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Abstract: Thyroid diseases in children and adolescents include acquired or congenital conditions, in-
cluding genetic disorders either isolated or part of a syndrome. Briefly, we will review the physiology
and pathophysiology of the thyroid gland and its disorders. The aim of this chapter is to describe
genetic abnormalities of the thyroid gland.
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1. Thyroid Anatomy, Embryology, and Physiology
1.1. Thyroid Anatomy and Physiology

The thyroid gland is located in the anterior neck and consists of two lobes connected
by the isthmus. Each lobe consists of follicles made from follicular and parafollicular cells
with a central lumen filled with colloid containing thyroglobulin (TG) and enzymes such as
thyroid peroxidase (TPO) that are responsible for organification, oxidation, and coupling
reactions [1,2]. There are two main active thyroid hormones triiodothyronine (T3) and
thyroxine (T4) that regulate:

e Basal metabolic rate by stimulating Na+/K+ ATPase activity resulting in increasing
body temperature, respiratory rate (RR), and oxygen consumption

lipolysis, gluconeogenesis, glycogenolysis

neuronal differentiation, synapse development, myelination in the prenatal and new-
born periods, regulating neurodevelopment

brain maturation: coordination, gait

psychiatric function: intellectual development

growth and pubertal development

beta 1-adrenoreceptor stimulation in the heart for control of heart rate (HR), cardiac
output (CO), contractility, and stroke volume [1]

The hypothalamic peptide thyrotropin-releasing hormone (TRH) regulates pituitary
thyroid-stimulating hormone (TSH) which then regulates thyroid hormone synthesis by
G-protein coupled TSH receptors on the follicular cells [3]. Thyroid hormone synthesis is
also regulated by negative feedback, as T3 levels rise, sensitivity to TRH is diminished and
TSH release is lower.

After uptake of circulating iodide at the basolateral membrane, T4 (majority) and T3
are produced and released.

T4 is peripherally converted to T3 via enzymatic monodeiodination. There are three
types of monodeiodinase enzymes responsible for the synthesis of T3, reverse T3, and
diiodothyronine (T2) (Figure 1) [4].
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Figure 1. Thyroid deiodinases.

Monodeiodinase type I predominantly expressed in the liver, kidney, and thyroid is
responsible for phenolic or outer ring deiodination resulting in the production of active
T3. Monodeiodinase type Il located in the brain, pituitary, placenta, skeletal muscle, heart,
thyroid, and brown adipose tissue also stimulates active T3 production. Monodeiodinase
type III is responsible for the production of inactive reverse T3 by deiodination of the inner
tyrosyl ring.

During fetal embryogenesis, there is a predominance of type 3 monodeiodinase activity,
low type 1 monodeiodinase activity, and local activation of type 2 monodeiodinase activity
in the brain and some other tissues to provide adequate local T3. This prevents brain
developmental abnormalities and maintains an anabolic state in the fetus. During fetal
embryogenesis, levels of rT3 are high due to the predominance of monodeiodinase type 3
activity [5-7].

Normally T3 and T4 are bound to thyroid-binding globulin (TBG) in the blood. TBG
is decreased in liver failure due to loss of synthetic function. Increased estrogen levels
during pregnancy and oral contraceptive pills (OCPs) use stimulate TBG synthesis, thereby
increased T3 and T4 levels are not consistent with a thyrotoxic state as levels of free T3 and
T4, the bioavailable hormones, are in the normal range [1,5,8].

Thyroid hormone enters neuronal cells via iodothyronine membrane transporters, a
clinically significant one is the monocarboxylate transporter 8 (MCT8) expressed in the
brain [9,10].

Intracellularly, thyroid hormone binds to nuclear thyroid receptors, TRx and TRf.
These receptors regulate DNA transcription downstream [5,11].

1.2. Thyroid Embryology

Thyroid embryogenesis starts with the expression of thyroid transcription factor-1
(TTF1) encoded by NK2 homeobox-1 (NKX2-1), thyroid transcription factor-2 (TTF2) en-
coded by Forkhead Box Protein-E1 (FOXE1), and Paired Box Gene 8 (PAX8) on embryonic
thyroid stem cells [5].

The human embryonic forebrain and hypothalamus begin to differentiate by 3 weeks
of gestation under the influence of homeodomain proteins or transcription factors. At
8-9 weeks of gestation, the hypothalamus, fetal gut, and pancreas begin to secrete TRH,
which stimulates thyroid gland development.
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The thyroid diverticulum consisting of spherical follicles made from follicular and
parafollicular cells, arises from the ectodermal floor of the primitive pharynx (Rathke’s
pouch) or the primitive forebrain. Follicular cells are derived from a median endodermal
mass in the foramen cecum at the base of the tongue while parafollicular cells that produce
calcitonin are derived from the 4th pharyngeal pouch [1,2,5]. By 50 days of gestation, both
structures fuse and the thyroid gland descends from the foramen cecum (base of the tongue)
into the anterior neck.

