2-21.2
	AR/AD

	· LHX3	
	9q.34
	AR

	· LHX4
	1q25
	AD

	· SOX3
	
	X-linked

	· OTX2	
	
	AD




Monogenic Forms of Thyroid Dysgenesis

Thyroid stimulating hormone receptor resistance (TSHR gene #OMIM 603372)
Described in 1968, is mostly caused by biallelic inactivating mutations in the TSH receptor gene (TSHR). TSH affects follicular thyroid cell proliferation and many cellular processes, including thyroidal iodine uptake, thyroglobulin iodination, and reuptake of iodinated thyroglobulin. Phenotype varies from mild hyperthyrotropinemia with normal thyroid gland to severe CH with thyroid hypoplasia and absence of tracer uptake at scintigraphy (apparent athyreosis).
Inactivating TSHR mutations are the most frequent cause of monogenic TD and non syndromic CH, with prevalence in CH cohorts around 4 % (68b). Clinically a classic and a non-classic TSH resistance form are described, based on different TSHR mutations (68c). Both Gs and Gq proteins are involved Heterozygous non polymorphic TSHR mutations were found in a high frequency (11.8-29%) in children and adolescents with isolated non-autoimmune hyperthyrotropinemia (68d).
NKX2-1 (OMIM 600635)
NKX2-1 (previously TITF-1, TTF-1) gene encodes for a transcription factor of the NK family. It is involved in early development of brain, thyroid and lung. In thyrocytes, NKX2-1 activates the transcription of TG, TPO, TSHR and PDS genes. In the lung is important for the branching of the lobar bronchi and regulates the expression of surfactant proteins in pneumocytes. In the brain, NKX2 is expressed in basal ganglia and forebrain and it is involved in the specification and migration of neurons. Haploinsufficiency of NKX2-1 is responsible for the brain-lung-thyroid (BLT) syndrome (OMIM 610978) characterized by CH, infant respiratory distress syndrome and benign hereditary chorea. NKX2-1 defects occur either as a sporadic cases or as familial cases inherited in an autosomal-dominant manner. The clinical presentation ranges from the complete BLT syndrome (50%) to incomplete forms with brain and thyroid disease (30%) or only benign hereditary chorea (13%), the mildest expression of the syndrome. TD ranges from hypoplasia (about 35%) to normal morphology (>50% of patients) (68e). Recently, a case of BLT syndrome has been reported with thyroid ectopy (68f).
The severity of symptoms varies widely, even in families with the same disease causing mutation. In a detailed study (68g) lung disease, if present at birth, manifests as a surfactant deficiency syndrome and can be fatal. Asthma, recurrent pneumonia in childhood, spontaneous pneumothorax, and interstitial lung disease has also been reported. Neurologic forms present with muscular hypotonia in early infancy and psychomotor delay, which progresses to benign hereditary chorea between 1 and 5 years. Additional non classical features including hypodontia o oligodontia, microcephaly, growth retardation, genitourinary abnormalities, skeletal disorders, and congenital heart defects have been reported in patients with large deletions on chromosome 14, including the NKX2-1 gene and surrounding genes. Interestingly, a more extended phenotype associating hypothalamic symptoms, frequent recurrence of fever without infection, dysrhytmic sleep, and abnormal height in patients with point NKX2-1 mutations was described (68g). So far, 116 NKK2-1 genetic anomalies have been reported worldwide (68h). 
PAX8 (OMIM218700)
Paired box gene 8 (PAX8) codes for a TTF of the paired homeodomain transcription factors family. PAX8 is expressed during thyroid organogenesis in the median anlage and in the kidney development. In synergy with NKX2-1, PAX 8 influences the expression of TPO, TG and NIS in thyroid follicular cells. The prevalence of PAX8 mutations in CH patients is about 1%, ranging from 0.3 to 3.4% (68b,68i).Thyroid hypoplasia is the more common phenotype, but athyreosis to normal morphology have also been reported. Thyroid function varies from severe hypothyroidism to mild hypertropinemia, and different phenotypes can be found in the same family. The association with kidney malformations is possible, but remains a facultative sign in CH patients with PAX8 mutations. So far, 29 mutations have been reported (68h). 
FOXE1 (OMIM#602617)
The Forkhead Box 1 E1 (FOXE1) gene encodes for a transcription factor of the forkhead/winged-helix transcription factor family.  Foxe1 is expressed in the thyroid primordium, in the pharyngeal endoderm derivates such as the palate and the esophagus and in the hair follicoles (68j). Foxe1 interacts with TG and TPO promoters and with regulatory regions of DUOX2 and NIS genes (68k).
The Bamforth-Lazarus syndrome is caused by FOXE1 mutations. It is characterized by CH (usually athyreosis), cleft palate and spinky hair. Bifid epiglottis and choanal atresia can be present. So far, six mutation with loss of function (68h) and 1 mutation with gain of function have been reported in patients with Bamforh-Lazarus syndrome, showing the effect of FOXE1 gene dosage in this disorder (68m).

NKX2-5 (OMIM #600584)
Because an increased prevalence of heart congenital malformations have been reported in CH, genes involved in heart organogenesis as NKX2-5 have been suggested as a cause of CH. NKX2-5, that encodes for a transcription factor with a major role in heart development has been investigated in a cohort of 241 patients with thyroid dysgenesis. Heterozygous missense mutations had been reported in this study in 4 patients with ectopy and athyreosis, and all mutations were transmitted from one of the parents but only 1 patient had minor cardiac phenotype (68n). 
A major pathogenetic role of NKX2-5 mutations in thyroid dysgenesis has been questioned: given the absence of TD in carriers of NKX2-5 mutations, and the high number of TD patients without mutations. Better defining the role of NKX2-5 in thyroid organogenesis need further studies (68o). 

New Candidates Genes

NTN-1
A new gene Netrin-1 (NTN-1), has been recently identified in a patient with thyroid ectopy and ventricular sept defect, and considered as a possible link between thyroid and heart defects (68p). 
JAG1 (20p12.2 OMIM 6019220)
A role for the Notch pathway in thyroid morphogenesis has recently been demonstrated in zebrafish (68q). JAG1 is a gene encoding one single pass transmembrane ligand of the notch receptors. Heterozygous variations of JAG1 are the cause of Alagille syndrome type 1, an autosomal dominant disorder characterized by paucity of intrahepatic bile ducts, cardiac malformations as pulmonary artery stenosis, coarctaction of aorta, atrio-ventricular septal defects and Fallot tetralogy. Many other organs as eye, skeleton, kidney, nervous system can be involved, with a characteristic facial phenotype. A study investigating the role of JAG1 loss of function variations in the pathogenesis of congenital thyroid defects in Alagille syndrome and in patients with congenital hypothyroidism supported the role of this gene as a predisposing factor in congenital hypothyroidism (68r). The authors reported, in a series of 21 patients affected with Alagille syndrome non autommune hypothyroidism in 6 patients (28%), two of them with thyroid hypoplasia. Analyzing 100 patients with congenital hypothyroidism for JAG1 variants they found JAG1 variants in 4. Interestingly, 2 of them had cardiac malformations.

Inborn Errors of Thyroid Hormonogenesis

Inborn errors of thyroid hormonogenesis (thyroid dyshormonogenesis) are responsible for most of the remaining cases (15%) of neonatal thyroidal hypothyroidism. Unlike thyroid dysgenesis, mostly a sporadic condition, these inborn errors of thyroid hormonogenesis are commonly associated with an autosomal recessive form of inheritance, consistent with a single gene abnormality. DUOX2 mutations can be transmitted in autosomal dominant way. Thyroid dysormonogenesis is caused by genetic defects in proteins involved in all steps of thyroid hormone synthesis (68s) often associated with goiter formation. Goiter can be present in utero or at birth.
.A number of different defects have been characterized based on radioiodine uptake and perchlorate test and include:

 1) Iodide transport defect (ITD) 
(SLC5A5, Sodium/Iodide Symporter NIS), that shows failure to concentrate iodide, with low or absent radioiodine uptake, also in salivary glands and gastric mucosa;
 
2) Iodide organification defect (IOD) 
with normal radioiodine uptake and altered perchlorate discharge test. In these patients, less than 90% of the iodide is organified and remains stored in the follicles. Total IOD is defined as >90% of the given dose back to the blood. Partial IOD is defined as 10-90% of radioiodine washout after perchlorate application. Total IOD is due to Thyroid peroxidase mutations (TPO) and Dual Oxidase 2 (DUOX2), partial IOD is due to DUOX2, Dual Oxidase Maturation Factor 2 mutations (DUOX2A), SLC26A4, pendrin and TPO defects.

3) Forms with normal radioiodine uptake and a normal perchlorate test:
 Thyroglobulin TG mutations, iodide recycling defects IYD, Iodothyrosine Deiodinase mutations (DEHAL1).

4) Iodide Transport Defect (OMIM 274400)
ITD is rather a rare form and is due a mutation of the Sodium/Iodide Symporter (NIS). The NIS is expressed at the basolateral membrane of the thyrocite and it is responsible for the active iodide uptake through the membrane into the thyrocite (69). This form of hypothyroidism is characterized by goiter and absence of radioiodine uptake. In contrast with athyreosis, uptake is lacking also in salivary glands and in the stomach (white scintigraphy).
The severity of hypothyroidism depends on the residual function of the mutated NIS protein, ranging with severe to mild forms, often detected in infancy or childhood.

Pendred Syndrome (OMIM274600)
Pendred syndrome is defined by the association of familial profound deafness with multinodular goiter. It is caused by biallelic mutation in the pendrin gene (70-71). Pendred syndrome is the only form of thyroid dyshormonogenesis associated with a malformation. The inner ear presents a characteristic malformation of the cochlea.
Congenital hypothyroidism is present in only 30% of cases, goiter occurs often in childhood. Thyroid phenotype is variable.  Perchlorate test shows a partial organification defect. Pendred syndrome is the most frequent etiology of familial deafness. SLC264A mutations (mostly in the heterozygous state) have been also described in isolated enlargement of the vestibular aqueduct, with no thyroid disease (71a). More than 150 mutations have been described. Specific mutation cluster in Asia (H723R), and Europe (L236P, T416P, IVS8, 1-GA) (71b). 

Thyroid peroxidase mutations (OMIM #274500)
Thyroid peroxidase (TPO) is a heme peroxidase that regulates two rate-limiting step of thyroid hormones synthesis, first the organification of iodide to iodinated thyrosyl residuates such as MIT and DIT, and then the coupling of MIT and DIT to T3 and T4. TPO action needs hydrogen peroxide as the final electron acceptor. Mutations are mostly in the heme-binding domain of the protein, encoded by exons 7-9 (71c). TPO mutations are a common form of thyroid dyshormonogenesis. Severe congenital hypothyroidism with goiter is present in the great part of patients, with a total IOD. Recently, a few patients with partial IOD have been reported (72,72a).

Dual Oxidase 2 and Dual Oxidase Maturation Factor 2 mutations (OMIM#607200 and 274900)
DUOX2 (formerly THOX2) and DUOXA2 are components of a nicotinamide adenine dinucleotide phosphate oxidase complex that produces hydrogen peroxide indispensable for TPO action.
The first mutation in DUOX2 has been reported in 2002. Heterozygous mutations have been found in a part of the patients, suggesting autosomal dominant and autosomal recessive inheritance both possible in this form (72b). Monoallelic mutations usually cause mild hypothyroidism; biallelic mutations are present in mild to severe hypothyroidism. In some cases, DUOX2 mutations lead to transient congenital hypothyroidism, with normalization of thyroid function at follow up. DUOX2 mutations usually cause partial IOD, but total IOD is also reported (72c). Mutations in DUOXA2 were described in patients detected by neonatal screening with mild CH. Partial IOD was found in these cases (72d). 

Thyroglobulin Mutations (OMIM#274700)
Thyroglobulin (Tg) is a glycoprotein synthetized by the thyrocytes that serves as a matrix for thyroid hormones synthesis and storage in the follicles (68t). Tg is also in part released in the blood and it is a useful marker of thyroid tissue.
In CH, Tg serum determination can differentiate between a true and apparent athyreosis, the last with same residual dysgenetic tissue and Tg detectable.
In dyshomonogenesis, Tg levels are low in patients with Tg mutations, but are normal or high in the other defects of hormonogenesis (68t).  CH due to Tg mutations is usually severe, with goiter in utero or at birth. Different mechanisms cause hypothyroidism in Tg mutations: a )Tg synthesis defects alter protein synthesis; b) Tg transport defects limit Tg excretion in the follicle; c) a abnormal structure of T impairs coupling of MIT and DIT; d) a large imperfect DNA inversion in Tg gene is a novel cause for CH (72e-72g).  

Iodothyrosine Deiodinase Mutations cause Iodide Recycling defects (OMIM#274800)
DEAHAL 1(IYD) is the enzyme that regulates the recycling of iodide from MIT and DIT to the follicle, thus allowing the synthesis of thyroid hormones. Dietary Iodine is scarce in nature and it is the limitating factor for thyroid hormones synthesis. Failure of DEAHL1 cause iodotyrosine deiodinase deficiency, characterized by hypothyroidism, goiter and mental retardation. It is important to stress that these patients are not detected by neonatal screening for CH, probably because the maternal iodine protect for a period the newborn. Diagnosis is reported between 18 month and 16 years with hypothyroidism and mental retardation (72h). The first mutations in DEAHAL1 has been reported in 2008 (72i).
The use of MIT and DIT -as early markers to identify iodotyrosine deiodinase deficiency before mental retardation-is under investigation.

Central Congenital Hypothyroidism (CCH)

Central hypothyroidism (CCH) is caused by an insufficient thyroid hormone biosynthesis due to a defective stimulation by TSH, in the presence of an otherwise normal thyroid. This condition includes all causes of congenital hypothyroidism due to a pituitary or hypothalamic pathology (secondary or tertiary hypothyroidism). CCH was previously considered a very rare disease with a prevalence initially estimated to be 1:100000 in newborns (73). In more recent data, CCH had an incidence that could reach 1:16.000, as shown from results from screening for congenital hypothyroidism applied in the Neetherlands, based on T4/TSH/TBG determination (73a). 
Also with this sophisticated method of screening, CCH is sometime not identified at birth, because the limiting step is “how low is a low T4”, low enough to be considered an effective cutoff value and allow the determination of TSH and TBG. Many cases are diagnosed in infancy or childhood, if not later in adulthood (73b). The majority of screening programs are based on TSH determination and a high index of suspicion is needed to identify CCH in the preclinical phase. Delayed diagnosis may result in neurodevelopment delay. More than 50% of children with CCH have moderate or severe hypothyroidism, so, if not treated, the risk of neurodevelopmental delay should not be underestimated (73c). 
In the majority of cases identified early, TSH deficiency is a part of combined pituitary hormone deficiency. A timely correction of ACTH and cortisol deficiency, and/or GH deficiency may avoid life threatening emergencies. 
CCH can be transient (mostly due to drugs or maternal hyperthyroidism), or permanent. 

