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Preface

Hypothyroidism is a long-recognized clinical condition. It is often of insidious onset,
with affected individuals feeling slow loss of energy, increasing need for sleep, and
progressive weight gain despite having a low appetite. It can affect individuals of all
ages, including newborns. There are special concerns for children with hypothyroidism,
as children with hypothyroidism will also cease growing in stature. Importantly,
thyroid hormone is essential for brain development in the first 2 years of life.

Because of its insidious onset and nonspecific symptoms, hypothyroidism may take
years to come to clinical attention. This has led to the development of screening
recommendations, and given the dire consequences to newborns with untreated
hypothyroidism, all newborns are screened for hypothyroidism at birth as part of
the newborn screening programs.

As we've learned more about thyroid hormone production and the pathophysiology of
the various forms of hypothyroidism, screening and treatment recommendations have
evolved. Synthetic defects, maldevelopment of the thyroid gland, pituitary disorders,
or resistance syndromes can cause hypothyroidism in newborns. Given the diverse
etiologies, screening recommendations have centered on measuring thyroid hormone
rather than screening for root causes. Outside the newborn period, hypothyroidism

is overwhelmingly the result of an autoimmune disorder. Since autoimmunity falls in
clusters, individuals with related autoimmune disorders (i.e. type 1 diabetes mellitus)
are routinely screened for hypothyroidism. The propensity to develop autoimmune
disorders is hereditary, so individuals with a family history placing them at risk are
also often routinely screened. Antibodies to the thyroid gland will often precede frank
hypothyroidism, so individuals with positive thyroid antibodies are usually routinely
screened.

As thyroid hormone has long been available in synthetic form, levothyroxine has
become the mainstay for the treatment of hypothyroidism. Some individuals with
impaired conversion to the more potent form, T3, may receive combined therapy with
both agents. Thyroid hormones have a very long half-life, so daily oral dosing is suf-
ficient to maintain blood levels similar to those achieved by the steady production of
thyroid hormones by the thyroid gland itself. Synthetic thyroid hormone is chemically
identical to endogenously produced thyroid hormone, so there are no idiosyncratic
reactions to therapy. Adequate monitoring of therapy can achieved with annual blood
tests in most adults.

While treatment with synthetic thyroid hormone can adequately replace thyroid
hormone in individuals with hypothyroidism, the treatment does not address any
of the root causes of hypothyroidism, and the medication must, therefore, be taken
lifelong. With an improved understanding of the pathophysiology of various causes
of hypothyroidism, in particular autoimmune disease, there are now efforts to block



the immune response to the thyroid gland and restore normal thyroid function. As
more specific immune modulator therapies become available, this treatment strategy
holds promise for curing autoimmune thyroid disease.

This manuscript provides a comprehensive review of our current knowledge base
regarding hypothyroidism. Screening recommendations and treatment strategies
are discussed in detail. There is a thorough review of the pathophysiology of the
various forms of hypothyroidism and a discussion about new treatment strategies in
development to prevent or cure hypothyroidism.

Robert Gensure, M.D./Ph.D.
Dartmouth Health Childre,
Lebanon, NH, USA
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Chapter1

Causes and Management of
Hypothyroidism

Sawsan A. Omer and Mohab Elmubarak

Abstract

Hypothyroidism is common. It could be due to a primary disorder within the thyroid
gland or secondary to pituitary or hypothalamic disease. The clinical presentation of
hypothyroidism depends on the duration and severity of the disease. Since thyroid
hormones affect the metabolism and function of virtually all nucleated cells, it has
diverse clinical manifestations. The most important diagnostic test is the thyroid
function test (TFT). Screening for thyroid function is recommended for neonates and
elderly patients. Replacement therapy with levothyroxine is indicated. Sickle cell anemia
(SCA) is an inherited hemoglobinopathy that frequently causes hypothyroidism. One
study conducted among patients with SCA who have high serum ferritin levels assessed
the association between gonadal and thyroid hormones with iron indices; it was found
that there was a significant relation between serum ferritin level and free T3 and free T4.
This was probably due to endocrine dysfunction secondary to high ferritin levels and
iron overload.