The thyroid will remain connected by the thyroglossal duct to the base of the tongue
until full thyroid maturation. The thyroglossal duct usually disappears by the end of
thyroid gland formation.

2. Laboratory

Thyroid function can be assessed by measuring T4 and T3 levels. These measurements
can be affected by abnormal levels of thyroxine-binding protein, prealbumin, albumin,
transthyretin, and all carrier proteins. The ratio of total to the free hormone is in the range
of 1000 to 1. TSH levels are useful for the complete evaluation of the axis and to determine
thyroid function. A high TSH level is detected when thyroid gland function is impaired and
does not produce enough FT4, while normal or low TSH is usually associated with central
hypothyroidism or hyperfunctioning thyroid. All thyroid assays should be evaluated by
age-appropriate reference values [5,12,13].

Newborn screening (Figure 2) is recommended for every newborn regardless of symp-
toms at 48-72 h of life and includes detection of TSH and/or T4 levels in dried blood spots.
Lab results in newborn screen could be affected by prematurity, low birth weight, illness,
and multiple births, e.g., after twin-twin transfusion (which can obscure hypothyroidism
in the recipient fetus). Many newborn screening tests are done soon after 24 h, requiring
adjustment of the expected range and possibly introducing errors due to the dynamic
of TSH recruitment after delivery [14,15]. Although very rare, the clinical presentation
of congenital hypothyroidism may include prolonged sleep, protruding abdomen and
umbilicus, puffy face and pale skin, macroglossia with feeding difficulties, hypotonia and
delayed reflexes, delayed meconium elimination, prolonged jaundice due to conjugated
hyperbilirubinemia, absence of femoral epiphysis on knee X-ray due to delayed skeletal
maturation. Late manifestations of untreated congenital hypothyroidism include soft-tissue
myxedema, delayed epiphyseal maturation, and developmental retardation.

Newborn screen, TSH>40 muU/| | | Newborn screen, TSH 20-40 mU/|

—! @ ==

| Send serum TSH, FT4 |

(/\

TSH>20 mU/l and/or FT4 | TSH 6—20 mU/I, FT4 wnl before 2 weeks of life |
low before 2 weeks of life \1[

| Investigation: thyroid US, scintigraphy, knee X-ray |

Y

| TSH >10 mU/I or FT4 low after 2 weeks of life |

Primary hypothyroidism

Start levothyroxine 10-15 pg/kg/day no later than 2 weeks from birth

Figure 2. Algorithm for congenital hypothyroidism screening and workup (adapted from Euro-
pean Society for. Pediatric Endocrinology. Consensus Guidelines on Screening, Diagnosis, and
Management of Congenital Hypothyroidism 2014).
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3. Imaging

Scintigraphy and ultrasound are the main diagnostic imaging tools for the evaluation
of the thyroid gland. Ultrasonography is generally the first choice for diagnosing the
presence or absence of a thyroid gland, size, echogenic texture, and structure, and for
intrathyroid nodules as small as 2-3 mm in size. The addition of color and spectral Doppler
imaging helps to determine the blood flow in the thyroid and screen for malignancy [16].

Radionuclide scintigraphy using 99 mTechnetium pertechnetate or 123-Iodine is used
in the evaluation of athyreosis (absence of any uptake), hypoplasia of a gland in situ (with
or without hemithyroid), a normal or large gland in situ, focal thyroid nodule on the basis
of relative uptake of radioactive isotope by the nodule. 123-Iodine gives a clearer scan than
99 m Tc [17,18].

4. Congenital Disorders
4.1. Congenital Hypothyroidism

The most common cause of congenital hypothyroidism (CH) is thyroid dysgenesis
which accounts for 85% of primary CH [13]. Ectopic thyroid accounts for 1:5000 cases and
thyroid agenesis for 1:15,000 cases [5]. The most common location for ectopic thyroid is
sublingual due to migration deficit. The thyroid gland is normally differentiated but is
small in size. A rare passage of TSH receptor blocking antibodies from a mother who has
an uncommon form of autoimmune hypothyroidism due to receptor blockade rather than
cytotoxic destruction of thyroid cells results in neonatal hypothyroidism that resolves after
the maternal antibodies are metabolized [19-22]. On occasion, treatment is needed until
the blocking antibodies disappear.

Thyroid dysgenesis (abnormal thyroid gland development) is usually sporadic but
may present as a familial disorder. Genetic evaluation of a child with CH is not routinely
recommended but should be discussed case by case. Families with a history of CH, in a
pattern consistent with autosomal recessive inheritance, should be considered for a genetic
consultation for possible recurrence and other associated disorders [5,23-25].