Genetic Central Hypothyroidism (Table 1)

Isolated Thyroid Stimulating Hormone deficiency
Two forms of non-efficient TSH are known, the first one is very rare and is due to defects in the receptor that regulates the action of TRH on thyrotropes (TRHR), the second form is due to several mutations in the β-subunit of TSH.

a)Thyrotropin-releasing hormone receptor (TRHR ) gene defects. TRHR mediates the correct action of TRH on thyrotropes toward the synthesis, glycosylation and secretion of TSH.
This is a very rare cause of central hypothyroidism. Mutations in TRHR gene have been described so far in 3 patients from 2 families, the first from Canada, the second from Italy, with autosomal recessive inheritance (73d,73e). Index cases were detected at 9 and 11 years for short stature and symptoms related to hypothyroidism. Neonatal hypothyroidism could not be proven because neonatal screening was based on TSH level. No psychomotor delay or intellectual deficit was reported in these children. TSH was in the low normal range with a suspected low bioactivity; T4 or FT4 were low, TRH test showed no response of TSH and PRL.
A compound heterozygosis with 2 different mutations in TRHR gene was found in the Canadian patient. The first mutation in the paternal allele was a premature stop codon R17X that completely inactivated protein function. The second one, on the maternal allele was a complex combination of mutations: 9-nucleotide deletion followed by a point mutation resulting in an in-frame deletion of three aminoacids (Ser115-Thir117) plus a missense change located at the cytoplasmatic end of the transmembrane domain of the receptor (73d).The Italian patient had a homozygous nonsense mutation (pR17X). 
A novel homozygous missense mutation (P81R) in TRHR has been published in a female infant presented at age 19 days with prolonged jaundice due to isolated hyperbilirubinemia. Thyroid function showed CCH (TSH 2.2 mU/L (RR 0.4-3.5). FT4 7.9 pmol/L (RR10.7-21.8). She was treated with L-thyroxine and at 4 years of age growth and neurological development are in the normal range. The location of the mutated aminoacid (proline 81) in the second transmembrane helix underlines the functional role of this helix in hormone binding and receptor activation (73f).

b)TSH β Gene defects
TSH is a glycoprotein hormone with an α subunit common with FSH, LH and hCG, and a β-subunit, specific for TSH.
Mutations of the β-subunit of TSH are the cause of the most severe forms of central congenital hypothyroidism. All mutations described so far caused central hypothyroidism, either because truncated protein or alterations in key structural features required for heterodimeric integrity occur (74, 74a, 74b).
Another consequence of mutations of the β-subunit of TSH is the modification of bioactivity and immunoreacivity of the TSH heterodimer. Diagnosis of central hypothyroidism can be complicated because of impaired TSH immunoreactivity and/or bioactivity. For instance, TSH is not detectable when the heterodimer formation between TSHα and TSH β subunit is completely not allowed from mutations (i.e. p.G49, p.32), in other cases some mutant heterodimeric TSH is present and measurable in an immunoassay dependent manner (i. e. p.Q69, c.373 delT). TSH can be measurable but not shows normal bioactivity (74a). Interestingly, a variant (c223A>G, pR75) causing normal bioactive TSH, but with impaired immunoreactivity has been described (74c, 74d). These individuals are euthyroid, but erroneous diagnosis and inappropriate treatment have been reported.
In children affected with CCH due to mutations of the β-subunit of TSH, psychomotor and mental retardation can occur, depending on the time of diagnosis and treatment. Most are clinically diagnosed after 3 months of age because they are not identified by neonatal screening based on increased TSH levels. Hyperplastic pituitary, high levels of serum glycoprotein alfa-subunit and hypoplasic thyroid gland have been reported (74a). Several mutations have been reported, including missense, nonsense and frameshift mutations (74,74a), as well as slice mutations (74b). Recently a homozygous TSHβ mutation was found (74e). A novel missense mutation (c.2T>C) in which a methionin codon, is replaced by a threonine, has been very recently reported in a child with very low levels of TSH (0.45mU/l, (NR 0.4-3.5) and FT4.(<5.1 pmol/l (NR 13.8-22.5). This child was diagnosed at 3.5 months of age because feeding difficulties, somnolence, constipation and severe growth retardation. She was treated with L-thyroxine with a good response in growth, but she has severe neurodevelopmental deficits, with bilateral sensorineural deafness, nistagmus, motor and language development delay at age of 10. She was on autistic/Asperger spectrum and needed special education at school (74f). 

Immunoglobulin superfamily member1 (IGSF1) gene defects
IGSF1 (immunoglobulin (Ig) superfamily member1) gene mutations were described in 2012 as a cause of central hypothyroidism, with an incidence of about 1:100.000 (75,75a). IGSF1 gene is located on X chromosome (Xq26.1) and encodes for a plasma membrane glycoprotein that is mainly expressed in the pituitary, brain and testes. 
Several pathogenetic mutations in IGSF1 gene have been reported so far (75,75a,75b). An extensive case series, expanding the clinical phenotype has been published very recently (75c,75d). The first patient was diagnosed by neonatal screening in the Neetherlands where a screening program for congenital hypothyroidism that includes T4 determination (T4/TBG/TSH) is applied. Many other cases of central hypothyroidism were identified in this family and in others with an age at diagnosis ranging from 3 weeks to 69.9 years (75). Typical phenotype in adult males includes central hypothyroidism and macroorchidism (>30 ml by Prader orchidometer). Hypoprolactinemia and GH deficiency can be present. GH deficiency is usually transient and detectable in childhood. Body mass index tends to be elevated. Testicular volume is normal in childhood and increases at a normal age in puberty, but the testosterone rise is delayed, as well as the pubertal growth spurt and the appearance of secondary sexual characteristics. Thyroid volume is small, TSH is usually detectable, TSH response to TRH is diminished. No clear correlation genotype-phenotype has been established.
IGSF1 gene is located on X chromosome. Male are affected but 1/3 of females heterozygous carriers shows a milder phenotype, with central hypothyroidism, delayed menarche, mild prolactin deficiency and benign ovarian cysts sometime requiring surgical resection. Recently a familial form of isolated central hypothyroidism with neurological phenotypes due to a novel IGSF1 gene mutation has been reported from Israel (75e). 

TSH deficiency in combined pituitary hormone deficiency
Central congenital hypothyroidism can be a component of combined pituitary hormone deficiency. This form represents the majority of cases detected by the neonatal screening when T4 determination is used (73b). Early diagnosis in these cases helps to prevent dangerous hypoglycemic and adrenal crisis due to associated GH and ACTH deficiency.
TSH deficiency can be present at diagnosis or occurs later, as a component of an evolving phenotype. In a minority of patients, mutations of known transcriptor factors (i.e POU1F1 ,PROP1,HESX1,LHX3,LHX4,SOX3 and OTX2) that are involved in pituitary development can be identified (76) (See Table 1). 
Mutations in early transcriptor factors cause developmental abnormalities, i.e., septo-optic dysplasia, midline defects, holoprosencephaly, ocular or skeletal defects, intellectual impairment, associated with variable hypopituitarism. Mutations in HESX1, OTX2 and SOX3 have been found in patients with septo-optic dysplasia and TSH deficiency (76). 
TSH deficiency in association with other pituitary hormone deficiencies may be associated with abnormal midline facial and brain structures (particularly cleft lip and palate, and absent septum pellucidum and/or corpus callosum) and should be suspected in any male infant with microphallus and persistent hypoglycemia (76a). One of the more common of these syndromes, septo-optic dysplasia, has been related in some cases to a mutation in the HESX 1 homeobox gene in some cases (76b). Other genetic causes of congenital hypopituitarism include molecular defects in the genes for the transcription factors LHX3 (76c), LHX4, POU1F 1 (76d) or PROP 1 (76d). POU1F 1 (Pit-1 in mice) is essential for the differentiation of thyrotrophs, lactotrophs and somatotrophs while PROP 1, a homeodomain protein that is expressed briefly in the embryonic pituitary, is necessary for POU1F 1 expression. 
Defects of Thyroid Hormone Transport in Serum
For complete coverage of this and related areas visit the chapter entitled: “Defects of thyroid hormone transport in serum” by Samuel Refetoff, MD in this book.
Inherited abnormalities of the iodothyronine-binding serum proteins include TBG deficiency (partial or complete), TBG excess, transrethyretin (TTR) (prealbumin) variants and familial dysalbuminemic hyperthyroxinemia (FDH). In these conditions the concentration of free hormones is unaltered, but the abnormal total thyroxine concentrations can be misleading during neonatal screening and in the evaluation of thyroid function.
Impaired Sensitivity to Thyroid Hormone
For complete coverage of this and related areas visit the chapter entitled: “Impaired sensitivity to thyroid hormone: defects of transport, metabolism and action” by.Alexandra M. Dumitrescu, MD and Samuel Refetoff, MD, in this book.
Impaired sensitivity to thyroid hormone, previously known as “reduced sensitivity to thyroid hormone”, include defects in thyroid hormone action, transport and metabolism. They are classified in a)Thyroid hormone cell membrane transport defect (THCMTD),b) thyroid hormone metabolism defect (THMD) and c) thyroid hormone action defect that include Resistance to thyroid hormone (RTH) (77).The first defect, recognized almost 50 years ago, produces reduced sensitivity to TH and was given the acronym RTH, for resistance to thyroid hormone (77a, 77b). Its major cause, found in more than 3,000 individuals, is mutations in the TH receptor ß (THRB) gene. More recently mutations in the THRA gene were found to produce a different phenotype owing to the distinct tissue distribution of this TH receptor (77c, 77d). Two other gene mutations, affecting TH action, but acting at different sites have been identified in the last 10 years. One of them, caused by mutations in the TH cell-membrane transporter MCT8, with decreased T4 uptake into brain cells produces severe psychomotor defects (77e,77f). In this syndrome, first described  as Allan Herdon Dudley syndrome, (77g) mutations in the monocarboxylate transporter 8 (MCT 8 gene, located on the X-chromosome), have been associated with male- limited hypothyroidism and severe neurological abnormalities, including global developmental delay, dystonia, central hypotonia, spastic quadriplegia, rotary nystagmus and impaired gaze and hearing (77e, 77f). Heterozygous females had a milder thyroid phenotype and no neurological defects. A defect of the intracellular metabolism of TH, identified in 11 members from 9 families, is caused by mutations in the SECISBP2 gene required for the synthesis of selenoproteins, including TH deiodinases (77h). Knowledge of the molecular mechanisms involved in mediation of TH action allows the recognition of the phenotypes caused by genetic defects in the involved pathways. While these defects have opened the avenue for novel insights into thyroid physiology, they continue to pose therapeutic challenges. 
CAUSES OF TRANSIENT NEONATAL HYPOTHYROIDISM
Transient neonatal hypothyroidism should be distinguished from a ‘false positive’ result in which the screening result is abnormal but the confirmatory serum sample is normal. Causes of transient abnormalities of thyroid function in the newborn period are listed in Table 2. While iodine deficiency, iodine excess, drugs and maternal TSH receptor blocking antibodies are the most common causes of transient hypothyroidism, in some cases the cause is unknown.

TABLE 2.  CAUSES OF TRANSIENT HYPOTHYROIDISM IN THE NEWBORN
	· 
	2.1 PRIMARY HYPOTHYROIDISM

	· 
	· Prenatal or postnatal iodine deficiency or excess

	· 
	· Maternal antithyroid medication

	· 
	· Maternal TSH receptor blocking antibodies

	· 
	· Mild gene mutations (i.e. DUOX2, TSH-R )

	· 
	· Maternal hypothyroidism

	· 
	· Prematurity, VLBW

	· 
	· Drugs, (i.e. Dopamine, steroids)

	
	· Hypothyroxinemia (low T4, normal TSH)

	· 
	2.2 CENTRAL HYPOTHYROIDISM

	· 
	· Prenatal exposure to maternal hyperthyroidism

	· 
	· Prematurity (particularly <27 weeks gestation)

	· 
	· Drugs


[bookmark: toc-i-iodine-deficiency-or-excess]
Iodine Deficiency or Excess
In addition to iodine deficiency, both the fetus and newborn infant are sensitive to the thyroid-suppressive effects of excess iodine, whether administered to the mother during pregnancy, lactation or directly to the baby (78). This occurs, in part because, as noted earlier, recovery from the thyroid-suppressive effect of iodine does not mature before 36 weeks gestation; however, other factors, including increased skin absorption are also likely to play a role. Reported sources of iodine have included drugs (e.g., potassium iodide, amiodarone), radiocontrast agents and antiseptic solutions (e.g., povidone-iodine) used for skin cleansing or vaginal douches. In contrast to Europe, iodine-induced transient hypothyroidism has not been documented frequently in North America (79). For other information see the chapter “Iodine deficiency disorders” in this book. 
[bookmark: toc-ii-maternal-antithyroid-medication]Maternal Antithyroid Medication
Transient neonatal hypothyroidism may develop in babies whose mothers are being treated with antithyroid medication (either propylthiouracil, PTU or methimazole, MMI) for the treatment of Graves ’ disease. Even maternal PTU doses of 200 mg or less have been associated with an effect on neonatal thyroid function, illustrating the increased fetal sensitivity to these drugs (80). Babies with PTU- or MMI-induced hypothyroidism characteristically develop an enlarged thyroid gland and if the dose is sufficiently large, respiratory embarrassment may occur. Both the hypothyroidism and goiter resolve spontaneously with clearance of the drug from the baby’s circulation. Usually replacement therapy is not required.
[bookmark: toc-iii-maternal-tsh-receptor-antibodies]Maternal TSH Receptor Antibodies
Maternal TSH receptor blocking antibodies, a population of antibodies closely related to the TSH receptor stimulating antibodies in Graves’ disease, (81) may be transmitted to the fetus in sufficient titer to cause transient neonatal hypothyroidism. The incidence of this disorder has been estimated to be 1 in 180,000 (81a,81b). TSH receptor blocking antibodies most often are found in mothers who have been treated previously for Graves’ disease or who have the non goitrous form of chronic lymphocytic thyroiditis (primary myxedema). Occasionally these mothers are not aware that they are hypothyroid and the diagnosis is made in them only after congenital hypothyroidism has been recognized in their infants (81b). Unlike TSH receptor stimulating antibodies that mimic the action of TSH, TSH receptor blocking antibodies inhibit both the binding and action of TSH (see below). Because TSH-induced growth is blocked, these babies do not have a goiter. Similarly, inhibition of TSH-induced radioactive iodine uptake may result in a misdiagnosis of thyroid agenesis (81c). Usually the hypothyroidism resolves in 3 or 4 months. Babies with TSH receptor blocking-antibody induced hypothyroidism are difficult to distinguish at birth from the more common thyroid dysgenesis but they differ from the latter in a number of important ways (Table 3). They do not require lifelong therapy, and there is a high recurrence rate in subsequent offspring due to the tendency of these antibodies to persist for many years in the maternal circulation. Unlike babies with thyroid dysgenesis in whom a normal cognitive outcome is found if postnatal therapy is early and adequate, babies with maternal blocking-antibody induced hypothyroidism may have a permanent deficit in intellectual development if feto-maternal hypothyroidism was present in utero (27).