Keywords: hypothyroidism, causes, clinical features, screening, management, sickle
cell anemia, endocrine, thyroid hormones

1. Introduction

Hypothyroidism is one of the commonest endocrine disorders following obesity
and diabetes mellitus [1]. The prevalence of thyroid disorders in mountain areas like
the Himalayas where iodine deficiency is common exceeds 10%, and 4% of females
aged 20-50 years in the UK have thyroid disorder [2]. The metabolism of almost all
tissues is virtually controlled by thyroid hormones [1]. Endocrine disorders present
in many different ways with nonspecific symptoms or with asymptomatic biochemi-
cal abnormalities. For example, thyroid disorders, which are common occurring in
5% of population and mainly affect females, has diverse clinical manifestations [2].
Hypothyroidism is commonly due to primary disorder within the thyroid gland itself
but could be secondary to pituitary disease. Primary hypothyroidism is one of the
commonest endocrine disorders, with a prevalence of over 2% in women in the UK
but less than 0.1% in men, and lifetime prevalence increases with age, with 9% for
women and 1% for men around 60 years. The prevalence of subclinical hypothyroid-
ism varies from 1 to 10% worldwide [2]. Patients with sickle cell anemia with chronic
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anemia and frequent blood transfusion will have iron overload and other factors like
vaso-occlusive occlusion, infraction, or hypoxia associated with chronic anemia, and
this could be responsible for endocrine dysfunction in such patients. Thyroid disor-
ders were frequently reported in patients with sickle cell anemia. So, these patients
need frequent screening for serum ferritin level and hormonal assays including
thyroid hormones [3].

Since hypothyroidism is a common condition and may present with nonspecific
symptoms with different varieties of causes and clinical presentation, in this chapter,
elaboration of causes, clinical presentation, screening, diagnosis, and therapeutic
approach for hypothyroidism will be discussed in addition to the relation between
sickle cell anemia and endocrine disorders including thyroid disorders.

2. Anatomy

The thyroid gland lies in the anterior part of the neck; it consists of two lobes
connected by an isthmus. It is closely attached to the thyroid cartilage and to the
upper end of the trachea and hence moves with swallowing. It has rich blood supply
from superior and inferior thyroid arteries. Histologically, the thyroid gland consists
of follicles surrounded by basement membrane. Each follicle is lined by cuboidal
epithelioid cells that contain the colloid (the iodinated glycoprotein thyroglobulin),
which is synthesized by the follicular cells [1]. Between the follicles lie the parafol-
licular cells that secrete calcitonin, which has no apparent physiological effect on the
human body [2].

3. Physiology
3.1 Synthesis

The thyroid synthesizes two hormones: triiodothyronine (T3), which acts at the
cellular level, and L-thyroxine (T4), which is the prohormone. T4 is produced more
than T3, but in some peripheral tissues like liver, kidney, and muscles, it is converted
to the more active T3 [1]. The follicular epithelial cells synthesize thyroid hormones
by incorporating iodine into the amino acid tyrosine on the surface of thyroglobulin, a
protein secreted into the colloid of the follicle. Iodide is essential for thyroid hormone
synthesis, and the daily requirement should be around 100 pg/day to maintain normal
thyroid function [2]. In plasma, more than 99% of T3 and T4 is bound to thyroxine-
binding globulin (TBG), thyroid-binding prealbumin (TBPA), and albumin. The free
T3 and T4 hormones diffuse in tissues and exert different metabolic effects in tis-
sues, so in assessment of thyroid function, free T3 and T4 levels should be measured
because they are not affected by changes of binding proteins levels in the plasma. For
example, if TBG is increased by estrogen (in contraceptive pills), this will lead to a
false increase in total T3 and T4 levels. The secretion of thyroid hormones by the thy-
roid gland is a continuous process. T4 has a half-life of 7-10 days, while T3’ half-life is
6-10 hours, with little variation in level all the time. The secretion of thyroid hor-
mones is controlled by the hypothalamic-pituitary-thyroid axis (shown in Figure 1),
where thyrotropin-releasing hormone (TRH), a peptide hormone produced by the
hypothalamus, stimulates the anterior pituitary gland to secrete thyroid-stimulating
hormone (TSH). TSH stimulates the growth and activity of thyroid follicular cells
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Figure 1.
The hypothalamic-pituitary-thyroid axis.

via G-protein coupled with TSH membrane receptors, and the secreted T3 and T4
hormones are released in the circulation, and they exert negative feedback on the
pituitary and hypothalamus. In primary hypothyroidism, low levels of T3 and T4 will
stimulate the secretion of TSH, and its level will be elevated [1, 2].
3.2 Effects of thyroxine

The effects of thyroxine include the following [1, 2]:

* Increases the heart rate and cardiac output.

* Increases bone turnover and resorption.

* Maintains normal hypoxic and hypercapnic drive in the respiratory center.

* Increases gut motility.