Thyroid agenesis (complete absence of thyroid tissue) due to GLIS family zinc finger
protein 3 (GLIS3) mutation includes also congenital glaucoma, deafness, liver, kidney,
pancreas abnormalities [5,26] (Table 1). Thyroid ectopy (interrupted thyroid descent from
the thyroid anlage to its final location in front of the trachea) has no known genetic predis-
position. Inactivation of homeobox NKX2-1 results in thyroid aplasia [5,27]. PAX8 gene
inactivation results in thyroid hypoplasia with a lack of thyroid follicular cells and the
presence of C-cells [28-30].

Table 1. Genetic mutations causing congenital hypothyroidism [23,31,32].

Gene Mutations Clinical Features
TSHR, NKX2-1, FOXEI1, Ath .
PAXS, GLIS3 yreosis

Dyshormonogenesis: sodium-iodine symporter defects, which lead to

SLCSAS impaired iodide transport into thyroid follicular cells

Dyshormonogenesis: HyO, generation deficiency. This is associated
DUOX1, DUOX2 with the defect in hydrogen peroxide synthesis. Hydrogen peroxide
is a substrate for TPO in the oxidation of iodide.

SECISBP2 Dyshormonogenesis: iodothyronine monodeiodinase deficiency

Dyshormonogenesis: Pendrin deficiency leads to impaired transport
SLC26A4 of iodine out of the cell and into the follicular colloid, and in the
cochlea, where it results in a sensorineural hearing loss
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Table 1. Cont.

Gene Mutations Clinical Features

TPO Dyshormonogenesis: Thyroid peroxidase deficiency

YD Dyshormonogenesis: iodotyrosine deiodinase or dehalogenase
deficiency

TG Dyshormonogenesis: thyroglobulin deficiency
Thyroid hormone receptor resistance. Children usually present with

THRA failure to thrive, attention deficit hyperactivity disorder with usually

THRB no clinical features of hyperthyroidism despite elevated total T3, total
T4, free T3, free T4
Thyroid resistance due to MCT8 (monocarboxylate transporter 8)

SLCI6A2 deficiency which usually presents with severe psychoneuromotor
deficiency, hypotonia, and high serum T3 levels due to impaired
transport of hormone into neuronal cells.

TRH Central CH: TRH deficiency

TSHB Central CH: TSH deficiency

IGSF1, TBL1X, IRS4 Central CH

TSHR-thyroid-stimulating hormone receptor; NKX2-1-NK2 homeobox 1; PAX8-paired box 8; GLIS3-GLIS fam-
ily zinc finger 3; SLC5A5-solute carrier family 5 member 5; DUOX1-dual oxidase 1; DUOX2-dual oxidase 2;
SECISBP2-Selenocysteine insertion sequence-binding protein 2; SLC26A4-solute carrier family 26 member 4;
TPO-thyroid peroxidase; IYD-iodotyrosine deiodinase; TG-thyroglobulin; THRA-thyroid hormone receptor alpha;
THRB-thyroid hormone receptor beta; SLC16A2-solute carrier family 16 member 2; TRH-thyrotropin releasing
hormone; TSHB-thyroid-stimulating hormone subunit beta; IGSF1-immunoglobulin superfamily member 1;
TBL1X-transducin beta like 1 X-linked; IRS4-insulin receptor substrate 4.

Thyroid dyshormonogenesis (a disorder of thyroid hormone synthesis) is diagnosed in
1:30,000 cases and is associated with defects of thyroperoxidase (TPO), which are the most
common genetic mutations [5,23]. The first step of hormonal synthesis is iodine transport
into the cells, which could be impaired due to the mutation of sodium /iodide symporter
(SLC5A5) [33]. After diffusion of iodine to the apex of the cells, iodine leaves the thyroid
cell through the chloride/iodide pump (Pendrin) which is responsible for transporting
iodine out of the cell and into the follicular colloid. Mutations in the Pendrin gene lead to
defects in the transport of iodine to colloid [34]. The same chloride/iodide transport occurs
in the cochlea and the above mutation can lead to sensorineural hearing loss (Pendred
syndrome). lodine in the follicular colloid is oxidized by hydrogen peroxide and binds to
tyrosine residues in TG to form iodotyrosine. Multiple mutations of the TPO gene located
on chromosome 2 have been discovered including homozygous and heterozygous missense
mutations, frame-shift mutations, single-nucleotide substitutions, base pair duplications,
all of which lead to defects in oxidation [5,23,35].

H,0; generation deficiency leads to a decrease in the substrate for iodine oxidation and
further defect in iodotyrosine formation [36-38]. Thyroid dyshormonogenesis disorders
may present as early as the neonatal period or later, up to 15 years of age. Treatment in
general for all subtypes requires thyroxine supplementation.