TABLE 3.  CLINICAL FEATURES OF THYROID DYSGENESIS VERSUS TSH RECEPTOR 
BLOCKING ANTIBODY INDUCED CONGENITAL HYPOTHYROIDISM 
	
	Dysgenesis
	Blocking Ab

	Severity of CH
	+ to ++++
	+ to ++++

	Palpable thyroid
	No
	No

	123I uptake
	None to low
	None to normal

	Clinical Course
	Permanent
	Transient

	Familial risk
	No
	Yes

	TPO Abs
	Variable




eele
	Variable

	TSH Receptor Abs
	Absent
	Potent


[bookmark: toc-transient-central-hypothyroidism][bookmark: toc-i-maternal-hyperthyroidism]Transient Central Hypothyroidism Due to Maternal Hyperthyroidism
Occasionally, babies born to mothers who were hyperthyroid during pregnancy develop transient hypothalamic-pituitary suppression (81,81a,81b,81c). This hypothyroxinemia is usually self-limited, but in some cases it may last for  years and require replacement therapy (82). In general the titer of TSH receptor stimulating antibodies in this population of infants is lower than in those who develop transient neonatal hyperthyroidism (see below).
[bookmark: toc-ii-prematurity]Prematurity
Hypothyroxinemia in the presence of a ‘ normal ’ TSH occurs most commonly in premature infants in whom it is found in 50% of babies of less than 30 weeks gestation. Often the free T4 when measured by equilibrium dialysis is less affected than the total T4 (83). The reasons for the hypothyroxinemia of prematurity are complex. As well as hypothalamic-pituitary immaturity mentioned earlier, premature infants frequently have TBG deficiency due to both immature liver function and undernutrition, and they may have “sick euthyroid syndrome”. They may also be treated with drugs that suppress the hypothalamic-pituitary-thyroid axis. Hypothyroxinemia of prematurity may be associated with adverse neurodevelopmental outcomes.  L-T4 treatment overall has no proven benefit and can be harmful (83a).  Long term outcome evaluation in young adults did not find association between transient hypothyroxinemia of prematurity and neurodevelopmental outcome (83b). Whether or not premature infants with hypothyroxinemia should be treated remains controversial at the present time (83c,83d,83e). Although several retrospective, cohort studies have documented a relationship between severe hypothyroxinemia and both developmental delay and disabling cerebral palsy in preterm infants <32 weeks gestation a causal relationship could not be determined since the serum T4 in premature infants, as in adults, has been shown to reflect the severity of illness and risk of death (83c). 
[bookmark: toc-iii-drugs]Drugs
Drugs that suppress the hypothalamic-pituitary axis include known agents such as steroids and dopamine, but also aminophylline, caffeine and diamorphine, other commonly used in sick premature infants (84).
[bookmark: toc-miscellaneous-abnormalities]Other causes of hypothyroidism in infancy
Chronic lymphocytic thyroiditis
Chronic lymphocytic thyroiditis (CLT) is a rare disease in infancy, but if not recognized and treated, can cause severe hypothyroidism in a short time with permanent brain damage (85). CLT can be associated with other autoimmune disease as type 1 diabetes or a manifestation of IPEX syndrome (85a). In the cases described by Foley, no goitrous was found. Clinical manifestations and biochemical hypothyroidism (TSH ranged from >42 to 928 mU/L) were severe and very high levels of antibodies were detectable.
IPEX related disorders
 Lymphocytic thyroiditis has also been described in newborns with severe defects in tolerance and autoimmunity with immunodysregulation polyendocrinopathy enteropathy X-linked (IPEX) syndrome, a polyglandular disorder characterized by early-onset diabetes and colitis (85a,85b).  IPEX disorders are an expanding spectrum of disease with mutations in FOXP3, CD25 deficiency, STAT5 deficiency and other. 
Hepatic hemangiomas: consumptive hypothyroidism
Hepatic emangioendothelioma is a rare tumor typically presenting in infancy. Hypothyroidism is caused by a production of type 3 deiodinase by the vascular tumor (85c). D3 deoidinase increases inactivation of T4 and T3 to reverse T3 andT2 and large amount of LT4 (up to 94/ µg/kg/day) are needed to compensate this inactivation (85d). Frequent monitoring is required, adapting the LT4 treatment to the growing proliferative phase of the tumor. Today hemangioendotheliomas in infancy may successfully being treated with steroids and propranolol and may undergo spontaneous regression. Some babies underwent liver transplantation.
[bookmark: toc-i-idiopathic-hyper-thyrotropinemia][bookmark: toc-clinical-manifestations][bookmark: toc-laboratory-evaluation][bookmark: toc-prognosis][bookmark: toc-hyperthyroidism]HYPERTHYROIDISM 
Transient Neonatal Hyperthyroidism
Unlike congenital hypothyroidism which usually is permanent, neonatal hyperthyroidism almost always is transient and results from the transplacental passage of maternal TSH receptor antibodies. Hyperthyroidism develops only in babies born to mothers with the most potent stimulatory activity in serum (86,87,87a). This corresponds to 1-2% of mothers with Graves’ disease, or 1 in 50,000 newborns, an incidence that is approximately four times higher than is that for transient neonatal hypothyroidism due to maternal TSH receptor blocking antibodies (81a). Some mothers have mixtures of stimulating and blocking antibodies in their circulation, the relative proportion of which may change over time. Not surprisingly, the clinical picture in the fetus and neonate of these mothers is more complex and depends not only on the relative proportion of each activity in the maternal circulation at any one time but on the rate of their clearance from the neonatal circulation postpartum. Thus, one affected mother gave birth, in turn, to a normal infant, a baby with transient hyperthyroidism, and one with transient hypothyroidism (87b). In another neonate, the onset of hyperthyroidism did not become apparent until 1-2 months postpartum when the higher affinity blocking antibodies had been cleared from the neonatal circulation (87c). In the latter case, multiple TSH receptor stimulating and blocking antibodies were isolated from the maternal peripheral lymphocytes. Each monoclonal antibody recognized different antigenic determinants (“epitopes”) on the receptor and had different functional properties (87d). 
[bookmark: toc-clinical-manifestations1]Occasionally, neonatal hyperthyroidism may even occur in infants born to hypothyroid mothers. A prospective study showed that 40% of patients treated for Graves’ disease with radioactive iodine had TRAb detectable after 5 years (87e). In these situations, the maternal thyroid has been destroyed either by prior radioablation, surgery or by coincident destructive autoimmune processes so that potent thyroid stimulating antibodies, present in the maternal circulation, are silent in contrast to the neonate whose thyroid gland is normal (87d). Fetal/neonatal thyrotoxicosis can occur also in newborn from hypothyroid mothers with chronic lymphocytic thyroiditis (87f).
Clinical manifestations
Maternal TSH receptor antibody-mediated hyperthyroidism may present in utero. Fetal hyperthyroidism is suspected in the presence of fetal tachycardia (pulse greater than 160/min) especially if there is evidence of failure to thrive. Obstetric complications are common. Fetal goiter can by monitored by ultrasound. In the neonate infant most often the onset is during the first one-two weeks of life but can occur by 45 days. This is due both to the clearance of maternally-administered antithyroid drug (propylthiouracil, PTU, methimazole or carbimazole) from the infant ’s circulation and to the increased conversion of T4 to the more metabolically active T3 after birth. Rarely, as noted earlier, the onset of neonatal hyperthyroidism may be delayed until later if higher affinity blocking antibodies are also present. In the newborn infant, characteristic signs and symptoms include tachycardia, irritability, poor weight gain, and prominent eyes (Figure 5). Goiter, when present, may be related to maternal antithyroid drug treatment as well as to the neonatal Graves’ disease itself.
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Figure 15.5. A baby with neonatal hyperthyroidism secondary to maternal Graves ‘disease. Note the prominent eyes in the baby and mother in whom Graves’ disease developed after radioiodine therapy for Hodgkin’s disease. In contrast, the father was unaffected. 

[bookmark: toc-laboratory-evaluation1]Rarely, infants with neonatal Graves’ disease present with thrombocytopenia, jaundice, hepatosplenomegaly, and hypoprothrombinemia, a picture that may be confused with congenital infections such as toxoplasmosis, rubella, or cytomegalovirus (87g). In addition, arrhythmias and cardiac failure may develop and may cause death, particularly if treatment is delayed or inadequate. In addition to a significant mortality rate that approximates 20% in some older series, untreated fetal and neonatal hyperthyroidism is associated with deleterious long-term consequences, including premature closure of the cranial sutures (cranial synostosis), failure to thrive, and developmental delay (87h). The half-life of TSH receptor antibodies is 1 to 2 weeks. The duration of neonatal hyperthyroidism, a function of antibody potency and the rate of their metabolic clearance, is usually 2 to 3 months but may be longer.
Laboratory Evaluation 
TSH receptor antibodies (TRAb) are Immunoglobulin of G class and freely cross the placenta. Different type of TRAb can be found: TRAb that bind to the TSH receptor and stimulates the production of thyroid hormones, (TSH receptor stimulating antibodies, TSI), TRAb that bind to the TSH receptor, do not stimulate the production of thyroid hormones and can block the binding of TSH (TSH receptor blocking antibodies TBI) .TSH receptor neutral antibodies have also been identified which do not block TSH binding and are unable to stimulate cAMP production (88)..
The receptor binding assays usually used to measure TRAb are not able to distinguish between TSH-receptor stimulating and blocking or neutral antibodies. Bioassays that measure TSI activity based on cAMP on cultured cells can be useful if TRAb are not detectable (88a,88b). The recent guidelines for management of hyperthyroidism (88c) and the updated guidelines for the management of thyroid disease during pregnancy released from the American Thyroid Association ATA (33b) both suggest to anticipate the determination of TRAb in pregnant women with Graves’ disease at 18-22 weeks instead of 20-24 weeks of gestation because a severe case of fetal Graves’ disease has occurred at 18 weeks of pregnancy (88d). 
Because of the importance of early diagnosis and treatment, infants at risk for neonatal hyperthyroidism should undergo both clinical and biochemical assessment as soon as possible. 
All neonates born from a woman with TRAb positivity in pregnancy should undergo determination of TRAb from cord blood at delivery. If TRAb are negative, the risk to neonatal hyperthyroidism is negligible (Sensitivity is around 100%). FT3, FT4 and TSH determination from cord blood did not predict neonatal hyperthyroidism. Determination of FT4 increase on day 3 to 5 seems to better indicate the onset of hyperthyroidism (88e) Situations that should prompt consideration of neonatal hyperthyroidism are listed in Table 4. A high index of suspicion is necessary in babies of women who have had thyroid ablation because in them a high titer of TSH receptor antibodies would not be evident clinically. Similarly, women with persistently elevated TSH receptor antibodies and with a high requirement for antithyroid medication are at an increased risk of having an affected child. The diagnosis of hyperthyroidism is confirmed by the demonstration of an increased concentration of circulating T4 (and free T4, and T3, if possible) accompanied by a suppressed TSH level in neonatal or fetal blood. The latter can be obtained by cordocentesis if someone experienced in this technique is available. Results should be compared with normal values during gestation. Fetal ultrasonography may be helpful in detecting the presence of a fetal goiter and in monitoring fetal growth. Demonstration in the baby or mother of a high titer of TSH receptor antibodies will confirm the etiology of the hyperthyroidism and, in babies whose thyroid function testing is normal initially, indicate the degree to which the baby is at risk.

TABLE 4. SITUATIONS THAT SHOULD PROMPT CONSIDERATION OF NEONATAL HYPERTHYROIDISM
	· Unexplained tachycardia, goiter or stare 

	· Unexplained petechiae, hyperbilirubinemia, or hepatosplenomegaly 

	· History of persistently high TSH receptor antibody titer in mother during pregnancy 

	· History of persistently high requirement for antithyroid medication in mother during pregnancy 

	· History of thyroid ablation for hyperthyroidism in mother 

	· History of previously affected sibling 



As noted in the case of TSH receptor blocking antibody-induced congenital hypothyroidism, the receptor binding assays are a cost-effective, rapid and technically feasible approach. In general, babies likely to become hyperthyroid have the highest TSH receptor antibody titer whereas if TSH receptor antibodies are not detectable, the baby is most unlikely to become hyperthyroid (87g, 89,89a). In the latter case, it can be anticipated that the baby will be euthyroid, have transient hypothalamic-pituitary suppression or have a transiently elevated TSH, depending on the relative contribution of maternal hyperthyroidism versus the effects of maternal antithyroid medication, respectively (89). Close follow up of all babies with abnormal thyroid function tests or detectable TSH receptor antibodies is mandatory.
[bookmark: toc-therapy1]Therapy
In the fetus, treatment is accomplished by maternal administration of antithyroid medication. Until recently PTU was the preferred drug for pregnant women in North America, but current recommendations suggest the use of MMI rather than PTU after the first trimester because of concerns about potential PTU-induced hepatotoxicity (123) (discussed under Graves’ disease, below). The goals of therapy are to utilize the minimal dosage necessary to normalize the fetal heart rate and render the mother euthyroid or slightly hyperthyroid. 
[bookmark: toc-permanent-neonatal-hyperthyroidism]In the neonate MMI (0.5 to 1.0 mg/kg/day) has been used initially in 3 divided doses. If the hyperthyroidism is severe, a strong iodine solution (Lugol’ s solution or SSKI, 1 drop every 8 hours) is added to block the release of thyroid hormone immediately. Often the effect of MMI is not as delayed in infants as it is in older children or adults, a consequence of decreased intrathyroidal thyroid hormone storage. Therapy with both antithyroid drug and iodine is adjusted subsequently, depending on the response. Propranolol (2 mg/kg/day in 2 or 3 divided doses) is added if sympathetic overstimulation is severe, particularly in the presence of pronounced tachycardia. If cardiac failure develops, treatment with digoxin should be initiated, and propranolol should be discontinued. Rarely, prednisone (2 mg/kg/day) is added for immediate inhibition of thyroid hormone secretion. Measurement of TSH receptor antibodies in treated babies may be helpful in predicting when antithyroid medication can be safely discontinued (87). Lactating mothers on antithyroid medication can continue nursing as long as the dosage of PTU or MMI does not exceed 400 mg or 40 mg, respectively. The milk/serum ratio of PTU is 1/10 that of MMI, a consequence of pH differences and increased protein binding, so one might anticipate less transmission to the infant, but concerns about potential PTU toxicity need to be considered. At higher dosages of antithyroid medication, close supervision of the infant is advisable. 
A review about management of neonates born to mothers with Graves’ disease has been recently published (89b).
Permanent neonatal hyperthyroidism
Rarely, neonatal hyperthyroidism is permanent and is due to a germline mutation in the TSH receptor (TSH-R) resulting in its constitutive activation (90,90a,90b,90c). A gain of function mutation of the TSH-R should be suspected if persistent neonatal hyperthyroidism occurs in the absence of detectable TSH-R antibodies in the maternal circulation. Prematurity, low birth weight and advanced bone age are common. Most cases result from a mutation in exon 10 which encodes the transmembrane domain and intracytoplasmic tail of the TSH-R, a member of the G protein coupled receptor superfamily (90,90a,90b,90c). Less frequently, a mutation encoding the extracellular domain has been described (90d). An autosomal dominant inheritance has been noted in many of these infants; other cases have been sporadic, arising from a de novo mutation. 
Early recognition is important because the thyroid function of affected infants is frequently difficult to manage medically (90a-90c), and, when diagnosis and therapy is delayed, irreversible sequelae, such as cranial synostosis and developmental delay may result (90c). For this reason early, aggressive therapy with either thyroidectomy or even radioablation has been recommended (90c).
Two clinical forms were described: the first one is the “familial non-autoimmune autosomal dominant hyperthyroidism” (FNAH). High variable age of manifestation from neonatal period to 60 years, with. variability also within the same family is reported.  Goiter is present in children, with nodules in older age.
The second one is “Persistent sporadic congenital non autoimmune hyperthyroidism” (PSNAH) includes forms with sporadic (de novo) germline mutations in the TSH-R.
 PSNAH is characterized by fetal-neonatal onset or within 11 months and more severe hyperthyroidism requiring early aggressive therapy. Guidelines about this rare condition have recently been published (90e). 
McCune Albright syndrome
McCune Albright is a syndrome due to somatic activating mutations in Gsα gene, can rarely presents with neonatal hyperthyroidism (90f).
 