* Increases oxygen release to tissues by increasing 2,3-biphospoglycerate
(2,3-BPG).



Hypothyroidism — Causes, Screening and Therapeutic Approaches

* Increases speed of muscle contraction and relaxation and muscle protein

turnover.

* Increases hepatic gluconeogenesis/glycolysis and intestinal glucose absorption.

* Increases lipolysis and cholesterol synthesis and degradation.

* Increases catecholamine activity.

* Decreases cardiac a-adrenergic receptors.

4. Causes of hypothyroidism

Hypothyroidism results from an insufficient production or action of thyroid hor-
mones that leads to decreased metabolism in almost all tissues [4]. The causes could

be as follows (shown in Table 1).

4.1 Primary hypothyroidism

It is due to a disease process in the thyroid gland leading to a loss of negative
feedback mechanism and subsequent elevation in the thyroid-stimulating hormone
from the anterior pituitary gland [1]. Primary hypothyroidism is the most common
form and can be subdivided into neonatal or acquired hypothyroidism [4].

Causes of hypothyroidism

Primary causes Neonatal

Thyroid gland aplasia hypoplasia or failure to descend

Inability to synthesize hormones

Peripheral resistance to thyroid hormone action

Anti-thyroid drugs or iodine during pregnancy

Acquired

Hashimoto’s disease

Iodine deficiency

Treatment of hyperthyroidism (radioactive iodine, subtotal
thyroidectomy, etc.)

Drugs like amiodarone or lithium carbonate or antithyroid

Subacute thyroiditis

Secondary Anterior pituitary gland
causes disease

Pituitary adenoma

Surgery for pituitary tumors

Postpartum pituitary necrosis (Sheehan syndrome)

After head/neck injury

Infiltration of the pituitary by amyloidosis or sarcoidosis

Tertiary causes TRH deficiency

Hypothalamic lesions

Table1.
Causes of hypothyroidism.
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4.1.1 Neonatal hypothyroidism

It results from thyroid gland aplasia, hypoplasia, or failure to descend during
embryonic development or from the inability of the thyroid gland to synthesize
hormones as a result of inherited defects. Peripheral resistance to thyroid hormone
action could be a very rare cause of neonatal hypothyroidism. The use of anti-thyroid
drugs or iodine during pregnancy may result in neonatal hypothyroidism. Endemic
cretinism may occur in areas where there is iodine deficiency [4].

4.1.2 Acquired hypothyroidism

Chronic autoimmune thyroiditis (Hashimoto’s disease) is the most common cause
of acquired hypothyroidism. Other causes include iodine deficiency in endemic areas,
treatment of hyperthyroidism with radioactive iodine, subtotal thyroidectomy for
nodular goiter, excessive intake of iodides in radiocontrast dyes, or drugs like amio-
darone or lithium carbonate or anti-thyroid. Subacute thyroiditis may rarely cause
hypothyroidism [2, 4].

4.2 Secondary hypothyroidism

There is an inappropriate low level of TSH due to anterior pituitary gland disease,
leading to low circulating levels of T3 and T4 [1]. This may be caused by hypopituita-
rism due to pituitary adenoma, surgery for pituitary tumors, postpartum pituitary
necrosis (Sheehan syndrome), or after head/neck injury. It can also be caused by
infiltration of the pituitary glands by amyloidosis or sarcoidosis [2, 4].

4.3 Tertiary hypothyroidism
This occurs due to decreased level of TRH because of hypothalamic lesions [4].
4.4 Hashimoto’s thyroiditis

It is also known as autoimmune thyroiditis and is the most common cause of
hypothyroidism and goiter in children and young adults in areas with no iodine
deficiency. There is a rare variant of chronic thyroiditis know as Riedel thyroiditis,
which causes fibrous destruction of the thyroid cells, causing a firm mass in the
thyroid with retrosternal extension extending outside the gland. It may be confused
with thyroid cancer.

4.4.1 Pathogenesis of Hashimoto’s thyroiditis

It is an autoimmune disorder causing lymphocytic destruction of the thyroid tissues
with increased titers of thyroid peroxidase antibodies in the plasma with increased
thyroglobulin antibodies and TSH receptor antibodies. The female-to-male ratio preva-
lence of Hashimoto’s thyroiditis is 4:1, respectively. It may be associated with autoim-
mune polyglandular diseases like Addison’s disease, diabetes mellitus type 1, and so on.
The common clinical presentation of Hashimoto’s thyroiditis is diffused painless goiter.
Patients are usually euthyroid or have only mild hypothyroidism but may suffer from
severe hypothyroidism in case of severe destruction of the thyroid gland.
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5. Clinical features of hypothyroidism

Prevalence of hypothyroidism is around 5%, and females are affected approxi-
mately six times more frequently than males [2].