Thyroid hormone resistance occurs in 1:40,000 cases and is usually due to autosomal
dominant mutation of thyroid receptors with 15-20% developed sporadically [5]. THRA
and THRB gene mutations include single-amino-acid deletions, substitutions, in-frame
deletions, and frame-shift insertions [39-41]. Treatment of thyroid hormone resistance
includes high dose thyroxine or thyroid hormone analog TRIAC, and triiodothyroacetic
acid (tiratricol). TRIAC has effects similar to thyroid hormone, but acts more on bone
turnover, resulting in higher sex hormone-binding globulin and lower serum cholesterol
levels [39,40].

Another mechanism of thyroid resistance could be associated with MCT8 deficiency [42—44].
Thyroid hormone analog diiodothyropropionic acid (DITPA) is used for the treatment
as it does not require MCTS8 to enter cells. DITPA is a cardio-selective thyroid hormone
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analog, which acts to suppress TSH, and reduce T3 levels with further reverse of the
hypermetabolism and weight loss [42].

Consumptive hypothyroidism is considered one of the thyroid resistance disorders
due to the need of high dose thyroxine treatment. The condition develops early after birth
once congenital hemangiomas, which expresses high levels of monodeiodinase type 3,
begins to develop [45]. The condition usually resolves either after spontaneous involution
or surgical treatment of the hemangioma [5,45].

Central hypothyroidism is rare and occurs in 1:21,000 infants due to a lack of TRH or
TSH [14,31,35]. There are several case reports of hypothalamic hypothyroidism [46,47] caused
by Isolated TRH deficiency due to TRH gene mutation located on 3q22 [48]. Mutations in
the TRH receptor gene (TRHR) located on chromosome 8 can cause central hypothyroidism
due to complete resistance to the thyrotropin-releasing hormone [49]. Children usually
present with short stature and delayed bone maturation [50].

Isolated TSH deficiency was described in several families with undetectable TSH and
no response to TRH stimulation. There are two genes known for being responsible for
pituitary cell development and differentiation. PROP paired-like homeobox 1(PROP1) and
POU class 1 homeobox 1 (POU1F1) mutations, which are terminal factors in the differen-
tiation cascade of pituitary cells, can cause TSH deficiency and age-dependent pituitary
hypoplasia [5,51]. PROP1 mutation leads to panhypopituitarism with growth hormone,
TSH, luteinizing hormone, follicular stimulating hormone, prolactin, and adrenocorti-
cotropin deficiencies. POUIF1 mutation leads to growth hormone, TSH, and prolactin
deficiencies [52].

Mutations causing TSH receptor inactivation lead to the absence of follicular architec-
ture, while normal differentiated thyroid cells exist [53].

Thyroid-binding globulin deficiency is an X-linked state with an incidence of 1 in
4000 males and usually presents with normal TSH and FT4 and low T4 levels [11]. This
euthyroid state is confirmed by a low TBG level or normal Free T4. Treatment is not
indicated.

Treatment

Weight-based dosing of levothyroxine 10-15 ng/kg/day is recommended for in-
fants [51,54]. Assuming the infant weighs 3—4 kg, 50 mcg is a good starting dose. This dose
normalizes the TSH and FT4 levels and also has the best neurodevelopmental outcome at
age of 5. The level of FT4 should be slightly elevated in the mid to upper half of the normal
range optimally between 0.5 and 2.0 ng/dL [54].

Levothyroxine should be given by crushing tablets and mixing with water or breast
milk at the same time of the day. Repeat thyroid function should be obtained every 2 weeks
during the first month after treatment initiation, followed by every 1-2 months during the
first 6 months of life, every 3-4 months between 6 months and 3 years, every 6—12 months
until growth completed [14]. Levothyroxine is recommended for continuous use for 3 years
during the critical neurodevelopment period of the child’s life.

A trial off of levothyroxine can be considered after age 3 years if the patient had been
euthyroid on the same dose of medication.

4.2. Congenital Hyperthyroidism

Neonatal Graves’ disease is a consequence of maternal Graves’ disease. It is caused by
maternal TSH activating antibodies also known as TSI (thyroid-stimulating immunoglobu-
lin) crossing into fetal circulation late in pregnancy and fetal hyperthyroidism manifests in
the second part of gestation up until 6 months of age when serum IgG levels clear from
neonatal circulation [55,56]. Treating the pregnant mother with propylthiouracil (PTU)
should be started while monitoring for normalization of the fetal HR. PTU is recommended
during the first trimester of pregnancy due to the possible teratogenic effect of methimazole (MMI).