THYROID DISEASE IN CHILDHOOD AND ADOLESCENCE
Hypothyroidism and Thyroiditis
Chronic lymphocytic thyroiditis is the more common cause of acquired hypothyroidism in children and adolescents. Occasionally, patients with disorders classified as congenital hypothyroidism, i.e thyroid dysgenesis, inborn error of thyroid hormonogenesis, central hypothyroidism may be recognized later in childhood and adolescence.
Causes of hypothyroidism in children and adolescents are listed in table 5.

TABLE 5. CAUSES OF HYPOTHYROIDISM IN CHILDHOOD AND ADOLESCENCE

	PRIMARY HYPOTHYROIDISM

	A) Congenital

	Thyroid dysgenesis

	Inborn error of thyroid hormonogenesis

	Thyroidal Gsα protein abnormalities (pseudohypoparathyroidism 1B)

	B) Acquired

	Autoimmune 

	Chronic Lymphocytic Thyroiditis 

	Reversible autoimmune hypothyroidism (silent and postpartum thyroiditis, cytokine-induced thyroiditis

	Infiltrative: Cystinosis, Hemocromathosis, Thalassemia,-Langerhans Cell Histiocytosis

	Infective: acute, subacute thyroiditis

	Post ablative 
Surgery

	Thyroiditis due to I 131, external irradiation of non-thyroidal tumors (i.e. lymphomas, brain tumors, TBI

	Iodine deficiency and iodine excess

	Drugs: antithyroid agents, lithium, natural and synthetic goitrogenic chemicals, tyrosine kinase inhibitors, lithium, thionamides, aminosalicylic acid, aminoglutethimide

	Goitrogens (cassava, water pollutants, cabbage, sweet potatoes, cauliflower, broccoli, soya beans)

	CENTRAL HYPOTHYROIDISM

	A)Congenital 

	Pituitary hypoplasia, septo-optic dysplasia, basal encephalocele

	Functional defects in TSH biosynthesis and release 

	Mutations in genes encoding for TRH receptor, TSHß, pituitary transcription factors (Pit-1, PROP1, LHX3, LHX4, HESX1), or LEPr, IGSF1

	B)Acquired

	Tumors (pituitary adenoma, craniopharyngioma, meningioma, dysgerminoma, glioma, metastases)

	Trauma surgery, irradiation, head injury

	Infections 

	Vascular damage ischemic necrosis, hemorrhage, stalk interrruption, 

	Hypotalamic disorders

	Drugs: dopamine; glucocorticoids; bexarotene; L-T4 withdrawal

	“Peripheral” (extrathyroidal) hypothyroidism

	Consumptive hypothyroidism (massive infantile hemangioma)

	Mutations in genes encoding for MCT8, SECISBP2, TRα or TR β (impaired sensitivity to thyroid hormones) 


[bookmark: toc-chronic-lymphocytic-thyroiditis]

Chronic Lymphocytic Thyroiditis

 Autoimmune thyroid diseases (AITD) are defined by the lymphocytic infiltration of the thyroid (91). Usually antibodies against thyroid antigens as thyroperoxidase (TPOAb), thyroglobulin (TgAb), and anti-TSH receptor (TRAb) are detectable in serum. Thyroid antibodies in serum correlate with the presence of lymphocytic infiltrate in the thyroid gland. The clinical spectrum of AITD ranges from hypothyroidism to hyperthyroidism and include chronic lymphocytic thyroiditis (CLT) and Graves’ disease. CLT is the most common cause of hypothyroidism in children and adolescents (91,91a).
Graves’ disease and CLT are closely associated and in fact overlapping syndromes .Patients can move from one to the other category, depending upon the stage of their illness. For example, an individual might first be observed with thyroid enlargement and positive antibody tests for anti-thyroglobulin or anti-TPO antibodies, and thus qualify as having CLT. At a later stage, this individual might become hyperthyroid (Hashitoxicosis) and fit in the category of Graves’ disease. Or, the patient with hyperthyroidism might have progressive destruction of the thyroid, or develops blocking antibodies, and become hypothyroid or ultimately develop myxedema. 
Incidence
The prevalence of CLT in children and adolescents was reported to be 1.2% by Rallison in 1975 (91b). In this 6 year-survey study 5179 school children were examined in Arizona. Goiter was evaluated by palpation (91b). More recently, a study from Sardinia in 8040 children and adolescents aged 6-15 years reported TPOAb detectable in 2.9% (91c). Similar results were found in Berlin with a prevalence of TPOAb of 3.4% (mean age 11 years) (91d) and in Greece after correction of iodine deficiency. In this study examining 440 children and adolescents aged 5-18 years a prevalence of TPOAb and TgAb was reported to be 4.6% and 4.3% respectively. The prevalence of CLT, confirmed by ultrasound was 2.5% (91e).
In childhood the most common age at presentation is adolescence, but the disease may occur at any age, even infancy. CLT in infancy is rare, but can cause in a short time severe hypothyroidism and permanent damage to CNS if not recognized and treated (85). The female/male ratio in AITD is up to 6:1, but In prepubertal age the female/male ratio is lower than reported in adolescents and adults.
Etiology and Pathogenesis 
CLT is thought to be caused by a combination of genetic susceptibility and environmental factors. Both thyroid-specific genes and genes involved in immune recognition and/or response have been identified (91f, 91g). (See chapter Autoimmunity, by A Weetman for an exhaustive information). Some genes are common to both disorders and some tend to predominate only in Graves’ disease. AITD has a striking predilection for females, but in prepubertal age the female/male ratio is lower. A family history of autoimmune thyroid disease (both chronic lymphocytic thyroiditis and Graves’ disease) is found in 30% to 40% of patients. A study about familial clustering of juvenile AITD found thyroid antibodies detectable in 56% of mothers and 25% of fathers. Interestingly, HLA DQ alleles and antibody status in fathers influenced the susceptibility to AITD in children (91h). Siblings recurrence in childhood is 20-30% (91i). AITD are often associated with other autoimmune disorders. The plethora of associations and their familial occurrence indicates that a defect in the immune system may be more likely than primary defects in each organ, as these diseases often share similar genetic associations, including HLA, CTLA-4, PTPN22 and CD25 gene polymorphisms. It is also clear however that there is a difference in the kind of clustering of other autoimmune disease in CLT and Graves’ disease, presumably related to differences between these two types of thyroid disease in genetic predisposition (91j,91k). There is also an increased incidence of CLT in patients with certain chromosomal abnormalities as Down syndrome (91l) Turner syndrome (91m), Klinefelter syndrome (91n) as well as in patients with Noonan syndrome (91o).
Environmental factors as infection, environmental toxins, substances as iodine, selenium, stress, smoking, estrogens, drugs (amiodarone, interferon alfa, lithium) have been suggested as precipitating factors for CLT (91p). The precise environmental trigger has not been yet established. An epigenetic mechanism may be implicated (91q).
Clinical Manifestations
Both goitrous (Hashimoto’s thyroiditis) and nongoitrous (atrophic thyroiditis, also called primary myxedema) as variants of chronic lymphocytic thyroiditis have been distinguished. The term “Hashimoto’s thyroiditis” is often used as a synonymous of CLT, not necessary linked to the presence of goiter (91, 91a). Goiter, present in approximately two-thirds of children with CLT is caused by lymphocytic infiltration that may be extensive, with lymphoid germinal centers, TSH stimulation, or production of antibodies that stimulate thyroid growth (92). Progressive thyroid cell damage, with cell mediated cytotoxicity and follicular cell apoptosis, can change the apparent clinical picture from goitrous hypothyroidism to that of “atrophic” thyroiditis. Atrophic thyroiditis, or primary hypothyroidism/mixedema, is considered to be the end stage of CLT (91).
Children with chronic lymphocytic thyroiditis may be euthyroid, or may have subclinical or overt hypothyroidism. Occasionally, children may experience an initial thyrotoxic phase due to the discharge of preformed T4 and T3 from the damaged gland. Alternatively, as indicated above, thyrotoxicosis may be due to concomitant thyroid stimulation by TSH receptor stimulatory antibodies (Hashitoxicosis).
The onset of hypothyroidism in childhood is insidious. Affected children often are recognized either because of the detection of a goiter on routine examination or because of a poor interval growth rate present for several years prior to diagnosis (92a). Because the deceleration in linear growth tends to be more affected than weight gain, these children can be relatively overweight for their height, although they rarely are significantly obese (Figure 6). If the hypothyroidism is severe and longstanding, immature facies with an underdeveloped nasal bridge and immature body proportions (increased upper-lower body ratio) may be noted. Dental and skeletal maturation are delayed, the latter often significantly. Patients with central hypothyroidism tend to be even less symptomatic than are those with primary hypothyroidism. 