The clinical presentation of hypothyroidism depends on the duration and sever-
ity of the disease. Patients who have developed complete thyroid failure insidiously
may present with many of the clinical features of hypothyroidism that are men-
tioned below. Prolonged hypothyroidism results in the infiltration of many body
tissues by the mucopolysaccharides hyaluronic acid, and chondroitin sulphate,
resulting in many clinical features like a low-pitched voice, poor hearing, slurred
speech due to a large tongue (macroglossia), and compression of the median nerve
at the wrist (carpal tunnel syndrome). Infiltration of the dermis gives rise to non-
pitting edema (myxedema), which is most marked in the skin of the hands, feet,

and eyelids [2].

5.1 Neonatal hypothyroidism

It is manifested as poor feeding, respiratory difficulty, cyanosis, jaundice, hypoto-
nia, muscle weakness, umbilical hernia, and growth retardation [4]. In the Pendred
syndrome, neonates have goiter, deafness, and mental retardation. In infants, muscle
involvement may result in the Kocher-Debré-Sémélaigne syndrome or “infant
Hercules” [5].

5.2 Hypothyroidism in children

Clinical features include growth and mental retardation, a puffy face and hands,
retardation in bone maturation, and neurological signs of pyramidal and extrapyra-
midal tract abnormalities [4].

5.3 Hypothyroidism in adults

The common symptoms include chronic fatigue, inability to concentrate, coldness,
weight gain, constipation, and menstrual irregularities. In addition to periorbital
swelling, swollen hands and feet (non-pitting oedema), a hoarse voice, and a thick-
ening of the tongue, patients may complain of paraesthesia, muscle cramps, and
muscle weakness [4] as well as hypothermia, bradycardia, dry skin with yellow tone
(carotenemia), and deafness. Features of other autoimmune endocrinopathies may
also be found [5, 6]. The best single clinical indicator for hypothyroidism is delayed
relaxation of ankle jerk (Woltman’s sign), and patients may have goiter. In adults, the
presence of painful myopathy and myotonia with myxedema is known as Hoffmann
syndrome [5].

Severe form of hypothyroidism leads to myxedema coma, which is associated with
decreased level of consciousness, profound hypothermia, hypoventilation, hypoten-
sion, striking bradycardia, and pleural and pericardial effusions [6].

5.4 Differential diagnosis

Differential diagnosis of hypothyroidism includes the following conditions:
(Table 2) [2, 6].
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Clinical features of hypothyroidism

Neonates

Poor feeding

Respiratory difficulty

Cyanosis

Jaundice

Hypotonia

Muscle weakness

Umbilical hernia

Growth retardation

Children

Growth and mental retardation

Retardation in bone maturation

Puffy hands

Neurological signs of pyramidal and extrapyramidal abnormalities

Adults

Chronic fatigue

Slurred speech

Inability to concentrate

Cold intolerance

Weight gain

Constipation

Menstrual irregularities

Periorbital swelling

Non-pitting oedema (Myxedema)

Carpal tunnel syndrome

Paraesthesia

Muscle cramps

Muscle weakness

Hypothermia

Bradycardia

Dry skin with yellow tone

Deafness

Delayed relaxation of ankle jerk

Features of other autoimmune endocrinopathy

Table 2.

Clinical features of hypothyroidism.

¢ Chronic fatigue syndrome

* Congestive heart failure

* Primary amyloidosis
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* Depression
* Exposure hypothermia

¢ Parkinson’ disease.

6. Diagnosis of hypothyroidism

Anemia may be microcytic or macrocytic due to impaired hemoglobin synthesis
or impaired intestinal absorption of iron, folic acid, or due to pernicious anemia (in
association with other polyglandular autoimmune disease) [4]. Hyponatremia and
hyperprolactinemia with elevated serum cholesterol and creatinine kinase levels may
be detected [5].

The most important diagnostic test is thyroid function test (TFT). TSH and free
T4 and free T3 are measured by immunoassay technique at any time since there is no
circadian rhythm for thyroid hormone secretion. In primary hypothyroidism, there is
an elevated serum TSH level (>10 mIU/L) with low free T4; serum triiodothyronine
(T3) concentrations are a poor indicator of hypo-thyroid state [5]. In secondary hypo-
thyroidism, free T4 will be low, and TSH is also low normal or subnormal. Thyroid
autoantibodies (peroxidase antibodies) will be found in autoimmune thyroiditis. MRI
brain for the pituitary gland is needed if secondary hypothyroidism is suspected [4].
Isolated elevation of TSH may be detected in cases of mild (subclinical) hypothyroid-
ism and use of some medications like amiodarone and lithium [5].