Neonatal Graves’ is treated with a 3-blocker (propranolol 1-2 mg/kg/day divided
into four doses) for symptomatic relief and MMI (0.5-1 mg/kg/day divided into three
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doses) is the antithyroid medication of choice over PTU given PTU’s higher risk for hepato-
toxicity [55,57,58].

Activating mutations of the TSH receptor, solitary toxic adenoma, or multinodular
goiter are causes of autonomous hyperfunctioning thyroid. These TSH receptor mutations
are usually not seen until childhood, adolescence, or adult life. Usually, the treatment of
nonautoimmune hyperthyroidism is radioactive ablation or surgical thyroidectomy [12,59].

5. Acquired Disorders
5.1. Primary Hypothyroidism

Hashimoto’s disease /hypothyroidism is the most common type of acquired hypothy-
roidism [60]. It is an autoimmune disease associated with HLA-DR5. The course of the
disease can start with transient thyrotoxicosis (Hashitoxicosis) as a result of follicular
rupture and the release of premade hormones into the bloodstream. The thyroid could
be enlarged, but nontender. Later during the hypothyroid state, children may present
with learning problems, cold intolerance, bradycardia, facial puffiness, constipation, short
stature with delayed bone age. Children may also present with precocious puberty due to el-
evated TSH levels which act as FSH receptor stimulator. The presence of TPO antibodies and
TG antibodies as markers of autoimmunity supports the diagnosis of Hashimoto thyroiditis.

Children with Down syndrome and Turner syndrome should also be screened annually
for Hashimoto thyroiditis more frequently than in the general population [61,62]. Treatment
should be started once thyroid function shows low FT4 levels and TSH levels of more than
10 uU/mL. Current data do not support treatment when TSH < 10 pU/mL since there
are no clinical or chemical benefits observed [54]. Levothyroxine is usually started with
1-2 ug/kg/day and titrated to achieve a euthyroid state in adults. In children the age-based
dosing guideline is as follows: 1-3 years 4-6 pug/kg/d, for patients 3-10 years 3-5 ng/kg/d,
and 10-16 years 24 ng/kg/d. Levothyroxine may also be dosed based on body surface
area calculated at 100 ug/m?/d. Children with severe TSH elevation or FT4 suppression
should be started on a third to half of the usual dose and monitored closely to prevent
pseudotumor cerebri [63]. Patients should also be educated that excessive soy intake, iron
supplements, and excessive fiber can interfere with the absorption of levothyroxine [14,51].

5.2. Hyperthyroidism
Graves’ Disease

Graves’ disease is an autoimmune condition leading to hyperthyroidism and is the
most common cause of hyperthyroidism among children. The disease occurs approximately
in 1 per 5000 children, more frequently in females than in males. It is a result of TSH receptor
stimulation by autoantibodies (TSI) which leads to the overproduction of thyroid hormones
by follicular cells. T lymphocytes release cytokines which lead to local inflammation and
production of autoantibodies via dysregulated B-cells. The level of the TSI antibodies
correlates with the level of FT4.

TSI uses Fischer rat thyroid follicular cell line FRTL 5 immortalized cell release of
cAMP while thyroid-stimulating hormone receptor antibodies (TRab) are measured by
competitive binding assay. TPO and TG antibodies may be useful for the confirmation of
an autoimmune disease but are not diagnostic for Graves’.

Patients present with nonspecific signs early such as irritability, changes in concentra-
tion, learning problems, insomnia, excessive perspiration, weight loss, and diarrhea. Once
the disease progresses children have lower performance in school, excessive nervousness,
tremor, tachypnea, and neck enlargement. Children sometimes can complain of vision
changes, palpitations, and swallowing discomfort [15,64].

The thyroid gland is symmetrically enlarged and rubbery to palpation, usually non-
tender, while bilateral eye proptosis is less common in children than in adults. Signs are
positive for tachycardia, hypertension with widened pulse pressure, possible palpable
thrill, and systolic ejection murmur due to functional mitral valve insufficiency, weight
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loss, and a growth spurt. Other findings include excessive nervousness on the exam and a
positive straight arm test, which confirms postural tremor.

High TSI, presence of TG and TPO antibodies, low or normal TSH, 2-10 times elevated
total T3 and free T4 levels are indicative of Graves’. Occasionally T3 only thyrotoxicosis
without free T4 elevations is observed. Low potassium levels can be seen due to thyrotoxic
hypokalemic paralysis. Thyroid ultrasound findings consist of enlarged size, hypervas-
cularization, and normal or low echogenicity. Sinus tachycardia is seen, but in severe
presentation, signs of hypokalemia, prolonged QT, and atrial fibrillation could be observed.

In case of accelerated growth, bone age is done to assess growth and height prediction.
Advanced bone age and osteopenia in severe cases could be appreciated on X-ray [12,15,64].