Figure 15-6 Sequential changes in physical appearance in a young girl who presented at 15 years of age with amenorrhea and hyperprolactinemia secondary to severe hypothyroidism. Note her poor linear growth since at least 11 years of age.
The classical clinical manifestations of hypothyroidism can be elicited on careful evaluation, though they often are not the presenting complaints. These include sluggishness, lethargy, cold intolerance, constipation, dry skin or hair texture, and periorbital edema. Bradycardia and delayed deep tendon reflexes can be present. In severe, long-standing hypothyroid children pericardial and pleural effusions may occur. School performance is not usually affected, in contrast to the severe irreversible neuro-intellectual sequelae that occur frequently in inadequately treated babies with congenital hypothyroidism. Causes of hypothyroidism associated with a goiter (CLT, inborn errors of thyroid hormonogenesis, thyroid hormone resistance) should be distinguished from non goitrous causes (primary myxedema, thyroid dysgenesis, central hypothyroidism). The typical thyroid gland in a longstanding chronic lymphocytic thyroiditis is diffusely enlarged and has a rubbery consistency. Although the surface is classically described as ’pebbly’ or bosselated, occasionally asymmetric enlargement occurs and must be distinguished from thyroid neoplasia. Alternatively, the thyroid may be normal in size and consistency or not palpable at all. A palpable lymph node superior to the isthmus (“Delphian node”) is often found and may be confused with a thyroid nodule. The thyroid gland, in thyroid hormone synthetic defects, on the other hand, tends to be softer and diffusely enlarged. 
In patients with severe hypothyroidism of longstanding duration, the sella turcica may be enlarged due to thyrotrope hyperplasia. There is an increased incidence of slipped femoral capital epiphyses in hypothyroid children. The combination of severe hypothyroidism and muscular hypertrophy which gives the child a “Herculean” appearance is known as the Kocher-Debre-Semelaigne syndrome (92b).
Puberty tends to be delayed in hypothyroid children in proportion to the retardation in the bone age, although in longstanding severe hypothyroidism, sexual precocity has been described. Females with sexual precocity have menstruation, and breast development but relatively little sexual hair. Multicystic ovaries, the etiology of which is unknown, may be demonstrated on ultrasonography. In other cases, galactorrhea or severe menses have been the presenting features. In boys, testicular enlargement may be found (92c). An elevated serum prolactin, the latter possibly due to raised TRH which is known to stimulate prolactin as well as TSH, has been described in some cases, but gonadotropin levels are not consistently elevated. It has been hypothesized that this syndrome of pseudopuberty in hypothyroid patients is due to cross- interaction of the extremely elevated serum TSH with the FSH receptor (92d). Consistent with the latter hypothesis, there is little increase in serum testosterone as might be expected if the FSH, but not luteinizing hormone (LH) receptor is involved and serum gonadotropins are frequently not increased.
Long term follow up studies of children with chronic lymphocytic thyroiditis have suggested that while most children who are hypothyroid initially remain hypothyroid, spontaneous recovery of thyroid function may occur, particularly in those with initial compensated hypothyroidism (93,93a, 93b). A recent five-years prospective study in children and adolescents affected with CLT showed that thyroid dysfunction increased from 27.3% to 47.4% (93c). Therefore, close follow up is necessary. 
Although chronic inflammation, leading to neoplastic transformation, is a well-established clinical phenomenon, if CLT can increase the risk for thyroid nodules and thyroid cancer remains controversial. In the past autoimmune thyroiditis has been thought to be protective from thyroid cancer, but several studies both in adults and in children suggested the opposite. Thyroid nodules in healthy children in iodine replete regions are detected in up to 1.6% (94). High prevalence of thyroid nodules, ranging from 13% to 31%, has been reported in children and adolescents with CLT. In a multicentric pediatric retrospective study from Italy, nodules were found in 115/365 patients with CLT (31.5%), and papillary thyroid carcinoma in 11/115 (9.5%) (94a). In a recent study from Turkey, thyroid nodules were detected in 39/300 (13%) of cases of pediatric CLT and papillary thyroid carcinoma was diagnosed in 2 of the 12 cases that underwent FNAB (94b). Recently, in. a retrospective study from United States examining ultrasound characteristic of the thyroid in 154 children and adolescents with goiter, nodules were reported in 20/154 (13%) and PTC in 4/154 (2.5% ) of children. In this study, the same prevalence of nodules (17%) was found in TPOAb positive and TPOAb negative children. Interestingly, one case of PTC was first classified at ultrasound as pseudonodule. Only 15 % of nodules and none of the papillary thyroid carcinoma in these series (PTC) were palpable, although PTC has a diameter ranging from 1.2 to 2.6 cm (94c). A rare variant of PTC, the diffuse sclerosing variant, has also been reported in children with CLT(94d). 
Associated Disease
 AITD are frequently associated with other common autoimmune disorders as type 1 diabetes (94e,94f) and celiac disease. AITD can be also the first manifestation of autoimmune polyendocrine syndromes (APS1 and 2) (95,95a,95b). A pletora of other autoimmune conditions, organ or non-organ specific disease, can be associated with AITD in childhood and adolescence. CLT is more frequently associated with adrenal and β cell autoimmunity than Graves’ disease (91j). Early identification and treatment of these disorders may be critical and even preserve children from life-threatening events. Long term surveillance is required, because a second autoimmune disorder may occur any time.
Type 1 diabetes. CLT is the most common associated autoimmune disease in type 1 diabetes. In a ten-years observational study of children and adolescents with type 1 diabetes (mean age at diagnosis 10 years), the prevalence of TPOAb and TgAb at diagnosis was 15.4% and 14.4% respectively. The cumulative incidence increased especially in females in mid puberty. In this study about 14% of patients required treatment with L-thyroxine (95c). Children with AITD had islet cell antibodies in 2.3% (95d). Screening for AITD is suggested at diagnosis and every 2-3 years if negative (ADA and ISPAD recommendation). Thyroid function should be checked every year or more frequently if needed, because thyroid dysfunction (both hypothyroidism and hyperthyroidism) affects metabolic control. In overt hypothyroidism hypoglycemia can occur because glucose absorption may be slow and the sensitivity and rate of degradation of insulin is increased. Hepatic gluconeogenesis and peripheral glucose utilization are also reduced. Long term dyslipidemia may affect cardiovascular risk in these patients. 
Hyperthyroidism in type 1 diabetic children can precipitate acute complications. In a study on 60456 children and adolescents with type 1 diabetes, hyperthyroidism was diagnosed in 276 (0.46%). Hyperthyroid state was associated with diabetic ketoacidosis, hypoglycemia and hypertension (95e). Life-long surveillance is required.
Celiac disease. Another strong association is with celiac disease, which is found 3 times more commonly in patients with AITD. Intriguingly the autoantibodies which are the hallmark of celiac disease, directed against transglutaminase, can bind to thyroid cells and thus could be implicated directly in thyroid dysfunction (95f). A recent meta-analysis showed that the prevalence of celiac disease in AITD patients in higher in children (6.2%) than in adults (1.2%) (95g). Prevalence of AITD in celiac patients is about 20%. The presence of celiac disease in type 1 diabetes seems to increase the risk for AITD (95h). Undiagnosed celiac disease causes  malabsorption with or without gastrointestinal symptoms. Delayed linear growth may be the first manifestation as unexplained change in L-T4 requirement (95i). 
Addison’s disease. Addison’s disease is also associated with AITD.  In an old report, the prevalence of adrenal antibodies in children with AITD, was found to be 2.3%, while the great majority of children affected with Addison’s disease presented with CLT (95d). Addison’ disease is more often a component of autoimmune polyendocrine syndromes (APS1 and 2) (95,95a,95b). Addison's disease and/or type 1 diabetes mellitus and AITD occasionally co-exist and form the classical autoimmune polyendocrine syndrome type2 (Schmidt syndrome). Undiagnosed adrenal insufficiency, is a life-threatening condition and can be exacerbated by L-thyroxine therapy, because L-thyroxine increases cortisol clearance. Moreover, symptoms of overt hypothyroidism can overlap with adrenal insufficiency manifestations. Adrenal insufficiency is a rare but non-obvious diagnosis in childhood and should be considered in when autoimmune disorders are diagnosed.
Autoimmune gastritis. Autoimmune gastritis was first described in association with AITD as thyrogastric syndrome. Common clinical manifestations in adults are iron deficient or pernicious anemia (95j). Perhaps 45% of patients with autoimmune thyroiditis have circulating gastric parietal cell antibodies. Also in children with AITD, early manifestations of gastric autoimmunity has been reported, with a prevalence of gastric parietal cell antibodies of 30%. In this series, 45% of PCA positive children presented with increased gastrin plasma levels (a marker of atrophic body gastritis) (95l). 
Autoimmune polyendocrine syndromes (APS1 and 2)
CLT can be the first manifestation of autoimmune polyendocrine syndromes (APS1 and 2) (95,95a,95b). APS1 tends to present in early childhood and is characterized primarily by mucocutaneous candidiasis, hypoparathyroidism and adrenal deficiency. APS1 is also defined as autoimmune polyendocrinopaty-candidiasis-ectodermal dystrophy (APECED). APS1 results from mutations in the AIRE (autoimmune regulator) gene. It is a rare autosomal dominant disorder with incomplete penetrance (96). In APS1, chronic lymphocytic thyroiditis is found in approximately 10% of patients. APS1 was originally described in Europe. Recently, a report from USA described different clinical features and diagnostic criteria in APECED patients from Western Hemisphere i.e., as initial signs urticarial eruptions, intestinal dysfunction, enamel dysplasia. Classical triad presentation (mucocutaneous candidiasis, hypoparathyroidism and adrenal deficiency) was delayed. Life threatening endocrine complications can be prevented by an early diagnosis (96a). APS2, tends to occur later in childhood or in the adult with a polygenic predisposition. APS2 can be clustering in families with heterogeneous clinical phenotypes. Other disorders, including vitiligo, celiac disease, myasthenia gravis, premature ovarian failure and chronic active hepatitis may be present (95,95a). An extensive review of these associations has been published (96b) and large population data bases have clarified the strength of the various associations in adults (95k,96c). 
Many other autoimmune conditions, organ or non-organ specific disease, can be associated with AITD in childhood and adolescence. Increased prevalence of CLT has been found in juvenile idiopathic arthritis (96d), non-segmental vitiligo (96e) and alopecia areata (96f). CLT may be associated with chronic uriticaria (96g) and rarely with immune-complex glomerulonephritis (96h). High prevalence of antinuclear antibodies (ANA) has recently been reported in a series of 93 children (86 with CLT and 8 with GD) without overt rheumatic disorders. In this series ANA positivity was found in 71% of children, ENA positivity in 4% and anti-DNA antibodies in 1% (96i). Growth hormone deficiency on an autoimmune basis has been suggested in a small number of children, of whom 43% have CLT (92j-96k). Nevertheless this is a rare association, hypothetically a growth disorder in a child with CLT can be due to other causes than hypothyroidism as celiac disease or GH deficiency. It is important that clinicians are cognizant of these associations in order to maintain a high index of vigilance.
Laboratory Evaluation
 Measurement of TSH is the best initial screening test for the presence of primary hypothyroidism. If the TSH is elevated, then evaluation of the free T4 will distinguish whether the child has subclinical (normal free T4) or overt (low free T4) hypothyroidism. Measurement of TSH, on the other hand, is not helpful in central hypothyroidism. In these cases hypothyroidism is demonstrated by the presence of a low free T4 accompanied by an “inappropriate ‘’ TSH. In the past TRH testing (TRH 7 mcg/kg) was sometimes utilized to distinguish a hypothalamic versus pituitary origin of the hypothyroidism; in hypothalamic hypothyroidism there tends to be a delayed peak in TSH secretion (60-90 minutes versus the normal maximal response at 15-30 minutes) whereas in hypopituitarism there usually is little or no TSH response.  However TRH is no longer available in the USA. Furthermore, the reliability of this test in the pediatric range has been questioned (97). Occasionally mild TSH elevation is seen in individuals with hypothalamic hypothyroidism, a consequence of the secretion of a TSH molecule with impaired bioactivity but normal immunoreactivity. Thyroid hormone resistance is characterized by elevated levels of T4 and T3 and an inappropriately normal or elevated TSH concentration. Antibodies to Tg and TPO, the thyroid antibodies measured in routine clinical practice, are detectable in over 90% of patients with chronic lymphocytic thyroiditis. Therefore, they are useful as markers of underlying autoimmune thyroid damage, TPO antibodies being more sensitive. TSH receptor antibodies also are found in a small proportion of patients with chronic lymphocytic thyroiditis. When stimulatory TSH receptor antibodies are present, they may give rise to a clinical picture of hyperthyroidism, the coexistence of chronic lymphocytic thyroiditis and Graves’ disease is known as Hashitoxicosis. In one study, TSH receptor blocking antibodies were found in <10% of children and adolescents with chronic lymphocytic thyroiditis, patients overall, but in 17.8% of those with severe hypothyroidism (defined as a serum TSH concentration >20 mU/L). Unlike in adults, they were found in goitrous as well as nongoitrous patients, and, when present at a high concentration, appeared to persist indefinitely, suggesting that the presence of potent TSH receptor blocking antibodies in adolescent females might identify patients at risk of having babies with transient congenital hypothyroidism in the future (97a,97b). 
Imaging studies (thyroid ultrasonography and/or thyroid uptake and scan) may be performed if thyroid antibody tests are negative or if a nodule is palpable. If no goiter is present, imaging studies are helpful in identifying the presence and location of thyroid tissue, and therefore, of distinguishing primary myxedema from thyroid dysgenesis. Inborn errors of thyroid hormonogenesis beyond a trapping defect are usually suspected by an increased radioiodine uptake, and a large gland on scan. Other etiologies of hypothyroidism usually are evident on history. Ultrasound (US) is useful to define size, anatomy, echogenity of the thyroid. Occasionally the finding of heterogeneous echogenicity on ultrasound examination has been described prior to the appearance of antibodies. Diffuse reduction in echogenity, (hypoechoic), and pseudonodules are common findings (98). Moreover, US can be useful in detecting unsuspected thyroid nodules and cancer. In a study examinating US characteristic of the thyroid in 154 children and adolescents with goiter, nodules were reported in 20/154 (13%) and PTC in 4/154 (2.5%) of children. None of the papillary thyroid carcinoma in these series (PTC) was palpable, although a PTC diameter ranging from 1.2 to 2.6 cm was found. Interestingly, one case of PTC was first classified as pseudonodule (94c). The diffuse sclerosing variant of PTC, with a typical US appearance, has also been reported in children with CLT (94d). If there is a cost-effective benefit in performing US in all cases of children with CLT and/or goiter deserves sufficiently powered prospective studies. 
Therapy
 The typical replacement dose of L-thyroxine (derived from congenital hypothyroidism) in overt severe hypothyroidism is about 4 to 6 mcg/kg/day for children 1 to 5 years of age, 3 to 4 mcg/kg/day for these ages 6 to10 years and 2-3mcg/kg/day for these 11 ages and older. Lower dose as 1 to 3 mcg/kg/day may be sufficient in less severe cases. The dose should be individually titrated as the lowest useful to keep TSH in the normal range and FT4 or T4 in the upper half of the reference range. L-thyroxine should be given once daily preferably half to 1 hour before meal. Somministration of preparates (i.e., calcium, soya), or drugs that can interfere with absorption should be avoided. T4 and TSH should be measured after the child has received the recommended dosage for at least 6-8 weeks. Once a euthyroid state has been achieved, patients should be monitored every 6 to 12 months. In patients with a goiter a somewhat higher L-thyroxine dosage is used so as to keep the TSH in the low normal range, and thereby minimize its goitrogenic effect.
Close attention is paid to interval growth and bone age as well as to the maintenance of a euthyroid state. Thyroid hormone replacement is not associated with significant weight loss in overweight children, unless the hypothyroidism is severe (99b). Some children with severe, long standing hypothyroidism at diagnosis may not achieve their adult height potential even with optimal therapy (99c), emphasizing the importance of early diagnosis and treatment. Treatment is usually continued indefinitely.
Treatment of children and adolescents with subclinical hypothyroidism (normal free T4, elevated TSH) is controversial (100). Because normalization of TSH is also possible if the patient is not symptomatic, a reasonable option is to reassess thyroid function in 3- 6 months prior to initiating therapy because of the possibility that the thyroid abnormality will be transient.
In adults in whom the risk of progression to overt hypothyroidism is significant, treatment has been recommended whenever the serum TSH concentration is >10 mU/L ; if the TSH is 6-10 mU/L treatment on a case by case basis is suggested (100a). In children and adolescents, a recent five-years prospective study showed that in patients with CLT thyroid dysfunction increased from 27.3% to 47.4% (93c). Some considerations about “to treat or not to treat” “subclinical hypothyroidism” in children with a known cause of thyroid failure as CLT may be useful. 
Well designed and adequately powered trials needed to establish the advantages of treating “subclinical hypothyroidism” are not available in adults and seem to be very difficult in children, also because some of the clinical consequences- i.e cardiovascular events- of untreated mild hypothyroidism may hypothetically occur later in adult life.
In adults, variations in thyroid function within the reference range may be associated with adverse health outcome (100b), and some data suggesting clinical consequences of subclinical hypothyroidism are also available in children and adolescents. A positive relationship was found for TSH levels and systolic and diastolic blood pressure (100c), atherogenic lipid profiles, (100d) and other risk factors for cardiovascular diseases (100e). 
Moreover, adult patients with a thyroid nodule and TSH in the upper tertiles of the reference range may be at increased risk of malignancy (100f). Given an individual set point for TSH, more than an absolute TSH value (i.e more or less 6 7-, 8 UI/mL) the decision about treatment may consider the temporal trend of TSH in a patient. An increase of TSH value over the time suggests the progression of the grade of hypothyroidism. Both the decisions to “wait and see” or “to treat” require monitoring the thyroid function and clinical follow up. A careful discussion about “the state of the art” must be taken with the child and the family.
Guidelines about the management of subclinical hypothyroidism in pregnancy and in children have been published by the European Thyroid Association in 2014 (100g), but it as an evolving and open field (100).
[bookmark: toc-thyroid-dysgenesis-and-inborn-errors]Thyroid Dysgenesis and Inborn Errors of Thyroid Hormonogenesis
[bookmark: toc-drugs-or-goitrogens]Occasionally, patients with thyroid dysgenesis will escape detection by newborn screening and present later in childhood with non goitrous hypothyroidism or with an enlarging mass at the base of the tongue or along the course of the thyroglossal duct. Similarly, children with inborn errors of thyroid hormonogesis may only be recognized later in childhood because of the detection of a goiter. 
Drugs or Goitrogens
In addition to antithyroid medication, a number of drugs used in childhood may affect thyroid function, including certain anticonvulsants, lithium, amiodarone, aminosalicylic acid, aminoglutethimide and sertraline (101-101a). Similarly, a large number of naturally occurring goitrogens (broccoli, cabbage, sweet potatoes, cauliflower, soya beans, cassava and water pollutants) have been identified. Both radioiodine therapy and thyroidectomy, occasionally used in childhood for the definitive treatment of Graves’ disease, frequently cause permanent hypothyroidism. 
[bookmark: toc-miscellaneous-causes-of-acquired-hyp]Worldwide, iodine deficiency continues to be an important cause of hypothyroidism, affecting at least 800 million people living largely in developing countries. In addition, even in certain parts of Europe, an estimated 100-120 million individuals are thought to have borderline iodine deficiency (101b). Although one rarely sees iodine deficiency in North America, an iodine sufficient area, a 6 year old boy with goitrous hypothyroidism has been described in whom iodine deficiency was due to multiple food allergies and severe dietary restriction (101c). In addition, the child consumed a large intake of thiocyanate-containing foods that blocked organification of iodine.
Miscellaneous Causes of Acquired Hypothyroidism
[bookmark: toc-secondary-or-tertiary-hypothyroidism]Rarely, the thyroid gland may be involved in generalized infiltrative or infectious disease processes that are of sufficient severity to result in a disturbance in thyroid function (i.e., (Langerhans cell histiocytosis) (101 d). Alternatively, hypothyroidism may be a long term complication of mantle irradiation for Hodgkin’s disease or lymphoma. External irradiation of brain tumors in the posterior fossa of the brain may be associated with both primary and secondary hypothyroidism because of the inclusion of the neck in the radiation field. Rarely, hypothyroidism has been reported in infants with large hemangiomas (85b,85c). In these cases, the hypothyroidism was shown to be due to increased inactivation of T4 by the D3 activity of these tumors.
Central Hypothyroidism 
[bookmark: toc-thyroid-hormone-resistance]Secondary or tertiary hypothyroidism in less severely affected children with the congenital abnormalities noted earlier in this chapter, may be recognized only later in childhood. Alternatively, secondary or tertiary hypothyroidism may develop as a result of acquired damage to the pituitary or hypothalamus, i.e., by tumors (particularly craniopharyngioma), granulomatous disease, head irradiation, infection (meningitis), surgery or trauma. Usually other trophic hormones are affected, particularly growth hormone. 
Impaired Sensitivity to Thyroid Hormone (Thyroid Hormone Resistance)
In contrast to the neonatal period, children with thyroid hormone resistance usually come to attention when thyroid function tests are performed because of poor growth, hyperactivity, a learning disability or other nonspecific signs or symptoms. A small goiter may be appreciated. Affected patients have a high incidence of attention deficit hyperactivity disorder (102). Thyroid hormone resistance has also been described in patients with cystinosis (102a).
[bookmark: toc-clinical-manifestations2][bookmark: toc-laboratory-evaluation2]Other causes of goiter: Colloid or Simple (Nontoxic) Goiter
Colloid goiter is the second most common cause of euthyroid thyroid enlargement in childhood after CLT. The etiology of colloid goiter is unknown. Not infrequently there is a family history both of goiter, chronic lymphocytic thyroiditis and Graves’ disease, leading to the suggestion that colloid goiter, too, might be an autoimmune disease. Immunoglobulins that stimulated thyroid growth in vitro have been identified in a proportion of patients with simple goiter, but their etiological role is controversial (103). It is important to distinguish patients with colloid goiter from chronic lymphocytic thyroiditis because of the risk of developing hypothyroidism in patients with chronic lymphocytic thyroiditis, but not colloid goiter. Whereas many colloid goiters regress spontaneously, others appear to undergo periods of growth and regression, resulting ultimately in the large nodular thyroid glands later in life.
Clinical Manifestations and Laboratory Investigation
 Evaluation of thyroid function by measurement of the serum TSH concentration is the initial approach to diagnosis. In euthyroid patients, the most common situation, chronic lymphocytic thyroiditis should be distinguished from colloid goiter. Clinical examination in both instances reveals a diffusely enlarged thyroid gland. Therefore, the distinction is dependent upon the presence of elevated titers of TPO and Tg antibodies in chronic lymphocytic thyroiditis but not colloid goiter. All patients with negative thyroid antibodies initially should have repeat examinations because some children with chronic lymphocytic thyroiditis will develop positive titers with time.
Therapy
Thyroid suppression in children with a euthyroid goiter is controversial (103a). A significant decrease in goiter size in patients with chronic lymphocytic thyroiditis as assessed by standard deviation score on ultrasonography has been demonstrated recently in patients treated for 3 years (103b). However, the absolute difference quantitatively was not reported and so, whether or not this difference was significant clinically remains unclear. Given the variability in response in different patients, it would be reasonable to attempt a therapeutic trial in patients whose goiter is large.
Painful thyroid: Acute suppurative thyroiditis, subacute thyroiditis
Painful thyroid enlargement is rare in pediatrics and suggests the probability of either acute (suppurative) (106) or subacute thyroiditis (106a). Rarely chronic lymphocytic thyroiditis may be associated with intermittent pain and be confused with the latter disorders. In acute suppurative thyroiditis, progression to abscess formation with the potential of rupture may occur rapidly so prompt recognition and antibiotic therapy are essential (106b). Acute suppurative thyroiditis  is a potentially life-threatening endocrine emergency. It is often preceded by an upper respiratory infection, and can be initially misdiagnosed in a young child presenting with high fever, sore throat, and severe dysphagia. A tender very painful swelling in the region of the thyroid gland is present and the abscess can progress to the surrounding tissues and to the skin. Recurrent attacks and involvement of the left lobe suggest a pyriform sinus fistula between the oropharynx and the thyroid as the route of infection (106c). In the latter case, surgical extirpation of the pyriform sinus will frequently prevent further attacks. The management of this condition has recently been reviewed (106,106b). Subacute viral thyroiditis (or de Quervain or granulomatous thyroiditis) it is rarely reported in childhood and adolescence, but cases at 2-3 years of age are known (106a). Usually subacute thyroiditis presents with sore throat, fever and firm, painful tender enlargement of the thyroid. Mild signs of hyperthyroidism can be overlooked. Subacute thyroiditis may occur as a acute, subacute or rarely chronic disorder. A painless variant has been described also in children. (106d). Therapy is usually symptomatic, because the disease is self-limiting. Sometimes treatment with prednisone (0.5-1mg/kg/die) for a short period (i.e. one week) can be useful. 
THYROTOXICOSIS AND HYPERTHYROIDISM
Thyrotoxicosis is defined as the clinical syndrome of hypermetabolism resulting from increased free thyroxine (T4) and/or free triiodothyronine (T3) serum levels (107)). The term thyrotoxicosis is not synonymous with hyperthyroidism, the elevation in thyroid hormone levels caused by an increase in their biosynthesis and secretion by the thyroid gland (Table 6). For example, thyrotoxicosis can result from the destruction of thyroid follicles and thyrocytes in the various forms of thyroiditis, or it can be caused by an excessive intake of exogenous thyroid hormone. It should also be noted that the elevation of free thyroid hormone levels does not always result in thyrotoxicosis in all tissues. In the syndrome of Resistance to Thyroid Hormone (RTH), dominant negative mutations in the thyroid hormone receptor β ( TR β) result in decreased thyroid hormone action in tissues where TRβ is the predominant receptor, for example in the liver and the pituitary, whereas other tissues such as the heart, which express mainly TR α, show signs of increased thyroid hormone action. The determination of the etiology of thyrotoxicosis is of importance in order to establish a rational therapy.