In severe hypothyroidism, ECG changes in form of bradycardia, with low voltage
complex and ST segment and T-wave abnormalities, are found [2].

In severely ill patients, there is low total and free T4 and T3 serum levels with a
normal or low normal TSH level (sick euthyroid’ syndrome); this change is probably
mediated by interleukins IL-1 and IL-6. TFT should be repeated after the patient
illness is resolved to exclude hypothyroidism [1].

The occurrence of hypothyroidism with autoimmune alopecia and transient
acantholytic dermatosis is known as Grover’s disease [5].

7. Screening for hypothyroidism

Increased threshold for suspicion of hypothyroidism is the best screening test
for hypothyroidism; however, elderly people especially female should be screened
after the age of 50 years. The mean average age at diagnosis was 58-59 years, and the
probability of developing hypothyroidism increased steadily with age. Screening for
congenital hypothyroidism is essential since it is relatively common (1:4000 births);
blood sample from heel prick is taken for TSH assessment. Serious results may occur
from delay in diagnosis of congenital hypothyroidism such as brain damage with
mental and physical retardation [7].

Screening of inpatient for hypothyroidism is ineffective because the nonspecific
effect of acute illness on thyroid function test corrected itself after recovery [7].

7.1 Screening in special groups

Hypothyroidism occurs after all types of treatment for hyperthyroidism, for
example, iodine therapy or thyroidectomy, so such patients need annual checkup for
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Indications for screening for hypothyroidism

Elderly patients

For congenital hypothyroidism

Following treatment of hyperthyroidism

Neck irradiation

Pituitary surgery or irradiation

Patients on medications like lithium or amiodarone

Females with type 1 diabetes

Female over 40 with nonspecific complaints

Unexplained infertility

Patients with post-partum thyroiditis

Thyroiditis

Bipolar disorder with frequent cycling

Autoimmune Addison’s disease

Turner’s syndrome and Down’s syndrome

Patients with dementia

Patients with sickle cell anemia

Patients with breast cancer

‘Screening is not indicated for ill patients.

Table 3.
Indications for screening for hypothyroidism.

thyroid function. Patients taking lithium or amiodarone are at risk for both hypothy-
roidism and hyperthyroidism and need regular monitoring of thyroid function as well
as female patients with type 1 diabetes mellitus or unexplained infertility. Also, women
who have had postpartum thyroiditis should be screened annually for thyroid function
since 25% of these women will develop overt hypothyroidism within the next 5 years.
Patients with Turner’s and Down’s syndromes have a high prevalence of hypothyroid-
ism than the general population and should be screened. Patients with bipolar affec-
tive disorder with recurrent cycling of refractory depression should be screened for
hypothyroidism. Patients with dementia may be worth screening for thyroid function.
It is uncertain whether patients with breast cancer may benefit from screening for
hypothyroidism or not, because there is uncertain association between breast cancer
and autoimmune (Hashimoto’s) thyroiditis, with a threefold increase in the prevalence
of thyroid antibodies [7]. Patients with sickle cell anemia need testing for thyroid
function because SCA results in sickling of erythrocytes that cause micro-vascular
obstruction leading to acute complications and chronic organ damage, and endocrine
glands are commonly affected. Thyroid disorders were frequently reported in patients
with SCA [3]. Indications for screening for hypothyroidism are shown in Table 3 [3, 7].

8. Treatment of hypothyroidism

Treatment for hypothyroidism is thyroid hormone replacement therapy for life,
with levothyroxine starting with a low dose of 50 pg once per day for 3 weeks and
increasing gradually until patients become euthyroid with a maintenance dose of

11
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100-150 pg per day; it should be taken on empty stomach. In younger patients, levothy-
roxine can be started in a dose of 100 pg for rapid response and normalization of TFT
[2, 5, 6]. Dose adjustment should be done every 3 weeks depending on clinical response
and suppression of the elevated TSH level [5]. Response to treatment occurs within

2-3 weeks. Reduction in weight and periorbital puffiness occurs quickly, but resolution
of effusions and restoration of hair and skin texture may take 3—-6 months [2]. If there
is no response to thyroxine therapy, patient compliance should be assessed; alternative
diagnosis should be ruled out underlying psychiatric disorder, presence of pernicious
anemia, or association with other endocrine disorders such as Addison’ disease. In
pregnant ladies who are known to have hypothyroidism, the dose of levothyroxine
should be increased to up ~50% in the first half of pregnancy because inadequate treat-
ment of hypothyroidism during pregnancy may result in impaired cognitive develop-
ment in the fetus. Elderly patients or patients with ischemic heart disease should be
started with low dose thyroxine (25 ug) to avoid development of angina [2, 5].