Rarely do patients present with thyroid storm, which consists of fever, agitation, delir-
ium, psychosis stupor or coma, tachycardia, cardiac arrhythmias, congestive cardiac failure,
vomiting, diarrhea, and hepatic failure. It is characterized by multisystem decompensation
with a mortality rate of 8-25%. Burch—Wartofsky Point Scale (BWPS) is usually used for
diagnosis of thyroid storm with >45 points consistent with diagnosis [8]. In thyrotoxic
hypokalemic paralysis, patients suddenly have lower extremity weakness and difficulty
walking due to excessive Na+/K+-ATPase activity from high thyroxine levels [65,66].

First, correction of potentially life-threatening conditions such as cardiac arrhythmias,
symptomatic hypertension, and hypokalemia are needed. Cardioselective (3-blockers are
the first medications for controlling the rhythm, elevated blood pressure, and widened
pulse pressure. Propranolol or atenolol is started with age-appropriate dose (2 mg/kg/day)
and kept until stabilized on antithyroid medications. Second and third line antihyperten-
sives include ACE-inhibitors, or Ca-channel blockers when {3-blockers are contraindicated
(asthma).

Antithyroid drugs are started at the time of the diagnosis and should be continued for
at least 2-3 years with longer treatment suggested in children than adults. Of historical
significance, PTU is the most active drug which inhibits both TPO iodination of the tyrosine
residues of TG and blocks the conversion of thyroxine to triiodothyronine by inhibition
of 5'deiodininase. MMI inhibits TPO only, and has a more favorable side effect profile
since it is not associated with drug-associated hepatitis or the production of cytoplasmic
antineutrophil antibodies [67]. Both PTU and MMI can cause agranulocytosis. Patients
should have their baseline absolute neutrophil counts (ANC) and regular ANC counts
checked with they have signs and symptoms such as fever, and acute infection. PTU
is currently not recommended for pediatric use due to severe liver toxicity. Side effects
include rash, jaundice, arthralgia, gastrointestinal problems and are dose-dependent.

The dose of MMI starts at 0.5-1 mg/kg/day up to 40 mg daily in divided doses and
varies with the clinical and chemical response. Usually, after 2-3 weeks of initial treatment
dose, the biochemical response (total T3, freeT4) should be repeated with the dose decreased
by 30-50% when euthyroid function is achieved. Clinical response (normalization of vital
signs, weight gain, growth velocity, and musculoskeletal activity) is usually achieved after
3 months of continuous daily treatment. Further regular reevaluation of thyroid function is
recommended every 3-6 weeks to avoid hyper- and hypothyroidism [55,68].

Definitive therapy with total thyroidectomy or radioiodine ablation is recommended
if antithyroid medication is unable to achieve a euthyroid state (either due to poor com-
pliance or relapse after completing full course of antithyroid treatment) or there is an
absolute contraindication for medical therapy due to toxicity. Post-ablative or post-surgical
hypothyroidism is treated with levothyroxine [15,57].

Surgery is usually recommended for children younger than 5 years old and for those
with poor response to radioactive iodine therapy when the thyroid gland is more than 80 g.
Total or near-total thyroidectomy has better outcomes compared with subtotal thyroidec-
tomy which is associated with higher risks of relapse. Patients should be monitored for
acute hypocalcemia after the surgery which could be a complication of either intentional or
inadvertent parathyroid gland(s) removal or interruption of the blood flow to the glands.
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Hypocalcemia is the most frequent complication and occurs in 40% of thyroidectomies in
children, but this risk can be reduced by consulting a high-volume thyroid surgeon [57,69].

Radioactive iodine therapy is considered in children who do not respond to medication
or surgery. Use of 13! is recommended only in children > 5 years old due to higher risks of
thyroid cancer. The maximum irradiation dose is <10 mCi in children < 10 years old. The
dose of T is calculated per gland size in grams, which is estimated with imaging. A dose
of 150 uCi per gram is considered when the thyroid gland is less than 30 g and 200 uCi with
a higher weight up to 80 g. Higher irradiation doses lead to hypothyroidism in 95% after
3 months of the procedure with 5% retreatment needed if hyperthyroidism persists after
6 months. When gland size is more than 80 g, radioactive iodine is usually less effective
and surgery should be considered as a preferred option. Low dose radiation in children
younger than 20 years is associated with increased rates of thyroid neoplasms compared
with high dose radiation >150 uCi of 3'I per gram of thyroid tissue [70,71].

6. Goiter

Toxic multinodular goiter is the second most common cause of hyperthyroidism and
is associated with a mutation in the TSH receptor which leads to hyperfunctioning of
follicular cells. TSH receptor acts independent of TSH stimulation. Multinodular goiter
could also be a part of McCune-Albright syndrome due to activation of the G protein
receptor stimulatory alpha subunit that activates adenylyl cyclase. Hyperplasia of the
thyroid precedes the formation of nodules [72].