TABLE 6.  CAUSES OF THYROTOXICOSIS IN CHILDHOOD AND ADOLESCENCE

	THYROTOXICOSIS DUE TO HYPERTHYROIDISM (increased production of T3, T4)

	 Autoimmune hyperthyroidism 

	· Graves’ disease

	· Hashitoxicosis

	 Congenital non autoimmune hyperthyroidism 

	· Sporadic (de novo Persistent sporadic congenital non autoimmune hyperthyroidism (PSNAH)

	· Hereditary familial non-autoimmune autosomal dominant hyperthyroidism (FNAH)

	 Autonomous functioning nodules 

	· Toxic adenoma

	· Hyperfunctioning papillary or follicular carcinoma 

	· Toxic multinodular goiter

	· McCune Albright disease 

	 TSH-induced hyperthyroidism 

	· TSH-producing pituitary adenoma

	· Thyroid Hormone resistance
Tumors

	· Hydatiform mole, choriocarcinoma

	· Struma ovari, teratoma (autonomous function of thyroid tissue in ovarian)


	THYROTOXICOSIS WITHOUT HYPERTHYROIDISM-

	Transient thyrotoxicosis (Release of stored hormones)

	· Chronic lymphocytic thyroiditis

	· Subacute thyroiditis

	· Silent thyroiditis

	· Drug-induced thyroiditis

	· Exogenous causes

	· Thyroid hormone ingestion

	· Iodine -induced hyperthyroidism (iodine, radiocontrast agents, amiodarone)