9. Myxedema coma

This is a very rare presentation of severe hypothyroidism and is a medical emer-
gency where there is decreased level of consciousness usually in an elderly patient
with severe hypothyroidism and myxedema. It is also associated with hypothermia
(body temperature may be 25°C), and convulsions are not uncommon. Mortality
rate is very high and may reach up to 50%. Early recognition is essential for proper
treatment. Suspected cases should be treated before laboratory confirmation of
diagnosis [2]. Rewarming of the patient is essential as the first measure of treatment.
Intravenous levothyroxine is given, and intravenous hydrocortisone may be added if
adrenal insufficiency is suspected [6].

Liothyroine in a dose of 20 pg is given, then injections of 20 pg three times daily
until the patient improves clinically. The body temperature rises in the first 24 hours,
and after 2-3 days, the patient can be shifted to a dose of 50 pg levothyroxine once
per day. If the patient is not known to have primary hypothyroidism, thyroid failure
should be suspected to be secondary to pituitary or hypothalamic disease, and treat-
ment with intramuscular hydrocortisone in form of 100 mg three times a day until the
biochemical results of TFT and cortisol is obtained [2].

10. Subclinical hypothyroidism

In this condition, serum TSH is elevated with low normal serum levels of T3 and
T4. This may persist for many years, and there is risk for conversion to overt hypothy-
roidism especially if thyroid antibodies are present or if TSH is above 10 mIU/L. Such
patients should be treated with levothyroxine. Patients with nonspecific symptoms and
with laboratory findings of subclinical hypothyroidism should be treated with levothy-
roxine, and the dose should be sufficient to make TSH serum level within normal [2].

11. Sickle cell anemia and hypothyroidism

Sickle cell anemia is an inherited hemoglobinopathy resulting in sickling of eryth-
rocytes that cause micro-vascular obstruction, leading to acute complications and
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chronic organ damage. Adults with SCA have endocrine complications and metabolic
alterations. A study was conducted among patients with SCA who have high serum
ferritin level to assess the association between gonadal and thyroid hormones with
iron indices. It was found that there was a significant relation between serum ferritin
level in patients with sickle cell who have high serum ferritin level and the following:
serum iron, TIBC, serum testosterone, LH, prolactin, free T3, and free T4. This was
most likely due to endocrine dysfunction secondary to high ferritin level and iron
overload. The explanation of endocrine dysfunction is due to vaso-occlusion second-
ary to polymerization of red blood cells, leading to microcirculation and endocrine
organ damage. In addition, the damage to endocrine system in SCA could be indi-
rect via anemia, tissue hypoxia, and iron overload. Endocrine system dysfunction
was reported as the most common and earliest complication of sickle cell disease.
Thyroid disorders were frequently reported in patients with SCA. So, such patients
need regular clinical monitoring with frequent checkup for serum ferritin level and
hormonal assays, including test for thyroid hormones [3]. However further studies
are recommended to detect if the severity of sickle cell disease affects hormonal levels
in these patients.

12. Conclusions

In conclusion, hypothyroidism is a common condition and has a variety of causes
and needs high clinical suspicion for diagnosis and screening because it has diverse
clinical manifestations. Screening for neonates, elderly, and special groups of popula-
tion (patients who have had treatment of hyperthyroidism or neck irradiation, etc.)
is recommended. TFT is the diagnostic test for hypothyroidism, and the definitive
treatment is hormone replacements for life. Patients with SCA need frequent checkup
for hypothyroidism as it is one of the most frequent complications of SCA.
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Abstract

The thyroid plays an essential role in the homeostasis of the human body. Its
hormones, thyroxine (T4) and triiodothyronine (T3), affect nearly every cell by
regulating basal metabolism, protein synthesis, and growth and development.
Hypothyroidism is a result of thyroid hypofunction. It can be described as a pri-
mary or central disorder. Primary disorders are dysfunctions of the thyroid gland
itself, whereas central disorders occur due to disruptions in the HPT axis. Primary
hypothyroidism has a higher incidence compared to central. It is predicted that 4.6%
of Americans have hypothyroidism without knowing. Therefore, it is integral for
healthcare providers to recognize and treat hypothyroidism to prevent morbidity.
Clinical manifestations are nonspecific but play a role in determining the diagnosis,
severity, and treatment strategies. Diagnosis is made with TSH and serum free
T4 levels. Through adequate treatment, patients can achieve symptom resolution and
euthyroidism. This chapter describes the epidemiology, etiology, pathophysiology,
clinical manifestations, and treatments of hypothyroidism.