7. Thyroid Nodules

The prevalence of thyroid nodules among children (11-13%) is much less than in
adults. Every thyroid nodule should be assessed for thyroid cancer especially in children
and adolescents [59].

There are high-risk groups for thyroid nodules and/or thyroid cancer development
(Table 2) [59,73]. It is recommended that they be screened annually with a thyroid exam
(nodules and cervical lymphadenopathy) and sonogram if there are concerns on the exam.

Table 2. Disorders associated with thyroid nodule formation.

Disease Gene Mutation/Cause Thyroid Neoplasia
Goiter Iodine deficiency Thyroid nodules
. . Thyroid nodules peak
Hodgkin lymphoma, leukemia, Radiation 15-25 years after radiation
central nervous system tumors
exposure
Familial adenomatous polyposis ~ APC Papillary thyroid cancer

Multinodular goiter
Follicular adenomas

Carney complex type 1 PRKAR1A Differentiated thyroid cancer
(Papillary thyroid cancer and
Follicular thyroid cancer)

Multinodular goiter
Differentiated thyroid cancer
Poorly differentiated thyroid
carcinoma

DICER1 Syndrome DICER1

Multinodular goiter

PTEN hamartoma tumor PTEN Follicular adenomas

syndrome Differentiated thyroid cancer
Werner syndrome WRN Differentiated thyroid cancer
nonmedullary thyroid cancer NKX2-1 Differentiated thyroid cancer

APC-adenomatous polyposis coli; PRKAR1A-protein kinase cAMP-dependent type I regulatory subunit alpha;
DICERI1-dicer 1; PTEN-phosphatase and tensin homolog; WRN-Werner syndrome RecQ like helicase.
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Nodule evaluation (Figure 3) includes thyroid function assessment with TSH, FT4,
total T3 levels, and calcitonin levels for possible medullary thyroid cancer. Ultrasonography
features that are suspicious include: the presence of microcalcifications, irregular margins,
increased intranodular blood flow and hypoechogenicity, and presence of lymph nodes.
In children, the size of the nodule is less likely to be indicative of malignancy as in adults
who use a cutoff value of 1 cm, but the ultrasound characteristics are just as important. The
most important and necessary diagnostic tool is ultrasound-guided fine needle aspiration
(FNA) of the nodule which is recommended to be done independently of thyroid nodule
size among children [59].

[ TN 21 cm or suspicious on US ]

TSH low ' T TSH normal/high
X Hypofunctioning
[ Nuclear scyntigraphy ] { FNA under US guidance]
Hyperfunctioning Indeterminate/ |
{ suspicious \

[ Surgery ]// ‘ :
Inadequate/ 1
= nondiagnostic

growing\] N
abnormal FN/\X‘\\

Repeat USand )| repeat USin 6-12 months
FNA in 3—6 months Stable/Benign FNA

\ Growing/
\ Suspicious

Stable

\

[ RepeatFNA/surgery]

Repeat US every 1-2
years

Figure 3. Pathogenesis, diagnosis, and management of thyroid nodules in children (adapted from
Management Guidelines for Children with Thyroid Nodules and Differentiated Thyroid Cancer [74]).

FNA cytopathology findings are interpreted according to The Bethesda six-tier system
for reporting thyroid cytopathology, which is used for both children and adults according
to American Thyroid Association (ATA):

L Nondiagnostic or unsatisfactory (specimen with limited cellularity: fewer than
six follicular cell groups each containing 10-15 cells per group from at least two
separate aspirates; absence of follicular cells or poor fixation and preservation

IL. Benign

I atypia of undetermined significance (AUS) or follicular lesion of undetermined
significance (FLUS)

Iv. follicular /Hurthle neoplasm or suspicious for a follicular/Hurthle neoplasm

V. suspicious for malignancy

VL malignant [59]

According to the multicentral study by Canberk et al. [75], the distribution of cytopathology
findings among 405 FNA specimens were: 44 (11%) for nondiagnostic, 204 (50%) for
benign category, 40 (10%) for AUS/FLUS, 36 (9%) for follicular neoplasm /suspicious for a
follicular neoplasm, 24 (6%) for suspicious for malignancy and 57 (14%) for malignancy
categories. The actual risk of malignancy in nodules surgically excised among adults is
20% for nondiagnostic, 2.5% for benign category, 14% for AUS/FLUS, 25% for follicular
neoplasm/suspicious for a follicular neoplasm, 70% for suspicious for malignancy and 99%
for malignancy categories [76].
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Thyroid Cancer

Differentiated thyroid cancer (DTC) usually presents at late stage with complications
in children. Follicular thyroid cancers (FI'C) and papillary thyroid cancers (PTC) are rare,
and occur in 0.54 cases per 100,000 persons [77,78]. At diagnosis, 40-60% with PTC already
have lymph node metastases in the neck at diagnosis, however, the prognosis in children is
usually excellent due to its slow-growing nature and its response to radiation treatment.