Graves’ Disease
Autoimmune thyroid disease (AITD), including Chronic lymphocytic thyroiditis and Graves’ disease share immunological abnormalities, histological changes in the thyroid, and genetic predisposition and associated diseases. (See chronic lymphocytic thyroiditis section). The clinical spectrum of AITD ranges from hypothyroidism to hyperthyroidism.
More than 95% of cases of hyperthyroidism in children and adolescents are due to Graves’ disease, (107a) an autoimmune disorder characterized by hyperthyroidism, goiter and a particular opthalmopathy. TSH receptor antibodies that mimic the action of TSH (TRAb), causing increased thyroid hormonogenesis and growth are specific of Graves’ disease, but other autoantibodies, as AbTPO and AbTg, are detectable.
Incidence
Graves’ disease is rare in children and adolescents. However, incidence rates of thyrotoxicosis below 15 years of age are increased in the last years. A study from Denmark reported an incidence of 1.58/100.000 person-years in the period 1998-2012 versus 0.79/100.000 person-years in 1982-1988 (107b). There is a strong female predisposition, the female:male ratio being 6 to 8:1. Although it can occur at any age, it is most common in adolescence. Prepubertal children tend to have more severe disease, to require longer medical therapy and to achieve a lower rate of remission as compared with pubertal children (107c). This appears to be particularly true in children who present at <5 years of age (107d). Graves’ disease has been described in children with other autoimmune diseases, both endocrine and non endocrine. These include diabetes mellitus, Addison’s disease, vitiligo, systemic lupus erythematosis, rheumatoid arthritis, myasthenia gravis, periodic paralysis, idiopathic thrombocytopenia purpura and pernicious anemia. (See also associated diseases in CLT). There is an increased risk of Graves’ disease in children with Down syndrome (trisomy 21) (107e).
Pathogenesis
The cause of Graves’ disease is unclear. For unknown reasons the immune system produces TSH receptor antibodies that mimic the action of TSH. Binding of ligand results in stimulation of adenyl cyclase and thyroid hormonogenesis and growth (107f, 107g). Presumably a complex interaction between genetic susceptibility (i.e., HLA, CTLA4, PTN22 genes) and environmental factors contribute. A familial history of AITD is often present, as well as for other autoimmune diseases.
Unlike chronic lymphocytic thyroiditis in which thyrocyte damage is predominant, the major clinical manifestations of Graves’ disease are hyperthyroidism and goiter. As noted earlier, TSH receptor blocking antibodies, in contrast, inhibit TSH-induced stimulation of adenyl cyclase. Both stimulatory and blocking TSH receptor antibodies bind to the extracellular domain of the receptor and appear to recognize apparently discrete linear epitopes in the context of a three-dimensional structure (107g). A number of different monoclonal stimulating Abs including one derived from a patient with Graves’ disease have now been generated (107h) and the crystal structure of the human monoclonal stimulating TSH receptor Ab complexed with a portion of the TSH receptor ectodomain has been accomplished (107i). Taken together, a picture has emerged of distinct but overlapping binding sites of both stimulating and blocking TSH receptor Abs and of TSH to the leucine rich TSH receptor ectodomain (107j). Current evidence suggests that it is the shed A subunit rather than the intact, holoreceptor that induces TSH receptor Abs leading to hyperthyroidism (107j). Studies employing monoclonal TSH receptor antibodies cloned from patients and recombinant mutant TSH receptor have demonstrated that there exist multiple TSH receptor antibodies each with different specificities and functional activities. There is evidence that stimulatory antibodies are mostly lambda and of the IgG1 subclass, strongly suggesting that they are monoclonal or pauciclonal (107k). Blocking antibodies, on the other hand, are not similarly restricted.
Clinical Manifestations
 The major clinical manifestations of Graves’ disease are hyperthyroidism and goiter. Opthalmopathy is usually mild, pretibial myxedema and acropachy are not described in children and adolescents.
The onset of Graves’ disease in often insidious and a delay in diagnosis of several months is common, especially in prepubertal children (107c). In children below 4 years of age, the prolonged hyperthyroidism can be dangerous to the CNS (107d). Shortened attention span, and emotional lability may lead to behavioral and school difficulties. Sleep disturbances, and nightmares can occur. Some patients complain of polyuria and of nocturia, the result of an increased glomerular filtration rate. All but a few children with Graves’ disease present with some degree of thyroid enlargement, and most have symptoms and signs of excessive thyroid activity, such as tremors, inability to fall asleep, weight loss despite an increased appetite, diarrhea, proximal muscle weakness, heat intolerance and tachycardia. Acceleration in linear growth may occur, often accompanied by advancement in skeletal maturation (bone age). Adult height is not affected. In the adolescent child, puberty may be delayed. If menarche has occurred, secondary amenorrhea is a common concomitant. If sleep is disturbed, the patient may complain of fatigue. Clinical findings are usually related to hyperthyroid state and disappear with restoration to the euthyroid state (108).
Graves’ opthalmopathy in children and adolescents is reported in up to half of the children and is usually less severe than in adults. Eyelid retraction and “stare” are common and linked to hyperthyroid state (108a). Proptosis is subtle and often overlooked. Normal references for children should be used (108b). Some cases of prominent progressive proptosis requiring treatment have been reported (108c). Surgical therapy is infrequently necessary. In a series of 35 children with Graves’ opthalmopathy from Mayo Clinic 3 patients (8.6%) underwent transantral orbital decomprenssion for proptosis that caused discomfort and exposure keratitis and 1 patient (2.9%) required eyelid surgery. No compressive optic neuropathy was found (108d). 
Laboratory Evaluation
 The clinical diagnosis of hyperthyroidism is confirmed by the finding of increased concentrations of circulating thyroid hormones (T4 or, preferably, free T4 and T3 or FT3) and low- undetectable TSH. In hyperthyroidism, the circulating T3 concentration frequently is elevated out of proportion to the T4 because, like TSH, TSH receptor antibodies stimulate increased T4 to T3 conversion. Some patients may have at diagnosis high FT3 and normal FT4, a condition known as T3 thyrotoxicosis (109). Children with T3 thyrotoxicosis seem to be younger, with higher levels of TRAb and larger goiter than classical GD. The timing of T3 thyrotoxicosis onset is variable and can require higher doses of ATD to control hyperthyroidism (109a). Demonstration of a suppressed TSH excludes much rarer causes of thyrotoxicosis, such as TSH-induced hyperthyroidism and thyroid hormone resistance in which the TSH is inappropriately “normal” or slightly elevated. If the latter diseases are suspected, free α-subunit should be measured. Alternatively, an elevated T4 level in association with an inappropriately “normal” TSH may be due to an excess of thyroxine-binding globulins (either familial or acquired, for example a result of oral contraceptive use) or rarer binding protein abnormalities (for example, familial dysalbuminemic hyperthyroxinemia) (109b). In the latter cases, serum TBG concentration or electrophoresis of T4 binding proteins, respectively, should be measured. If pregnancy or an hCG-secreting tumor are suspected, serum or urinary hCG concentration can be measured. A low serum Tg can be demonstrated if thyrotoxicosis factitia is suspected (109c). 
The diagnosis of Graves’ disease is confirmed by the demonstration of TSH receptor antibodies (TRAb) in serum. TRAb are disease specific antibodies and have a pathogenetic role in Graves’ disease. TRAb are usually determined by binding assays. Bioassays that measure Thyroid Stimulating Immunoglobulins activity based on cAMP on cultured cells can be useful if TRAb are not detectable by binding assays (88a,88b,88c). About 95% of children with GD have TRAb detectable. There is a positive correlation between severity of Graves’ disease and TR antibodies level. Higher levels of TRAb and thyroid hormones at presentation are associated with a need of prolonged ATD treatment (109d). Measurement of TSH receptor antibodies may be useful in distinguishing the toxic phase of chronic lymphocytic thyroiditis (TSH receptor antibody negative) from Graves’ disease. Tg and TPO antibodies are positive in 70% of children and adolescents with Graves’ disease but their measurement is not as sensitive or specific as measurement of TSH receptor antibodies. In contrast to adults, radioactive iodine uptake and scan are used to confirm the diagnosis of Graves’ disease only in atypical cases: for example, if measurement of TSH receptor antibodies is negative, or if a functioning thyroid nodule is suspected.
Therapy 
The care of children with Graves’ disease can be complicated and requires physicians with expertise in this area. Treatment guidelines developed for adults guidelines cannot be simply applied to children. For instance, TRAb may be detectable in serum for several years, making the terms “remission” and “recidive” inapplicable in 1-2 years periods for the majority of children and adolescents. 
The choice of which of the three therapeutic options (medical therapy, surgery radioactive iodine, or radioactive iodine) to use, should be individualized and discussed with the patient and his/her family. Each approach has its advantages and disadvantages with respect to efficacy, both short and long term complications, the time required to control the hyperthyroidism, and the requirement for compliance. In general, medical therapy with methimazole (MMI) is the initial choice of most pediatricians although radioiodine is gaining increasing acceptance, particularly in noncompliant adolescents, in children who are developmentally delayed, and in those about to leave home (for example, to go to college). Concern about the potential long term induction of cancer by RAI given to children is the discussed later. Alternately, surgery, the oldest form of therapy, may be the initial choice in specific cases if an experienced thyroid surgeon is available. ATA guidelines for hyperthyroidism including a pediatric section have recently been released (88c). 
Medical therapy
The thiouracil compounds PTU, MMI and carbimazole (converted to MMI) exert their antithyroid effect by inhibiting the organification of iodine and the coupling of iodotyrosine residues on the Tg molecule to T3 and T4. 
The aim of therapy with antithyroid drugs is to control hyperthyroidism for a period sufficient to go to spontaneous remission or until the child is old enough to afford definitive therapy as surgery or RAI. Remission is defined as a state of biochemically euthyroidism or hypothyroidism for one year or more after discontinuation of ATD and occurs in a minority of cases (see later).
 Some important considerations arose in the last years: MMI is the drug that should be used, unless special conditions, because of the inacceptable risk of liver failure and transplantation (FDA Propilthyuracil warning) in patients using PTU. PTU can cause fulminant hepatic necrosis and death. The risk was estimated to be 1:2000 in children (110,110a,110b). Propylthiouracil and methimazole have for years been considered effectively interchangeable, and liver damage was considered a very rare event. Recently a commission appointed by the FDA reevaluated this problem, and concluded that the rare but severe complications of liver failure needing transplantation, and death, were sufficient to contraindicate the use of PTU as the normal first-line drug (110c). PTU can be used only in pediatric patients who are allergic to MMI, for a short term, and in whom permanent forms of therapy are not possible. MMI should be used alone, titrating the dosage at the lowest useful to maintain euthyroidism. The “block.and replace therapy”, adding L-thyroxine to MMI should be avoided, because it requires a higher dose of MMI, and the majority of side effect of MMI are dose dependent. 
The initial dosage of MMI is 0.5 mg/kg/day (up to 1mg/kg/die, maximal dose 30 mg/die) given every 12 hours. The plasma half-life of methimazole in children is only 3-6 hours, but the drug is concentrated in the thyroid and maintains higher levels there for up to 24 hours after a dose (110d). The initial dosage of PTU is 5 mg/kg/day given every 8 hours. In severe cases, a beta-adrenergic blocker (atenolol, 25 to 50 mg daily or twice daily) can be added to control the cardiovascular overactivity until a euthyroid state is obtained. 
Before FDA warning for PTU MMI was generally preferred over PTU because for an equivalent dose it requires taking fewer tablets, it has a longer half-life (and so, requires less frequent medication) and because it has a more favorable safety profile. PTU use has also been advocated in the first trimester of pregnancy. PTU but not MMI inhibits the conversion of T4 to the more active isomer T3.
 Patients treated with MMI should be followed every 4 to 6 weeks until the serum concentration of T4 (or free T4 and total T3) normalizes. It should be noted that the TSH concentration may not return to normal until several months later. Therefore, measurement of TSH is useful as a guide to therapy only after it has normalized but not initially. Once the T4 and T3 have normalized, one can decrease the dosage of thioamide drug by 30% to 50%. Maintenance doses of MMI may be administered once daily. PTU may be given twice daily. Usually patients can be followed every 1-4 months once thyroid function has normalized. 
As suggested by the ATA guidelines (88c), before starting therapy with ATD, a baseline complete blood count, including WBC with differential, and a liver including bilirubin, transaminases and alkaline phosphatase can be useful. This is because hyperthyroidism itself can determine low WBC count, and premorbid liver disease (i.e autoimmune hepatitis reported in 1% of GD) can exist (110e). Baseline information may help in a correct interpretation of side effects of MMI.
In most children and adolescents, circulating thyroid hormone levels can be normalized readily with antithyroid medication as long as compliance is not a problem. The optimal duration of therapy is controversial. There is no doubt that most children and adolescents, particularly prepubertal ones, require a longer course of therapy than adults. Therefore treatment guidelines developed for older individuals should not be applied to the young. In one retrospective study, TSH receptor Abs disappeared from the circulation in <20% of patients after 13-24 months of medical therapy (110f) in contrast to adults in most of whom TSH receptor Abs normalize by 6 to 12 months (110g,110h, 110i). In another study, approximately 25% of children remitted with every 2 years of therapy up to 6 years of treatment (110j). Equivalent results have been obtained by others (107c). In a recent prospective trial of 154 children with newly diagnosed Graves’ disease treated with carbimazole, 20% of children remitted after 4 years of therapy, 37% after 6 years and 45% after 8 years (110k). The median duration of therapy in most studies is 3 to 4 years, but therapy should be individualized. In patients treated with antithyroid drugs alone, a low drug requirement, small goiter, and lack of orbitopathy are favorable indicators that drug therapy can be tapered gradually and withdrawn. Lower initial degree of hyperthyroxinemia (T4<20 mcg/dL (257.4 nmol/L); T3:T4 ratio <20), lower initial TSH receptor Ab concentration (>4X upper limit of normal (111e) and postpubertal age are favorable prognostic indicators. Persistence of TSH receptor antibodies, on the other hand, indicates a high likelihood of relapse. Initial studies suggesting that combined therapy (i.e., antithyroid drug plus L-thyroxine) might be associated with an improved rate of remission (110l) have not been confirmed (110m). 
Side effects 
Side effects of drugs were reported in 20-30% of children treated both with PTU and MMI and major side effect are thought to be due to PTU. Cumulative data from more than 500 children (111) with Graves’ disease reported mild increase of liver enzymes in 28%, mild leucopenia in 26% skin reactions in 9%, arthritis in 2.4%, nausea in 1.1%, agranulocytosis and hepatitis in 0.4%. Rare complications can be loss of taste, hypothrombinemia, thrombocytopenia, aplastic anemia, nephrotic syndrome and death (111). Side effects of MMI occur in up to 19% of children. Urticaria, arthralgias, gastrointestinal problems and neutropenia (<1500 granulocytes/mm3) are the most common, myalgias (3%), and cholestatic liver injury (1%) were also reported in a series of 100 children with Graves’ disease exclusively treated with MMI. Side effects usually occur in the first 6 months of therapy (111a) but can occur any time.
Major side effects as Stevens-Johnson syndrome and vasculitis occur rarely (111). Vasculitis can be related with the development of anti-neutrophil-cytoplasmic antibodies (ANCA). ANCA positivity has been reported with MMI and PTU therapy and may develop after many years of therapy (111b). Manifestations of vasculitis typically are polyarthritis and purpuric skin lesions. Pulmonary and renal involvement are also described. In severe cases, glucocorticoids or other immunosuppressive therapy may be needed. Guma et al reported ANCA positivity in 67% of patients with Graves’ disease before medical treatment, suggesting an association with Graves’ disease, rather than a complication of antithyroid drugs (111c). 
Rarely, more severe sequelae such as hepatitis, a lupus like syndrome, thrombocytopenia, and agranulocytosis may occur. Most reactions are mild and do not contraindicate continued use. The risk of agranulocytosis (<500 granulocytes/mm3) appears to be greatest within the first 3 months of therapy but it can occur at any time. There is some evidence that close monitoring of the white blood cell count during this initial time period may be useful in identifying agranulocytosis prior to the development of a fever and infection (111d), but most authors do not consider the low risk to be worth the cost of close monitoring. It is important to caution all patients to stop their medication immediately and consult their physician should they develop unexplained fever, sore throat, or gingival sores or jaundice. Unlike PTU, MMI is rarely associated with hepatocellular injury. 
Children treated with PTU and MMI tends to excessive weight gain during the first 6 months of therapy and nutrition consultation should be considered if needed (111e). Approximately 10% of children treated medically will develop long term hypothyroidism, a consequence of coincident cell and cytokine-mediated destruction. 
Patients with Graves’ disease showed a higher risk of thyroid cancer (111). The Collaborative Thyrotoxicosis Study Group found the incidence of thyroid carcinomas over 10-20 years of follow up 5 fold higher in adults with Graves’ disease treated with thionamides than in patients treated with definitive therapy (111g). Long term stimulation of TSAb can play a role. Patients treated for years with thionamides should be carefully monitored for the detection of thyroid nodules.
Surgery 
Surgery, the second therapeutic modality, is performed less frequently now than in the past. The main argument favoring surgery is that it may correct the thyrotoxicosis with surety and speed, and result in less disruption of normal life and development that is associated with long-term administration of antithyroid drugs and the attendant constant medical supervision.
The most important limiting factor is the availably of a high-volume thyroid surgeon to reduce potential complications (112,112a,112b). Near-total thyroidectomy is the procedure of choice in order to minimize the risk of recurrence. Surgery usually is reserved for patients who have failed medical management, who have a markedly enlarged thyroid, who refuse radioactive iodine therapy, and for the rare patient with significant ophthalmopathy in whom radioactive iodine therapy is contraindicated.  Often adolescents are unable to maintain the careful dosage schedule needed for control of the disease .and can choice a definitive treatment. Surgical complication rates are higher in younger children (112c). The most common potential complication is transient hypocalcemia which occurs in approximately 10% of patients. Starting therapy with calcitriol 3 days before surgery (0.25 to 0.5 µg twice a day), can reduce the need for calcium infusion and the length of stay (112c). Other, less common potential complications are keloid formation (2.8%), recurrent laryngeal nerve paralysis (2%), hypoparathyroidism (2%) and, rarely (0.08%) death (111). There are fewer complications with an experienced surgeon and when modern methods of anesthesia and pain control are used (112). Prior to surgery, it is important to treat with antithyroid medication in order to render the child euthyroid and prevent thyroid storm. Iodides (Lugols solution, 5 to 10 drops tid or potassium iodide, 2 to 10 drops daily or Na ipodate, 0.5-1 gm every 3 days) are added for 7 to 14 days prior to surgery in order to decrease the vascularity of the gland. L-thyroxine replacement therapy should be given within days of surgery. Following surgical thyroid ablation most patients become hypothyroid and require lifelong thyroid replacement therapy. On the other hand, if therapy is inadequate, hyperthyroidism may recur. Therefore long-term follow-up is mandatory. 
131-I Therapy
Definitive therapy with either radioactive iodine or surgical thyroid ablation is usually reserved for patients who have failed drug therapy, developed a toxic drug reaction, or are noncompliant. In recent years, however, radioactive iodine is being favored increasingly, even as the initial approach to therapy (111). The advantages are the relative ease of administration, the reduced need for medical follow up and the lack of demonstrable long term adverse effects (111). The aim of RAI is to ablate completely the thyroid gland and thereby reduce the risk of future neoplasia. RAI should be administrated in a single dose. 
Although a dose of 50 to 200 ïCi of 131I/estimated gram of thyroid tissue has been used, the higher dosage is recommended, particularly in younger children, in order to completely ablate the thyroid gland and thereby reduce the risk of future neoplasia. The size of the thyroid gland is estimated, based on the assumption that the normal gland is 0.5-1.0 gms/year of age, maximum 15-20 gms. The formula used is: Estimated thyroid weight in grams X 50-200 mcCi 131 -I/fractional 131I 24 hour uptake Thyroid size can be assessed by ultrasound because underestimation and consequent insufficient RAI treatment is frequent. Surgery may be indicated for goiters larger than 80 gr. Radioactive iodine therapy should be used with caution in children <10 years of age and particularly in those <5 years of age because of the increased susceptibility of the thyroid gland in the young to the proliferative effects of ionizing radiation (113). Pretreatment with antithyroid drugs prior to RAI therapy is advisable if the hyperthyroidism is severe. Thyroid hormone concentrations may rise transiently 4 to 10 days after RAI administration due to the release of preformed hormone from the damaged gland. Beta blockers may be useful during this time period. Similarly, analgesics may be employed if there is mild discomfort due to radiation thyroiditis. Other acute complications of RAI therapy (nausea, significant neck swelling) are rare. One usually sees a therapeutic effect within 6 weeks to 3 months. Worsening of ophthalmopathy, described in adults after RAI, does not appear to be common in childhood. However, if significant ophthalmopathy is present RAI therapy should be used with caution and pretreatment with steroids may be effective. Alternately, another permanent treatment modality (surgery) should be considered. 
The question of an age limit below which RAI should not be used frequently arises. With lengthening experience these limits have been lowered. Several studies with average follow-up periods of 12 – 15 years attest to the safety of 131-I therapy in adults (111g,113a,113b). In two studies treated persons showed no tendency to develop thyroid cancer, leukemia, or reproductive abnormalities, and their children had no increase in congenital defects or evidence of thyroid damage (113c,113d). Franklyn and co workers (113e) reported on a population based study of 7417 patients treated with 131-I for thyrotoxicosis in England. They found an overall decrease in incidence of cancer mortality, but a specific increase in mortality from cancer of the small bowel (7 fold) and of the thyroid (3.25) fold 9 (113e). The absolute risk remains very low, and it is not possible to determine whether the association is related to the basic disease, or to radioiodine treatment.
There are less data about long term effects of RAI therapy in pediatric Graves’ disease. In an early report, 73 children and adolescents were so treated. Hypothyroidism developed in 43. Subsequent growth and development were normal (113f). In another group of 23 children treated with 131-I, there were 4 recurrences, at least 5 became hypothyroid, and one was found to have a papillary thyroid cancer 20 months after the second dose (113g). Safa et al. (113a) reviewed 87 children treated over 24 years and found no adverse effects except the well-known occurrence of hypothyroidism. Hamburger (115c) has examined therapy in 262 children ages 3 – 18 and concluded 131-I therapy to be the best initial treatment.  Read et al (113h) reviewed experience with 131-I over a 36 year period, including six children under age 6, and 11 between 6 and 11 years. No adverse effects on the patients or their offsprings were found, and they advocate 131-I as a safe and effective treatment. In a review including approximately 1000 children with Graves’ disease treated with RAI and followed for <5 to >20 years to date, (111) there does not appear to be any increased rate of congenital anomalies in offspring nor in thyroid cancer. However, long term follow up data in a larger cohort are still lacking. The epidemic of thyroid cancer apparently induced by radioactive iodine isotopes in infants and children living around Chernobyl suggests caution in use of 131-I in younger children. 
Since the possibility of a general induction of cancer by 131-I is of central concern, it is interesting to calculate the risk in children using the data presented by Rivkees et al (113i) who are proponents of use of RAI for therapy in young children. The risk of death from any cancer due specifically to radiation exposure is noted by these authors to be 0.16%/rem for children, and the whole body radiation exposure from RAI treatment at age 10 to be 1.45 rem/mCi administered. Rivkees et al advise treatment with doses of RAI greater than 160 uCi/gram thyroid, to achieve a thyroidal radiation dose of at least 150Gy (about 15000 rads). Assuming a reasonable RAIU of 50% and gland size of 40 gm, the administered dose would thus be 40(gm) x 160uCi/gm x 2 (to account for 50% uptake) =12.8 mCi. Thus the long term cancer death risk would be 12.8 (mCi) x 1.45 rem (per mCi) x 0.16% (per rem) = 3%. For a dose of 15mCi the theoretical incremental risk of a later radiation-induced cancer mortality would be 4% at age 5, 2% at age 10, and 1% at age 15.
Whether or not accepting a specific 2-4% risk of death from any cancer because of this treatment is of course a matter of judgment by the physician and family. However, this would seem to many persons to constitute a significant risk that might be avoided. We note that this is a theoretical risk, based on known effects of ionizing radiation to induce malignancies, but not so far proven in this setting.
Long term studies focused to establish an increased risk of non-thyroid malignancies in children treated with RAI for Graves’ diseases would require about 10.000 children treated below 10 years of age, thus today the decision should be taken on an individual base with the patient and the family.  The choice between surgery and RAI therapy in Graves’ disease in children is one of the major long standing controversies in pediatric endocrinology. Most physicians remain concerned about the risks of carcinogenesis, and the experience of Chernobyl has accentuated this concern. Others believe that the risks of surgery and problems with antithyroid drug administration outweigh the potential risk of 131-I therapy. This problem was critically reviewed by Rivkees et al (113j). They point out the significant risks of reaction to antithyroid drugs, and of surgery. Surgery may have a mortality rate in hospital in children of about one per thousand operations, although this may have decreased in recent years. Among problems with radioactive iodide therapy, they note the whole body radiation, possibly worsening of eye disease, and the apparent lack of significant thyroid cancer risk so far reported among children treated with I-131 for Graves’ disease. They assumed that risk would be lower in children after age five, and especially after age ten, and if all thyroid cells were destroyed. They advise using higher doses of radioiodine to minimize residual thyroid tissue, and avoiding treatment of children under age five, but they believe that RAI is a convenient, effective, and useful therapy in children with Graves’ disease. However, as noted above in the section on risks related to use od 131-I, Rivkees own data indicate that treatment of children with conventional doses of RAI may induce a lifetime risk of any fatal cancer of over 2%, a very serious consideration (113i). Many physicians remain reluctant to use 131-I in children under age 15-18 as a first line therapy. Following thyroid ablation most patients become hypothyroid and require lifelong thyroid replacement therapy. On the other hand, if therapy is inadequate, hyperthyroidism may recur. Therefore longterm follow-up is mandatory.
Other Causes of Hyperthyroidism
Non autoimmune hyperthyroidism 
Non autoimmune hyperthyroidism is caused by constitutive activation of the TSH receptor (TSHR) (Table 6). Two clinical forms including “familial non-autoimmune autosomal dominant hyperthyroidism (FNAH)” and “persistent sporadic congenital non autoimmune hyperthyroidism (PSNAH)” are described. FNAH is characterized by autosomal dominant inheritance and high variable age of manifestation from neonatal period to 60 years. Variability is present also within the same family. Goiter is present in children, with nodules in older age. PSNAH includes forms with sporadic (de novo) germline mutations in the TSHR. Guidelines about this rare condition have recently been published (90e).
Hyperfunctioning nodules
 Hyperthyroidism may be caused by a functioning thyroid adenoma, or functioning thyroid carcinoma. Hyperfunctioning nodules are a rare cause of overt or subclinical hyperthyroidism. Somatic activating mutations within the genes encoding the TSH receptor or the Gs-alpha subunit can be detected (90f). Scintigraphy with Tc 99 or I 123 show hypercaptating nodule and absence of uptake of the surrounding thyroid parenchima. Hyperthyroidism can be controlled with methimazole. Autonomous nodules can be single or a part of multinodular goiter. A recent retrospective study on 31 pediatric cases from US indicated that 45% were overt hyperthyroid at diagnosis and 42% presented with multinodular goiter. Mean age at diagnosis was 15 years, with a range 3-18 yrs. Mean size of the autonomous nodule was 39 mm. In this series of 31 patients, only one patient developed a follicular carcinoma in the controlateral lobe seven years after lobectomy for a benign adenomatoid nodule (114). However, the risk of cancer has been reported up to one third of patients in a series of 31 patients from an iodine- deficient area (114a). 
ATA Guidelines for pediatric thyroid nodules and cancer indicate surgery as treatment of children with overt hyperthyroidism due to hyperfunctioning nodules, and surgery is indicated in any nodule >4 cm, because of the decreased sensitivity of FNA to detect malignancy (114b). 
Hyperthyroidism may be seen as part of the McCune Albright syndrome (90f) (Table 6). McCune Albright syndrome is due to somatic mutations in Gsα gene that can occur in different tissues as, skin, bones thyroid, adrenal glands.
TSH induced hyperthyroidism
Hyperthyroidism may be due to the inappropriate secretion of TSH by a pituitary adenoma, but thyroid hormone resistance should be excluded.
The syndrome of “inappropriate secretion of TSH” was described in 1975 to indicate two forms of central hyperthyroidism, characterized by high levels of FT3 and FT4 and non suppressed TSH levels(114c). TSH secreting pituitary adenomas are extremely rare in pediatric patients. Guidelines from the ETA has been recently released for these tumors (114d). It is important to consider that a pituitary tumor can be a manifestation of Multiple endocrine neoplasia type 1 and rarely of familial forms of isolated pituitary adenomas with AIP mutations (114e). 
In thyroid hormone resistance (RTH) due to mutations of the β isoform of the thyroid hormone receptor hyperthyrodism TSH driven can occur. (See chapter entitled Impaired sensitivity to thyroid hormone. Defects of transport, metabolism and action. .Alexandra M. Dumitrescu, MD and Samuel Refetoff, MD, in this book for a detailed description of this condition).
[bookmark: _GoBack]Tumors secreting chorionic gonadotropin
Recently an adolescent female was described in whom hyperthyroidism resulted from an hCG-secreting hydatidiform mole (114f). Chorioncarcinoma, metastatic embryonal carcinoma of the testis can cause hyperthyroidism (114g).
Transient thyrotoxicosis
Thyrotoxicosis is caused by damage of thyroid cells and release of thyroid hormones stored in the gland. The duration of toxic phase (usually one to three months) depends on the amounts of the thyroid hormones released and the rate of metabolic clearance. Thyroid cell breakdown causes abrupt onset and short duration of symptoms. 
Principal causes of transient thyrotoxicosis include: 
· Autoimmune thyroiditis (silent thyroiditis): no local symptoms of local inflammation are present.
· Subacute Viral thyroiditis (or de Quervain or granulomatous thyroiditis) it is rarely reported in children and adolescents (106b). Usually presents with sore throat, fever and firm, painful tender enlargement of the thyroid. Mild signs of hyperthyroidism can be overlooked. 
· Acute bacterial thyroiditis is rarely a cause of transient thyrotoxicosis.
· Drug-induced thyroiditis (amiodarone and thyrosine kinase inhibitors)