Keywords: hypothyroidism, thyroid, HPT axis, hypothalamic-pituitary-thyroid
axis, TSH, thyroid stimulating hormone, T3, T4, thyroxine, triiodothyronine, thyroid
disorders

1. Introduction

The thyroid plays an essential role in maintaining homeostasis of the body. Its
function is regulated by the hypothalamic-pituitary-thyroid (HPT) axis and the
associated feedback loops. The hypothalamus synthesizes and secretes thyrotropin-
releasing hormone (TRH) which activates the release of thyroid-stimulating
hormone (TSH) by pituitary thyrotrophs. TSH binds to the receptor on the thyroid
gland and stimulates the synthesis and secretion of thyroid hormones (TH). The
thyroid is composed of two main endocrine cell types, follicular cells and parafol-
licular C-cells. C-cells produce calcitonin which couples with parathyroid hormone
to maintain serum calcium. However, this will not be discussed further as it is
beyond the scope of this review of hypothyroidism [1]. The follicular cells are
responsible for producing both inactive thyroxine (T4) and active triiodothyronine
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(T3) with a circulating T4:T3 ratio of 13:1-16:1 [2]. Serum TSH levels are determined
by TRH stimulation, negative feedback with T3, temperature, and diurnal pulse
secretion. About 80% of T3 is generated in peripheral tissues via conversion of T4
by deiodinase enzymes, and it is considered the active hormone due to its ten-fold
greater affinity for thyroid hormone receptors compared to T4 [3]. TH influences
almost every cell in the body to regulate basal metabolism, protein synthesis, as well
as growth and development [4].

Thyroid dysfunction is categorized as primary or central. Primary disorders result
from dysfunction of the thyroid gland itself, whereas central disease states occur due
to disruption of the hypothalamic-pituitary-thyroid axis [3]. Alternatively, thyroid
disorders may be classified as physiologic, anatomical, and mixed.

According to the American Thyroid Association (ATA), it is estimated that
20 million Americans have a thyroid disorder with almost 60% being unaware of
the presence. The ATA estimates that 1 in 8 women are likely to manifest a thyroid
disease during their lifetime. Epidemiology estimates predict women are 5-8 times
more prone than men to present with a thyroid disorder. Therefore, it is important
for primary healthcare providers to be familiar with common thyroid disorders for
early recognition and treatment options to prevent further morbidity associated with
thyroid dysfunction.

Screening recommendations for thyroid dysfunction in asymptomatic adults
vary wildly [5]. The American Academy of Family Physicians (AAFP) recommends
screening subjects >60 years of age. Alternatively, the ATA recommends screening
both women and men >35 years of age every 5 years. The American Association of
Clinical Endocrinologists (AACE) recommends screening older patients without a
specific age guideline, especially women. Lastly, the American College of Physicians
(ACP) recommends screening in women >50 years of age with symptoms suggestive
of thyroid disease [6]. Additionally, several organizations suggest assessment of thy-
roid function in pregnant women [7]. Utilizing any of the screening guidelines may
be appropriate with good clinical judgment based on history, especially the presence
of thyroid disorder in a family member, and a physical examination. Screening should
be initiated in the presence of other manifestations including dyslipidemia, dementia,
mental status changes, menstrual irregularities, atrial fibrillation, etc.

This review describes the epidemiology, etiology, pathophysiology, and clinical
manifestations of hypothyroidism.