There are several genetic alterations (Table 3) leading to activating of the mitogen-
activated protein kinase (MAPK) pathway, which is responsible for cell division. MAPK
pathway includes activating ret proto-oncogene /neurotrophic receptor tyrosine kinase 1
(RET/NTRKI1 tyrosine kinases), activating mutations of RAS type family, BRAF, and MET
proto-oncogenes.

Table 3. Gene mutations and associated thyroid cancer variants (adapted from Management Guide-
lines for Children with Thyroid Nodules and Differentiated Thyroid Cancer).

Gene Mutation Thyroid Cancer Associated

Cowden syndrome 1: hamartomas of mucosal surfaces, DTC,
PTEN . .

breast and endometrial carcinoma

Gardner syndrome: familial colorectal polyposis, other tumors
APC . .

including DTC
WRN Werner syndrome: premature aging, DTC, melanomas, sarcomas
TPO CH, thyroid nodules goiter, rarely DTC
RET Medullary carcinoma of the thyroid in MEN2a, MEN2b, isolated

familial medullary carcinoma of the thyroid

PTEN-phosphatase and tensin homolog; APC-adenomatous polyposis coli; WRN-Werner syndrome RecQ like
helicase; TPO-thyroid peroxidase; RET-ret proto-oncogene.

PTCs are responsible for 90% of childhood thyroid cancers and present as a solitary
nodule. Children with newly diagnosed PTC should undergo a sonogram of the thyroid
and cervical lymph nodes prior to total thyroidectomy (with or without neck dissection de-
pending on staging and preoperative imaging). Further imaging should also be considered
to assess for distant metastasis, usually to the lungs or bones. A high volume-neck surgeon
decreases the risk for post-operative complications [59].

FTCs are responsible for 5-10% of childhood cancers. FTC also can spread locally to
lymph nodes in the neck but are more likely to spread to distant organs compared to PTC.

Medullary thyroid carcinoma (MTC) arises from calcitonin-secreting cells, C cells,
or parafollicular cells. About 30% of MTC are part of the genetic syndrome multiple
endocrine neoplasia (MEN) type 2A (MEN2A) and 2B (MEN2B), which is a consequence of a
missense gain-of function autosomal-dominant mutation of RET oncogene on chromosome
10 (Tables 4 and 5) [59,79,80].

Familial MTC is diagnosed when two or more family members have MTC and usually
occurs in adults without MEN2A or 2B features, and is inherited in an autosomal dominant
fashion. Genetic testing for RET mutation is recommended.

Diagnosis of MTC is confirmed by elevated calcitonin level, which is at least doubled
from the upper limit of normal, and further genetic testing should be done. Patients diag-
nosed with hereditary MTC are screened for pheochromocytoma, hyperparathyroidism,
and for other manifestations. Patients are then stratified by the risk of thyroid malig-
nancy [79].

Postoperative monitoring of calcitonin for recurrent or persistent disease is recom-
mended every 3 months during the first year after the surgery with longer intervals
6-12 months later if undetectable [79]. The management of thyroid carcinomas is beyond
the scope of this review.
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Table 4. MEN2A and MEN2B clinical features and common mutations (adapted from Update on
Multiple Endocrine Neoplasia Type 2: Focus on Medullary Thyroid Carcinoma; Revised American
Thyroid Association Guidelines for the Management of Medullary Thyroid Carcinoma).

MEN Type RET Codon MTC Mucosal Neuromas Hyperparathyroidism  Pheochromocytoma

634
609
611
2A 618 + - +/— +/—
620
790
791
918

2B 883 * * - *

MEN-multiple endocrine neoplasia, RET-ret proto-oncogene.

Table 5. RET oncogene mutation and risk categorization.

RET . — Age of
Mutation Risk Monitoring Thyroidectomy

918 Highest n/a First year of life

C634 Hich Calcitonin level every 6 months
AB83 & started at the age of 1 year

G553C
C609
Ce11
C618
C620
C630
C631
K666E
E768D
L790F
V804L
V804M
S891A
R912P

RET-ret proto-oncogene.

By the age of 5 years

Calcitonin level every 6-12
Moderate months started at the age of 5
years

When found with
elevated calcitonin

8. Conclusions

In this review, we discussed the approach to the diagnosis and management of thyroid
diseases in children. We emphasized the importance of genetics in understanding the causes
of most congenital and acquired disorders, such as congenital hypothyroidism, thyroid
nodules, and thyroid cancers. Further investigation is needed for possible prevention and
early goal-directed therapy.
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