THYROID NODULES AND CANCER
For exhaustive information see also chapters “Thyroid nodules” and “Thyroid cancer “ By F. Pacini and Leslie de Groot in this book.
Recently, the first guidelines specifically elaborated for children with thyroid nodules and differentiated thyroid cancer have been published (114b).  Hereditary syndromes (i.e. PTEN related sydromes, DICER1 syndrome, Carney complex, Familial adenomatous polyposis)  associated with thyroid cancer in childhood are also been detailed (114b). Medullary thyroid carcinoma guidelines have also been revised, including genetic counseling and modified risk class for children with hereditary MTC (115a). 
Thyroid nodules are rare in the first 2 decades of life, but when found, they are more likely to be carcinomatous than are similar masses in adults (115b). Follicular adenomas and colloid cysts account for the majority of benign nodules. Other causes of nodular enlargement include chronic lymphocytic thyroiditis and embryological defects, such as intrathyroidal thyroglossal duct cysts or unilateral thyroid agenesis. Like in adults, the most common form of thyroid cancer in childhood and adolescence is papillary thyroid carcinoma, but other histological types found in the adult may also occur (115c). 
A high index of suspicion is necessary if the nodule is painless, of firm or hard consistency, if it is fixed to surrounding tissues or if there is a family history of thyroid cancer. Other worrisome findings include a history of rapid increase in size, associated cervical adenopathy, hoarseness or dysphagia. Even the findings of a cystic component or a functioning nodule, commonly used as favorable signs in adult patients, do not exclude the possibility of neoplasia (115c). Occasionally, thyroid cancer presents in childhood as unexplained cervical adenopathy, or neoplasia is found in patients who also have chronic lymphocytic thyroiditis (115c). The possibility of a rare medullary thyroid carcinoma should be considered if there is a family history of thyroid cancer or pheochromocytoma or if the child has multiple mucosal neuromas and a marfanoid habitus, findings suggestive of multiple endocrine neoplasia (MEN) types 2A and/or 2B (115d).
Children exposed previously to thyroid irradiation comprise a high-risk group. The increased risk of thyroid cancer in adults exposed during childhood to low levels of thyroid irradiation for benign conditions of the head and neck is well known (115e). The increased incidence of both benign and carcinomatous nodules in patients with Hodgkin disease who had received radiotherapy to the neck during childhood is also being documented increasingly (115f, 115g). Thyroid cancer is now known to be the most common second malignancy in childhood survivors of Hodgkin’s and is also seen with increased frequency in leukemia survivors (115h). Similarly, children exposed to high levels of radioactive iodine in the first decade of life or in utero, a consequence of the Chernobyl disaster, are at a markedly increased risk of developing papillary thyroid cancer (113). The risk of thyroid cancer is related to the dose of external irradiation and, unlike the 19 year average latency after low dose irradiation, the average latent period in survivors of Hodgkin disease appears to be only 9 years (115g). In Chernobyl victims, the latency was only 4 years (113). As compared with adults, there appears to be a higher prevalence of gene rearrangements in children with differentiated thyroid cancer, the clinical significance of which is unclear (115h).
Initial investigation of a thyroid nodule includes evaluation of thyroid function and TPO and Tg antibodies. A suppressed serum TSH concentration accompanied by an elevation in the circulating T4 and/or T3 suggests the possibility of a functioning nodule, which can be confirmed with a radionuclide scan. The finding of positive antibodies, on the other hand, usually indicates the presence of underlying chronic lymphocytic thyroiditis, but in some cases, positive antibodies may simply constitute evidence of an immune response to the presence of neoplastic cells. Ultrasonography provides information about whether the nodule is solid or cystic, and whether it is single or multifocal. Fine-needle aspiration biopsy, popular in the investigation of thyroid carcinoma in adults, is gaining increasing acceptance and is now considered to be the procedure of choice in the evaluation of nodules >0.5 cm (115k).
There is an increased incidence of both cervical node involvement and of pulmonary metastases at the time of diagnosis in children with thyroid carcinoma (115c). Nonetheless, the long term cancer specific mortality rate is no greater in children than in adults <40 years of age (115i). Guidelines specifically elaborated for management of children with thyroid nodules differentiated thyroid cancer have been published (114b).  Excision of the tumor or lobe is the appropriate treatment for benign tumors and cysts, whereas total thyroidectomy with preservation of the parathyroid glands and recurrent laryngeal nerves is the initial therapy for malignant thyroid tumors. The latter procedure is followed by radioablation if there is evidence of residual gland or tumor after surgery. The issue of prophylactic lymph node dissection is controversial (115h). After radioiodine therapy, the dose of thyroxine is adjusted to keep the serum TSH concentration suppressed (between 0.05 mU/L and 0.1 mU/L in a sensitive assay). Measurement of serum Tg, a thyroid follicular cell-specific protein, is used to detect evidence of metastatic disease in differentiated forms of thyroid cancer, such as papillary or follicular carcinoma. This is best performed after a period (usually 6 weeks) of thyroxine withdrawal or after the exogenous administration of recombinant TSH (115). Measurement of circulating calcitonin is used as a tumor marker for medullary thyroid cancer (MTC), a C-cell derived malignancy (115m). Mutations of the RET protooncogene, detectable in nearly all familial forms of MTC, is of value in screening family members (115e, 115m). In families affected with multiple endocrine neoplasia type 2, screening of children as young as 5 years followed by total thyroidectomy has been successful in curing patients with microscopic MTC, an otherwise highly malignant neoplasm with a poor prognosis (115e). See Medullary Thyroid Carcinoma guidelines for updated genetic counseling and modified risk class for children with hereditary MTC (115a). 
Optimal monitoring of patients with a history of thyroid irradiation during childhood remains controversial. Because of the insensitivity of clinical palpation, regular assessment of thyroid function (TSH and, as necessary free T4) as well as ultrasound examinations should be performed. There is evidence that thyroid suppression is associated with a reduction in the development of new nodules after partial surgical resection of an irradiated thyroid gland (115q) but whether it plays any role if the TSH is not elevated or in preventing neoplasia is unknown. Recently, a study that followed a cohort of 4338 5- years survivors of pediatric solid cancer suggested that chemotherapy (nitrosureas), splenectomy, and radiation dose to pituitary gland also play a role in predicting thyroid cancer risk (115r).
A retrospective study on the effects of total body irradiation (TBI) preceding hemopoietic cell transplation in childhood suggested short term and life-long monitoring for thyroid nodules and thyroid cancer in these patients (115s). Although it was a small size, retrospective study they found the time from TBI to thyroid carcinoma detection ranged from 2.2 years to 15.3 years. Follow up programs are advised for long term survivors of childhood cancer. 
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