2. Epidemiology/etiology

Hypothyroidism is defined as high serum TSH in the presence of low serum-free
T4. Hypothyroidism’s prevalence varies between 0.1% and 2.0%. However, it’s pre-
dicted around 4.6% of people in the United States have hypothyroidism without them
knowing [8]. Women are up to 8-times more likely to have hypothyroidism compared
to men. Other risk factors include personal or family history of autoimmune diseases,
increased age, anti-thyroid peroxidase antibodies (TPOAD), genetic diseases like
Down Syndrome or Turner Syndrome, and Caucasian and Asian ethnicities [8-13].
The main cause of hypothyroidism in iodine-sufficient areas is Hashimoto’s thyroid-
itis, a chronic autoimmune disorder characterized by the formation of autoantibodies
against the thyroid, leading to its destruction [14]. Other causes include excessive
treatment of hyperthyroidism, the presence of a goiter, iodine deficiency or excess,
and certain medications [15].
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3. Clinical manifestations

Symptoms of hypothyroidism are nonspecific but can play a role in determining
the diagnosis, severity, and treatment strategies of hypothyroidism [15]. See Table 1
for clinical signs and symptoms.

4. Diagnosis

TSH levels must be drawn to make the clinical diagnosis since symptoms are nonspe-
cific. High serum TSH above the upper limit of normal (ULN) with low serum T4 levels
are seen in patients with hypothyroidism. The ULN depends on the laboratory but is
commonly referenced as 4-5 miU/L. If a patient has hypothyroid symptoms, but normal

TSH levels and low serum free T4 levels even after repeat, it may be due to central
hypothyroidism [6]. TPOAD and thyroglobulin antibodies (TgAb) are positive in most
patients with hypothyroidism due to Hashimoto’s thyroiditis [6]. TPOADb is not routinely
measured to determine the diagnosis, however, situations that may be helpful to mea-
sure TPOAD include patients with a goiter in the absence of hypothyroidism, subclinical
hypothyroidism, painless thyroiditis, or postpartum thyroiditis, as is discussed below.
This can help predict the chance of progressing to overt hypothyroidism [6].

Organ system Hypothyroidism Hyperthyroidism
Constitutional Fatigue, weight gain, cold intolerance Heat intolerance, weight loss, goiter,
fatigue
Skin Dry or coarse skin, hair loss Sweating, warm skin, onycholysis,
softening of nails, hyperpigmentation,
pruritis, thinning of hair
Neuromuscular Muscle weakness, cramps, arthralgia, Tremor, weakness
increased creatine kinase
Cardiovascular Decreased cardiac output, bradycardia, Palpitations, tachycardia, systolic
decreased contractility, decreased exercise hypertension, cardiomyopathy, atrial
capacity fibrillation, mitral valve prolapse
Gastrointestinal Decreased gut motility, constipation, Anorexia, vomiting, hyperdefecation,
decreased taste sensation, gastric atrophy, dysphagia due to goiter, increased liver
nonalcoholic fatty liver disease, ascites function tests, abdominal tenderness
(rare)
Metabolic Hyponatremia, reversible serum creatin Osteoporosis, hyperglycemia, reduced
increases, hyperlipidemia HDL, gynecomastia in men
Hematologic Pernicious anemia Normochromic, normocytic anemia,
increased clotting factors
Genitourinary Menstrual irregularities, oligomenorrhea, Urinary frequency, amenorrhea,
amenorrhea, hypermenorrhea- reduced libido, decreased fertility
menorrhagia, sexual dysfunction,
decreased fertility
Neuropsychiatric Slowed mentation, poor concentration, Agitation, depression, anxiety,
mood impairment confusion, poor concentration,
nervousness, disturbed sleep
Table 1.

Signs and symptoms of hypo- and hyperthyroidism [16-19].
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5. Management

The goals of treatment are symptoms resolution and to achieve euthyroidism.
First line treatment for hypothyroidism is synthetic T4, levothyroxine. Most patients
can meet their goals with T4 monotherapy. This results in fewer cardiovascular side
effects compared to T3 and T4 therapy combined. Levothyroxine’s normal starting
dose is 1.6 mcg/kg per day for adults. However, patients >60 years old or patients with
coronary artery disease should be initiated at a lower dose of 12.5-25 mcg/day [20].
Additional situations that would call for lower doses are weight loss >10% of body
weight and initiation of androgen therapy [20]. Alternatively, patients being treated
with estrogen therapy or who are pregnant will require higher doses than usual
patients. Patients with celiac or Crohn’s disease or a history of bariatric surgery may
require higher doses as well due to decreased absorption [9].

Appropriate administration of thyroid hormone is important in achieving
appropriate therapeutic levels. Levothyroxine should be taken on an empty stomach
30-60 minutes before breakfast around the same time each day. It is recommended to
avoid changing between generic or brand name equivalents for levothyroxine due to
variations in formulations in terms of potency and bioavailability.

Medications that can decrease levothyroxine absorption should be separated by
4 hours before or after administration [21]. Table 2 lists common medications that
can impact levothyroxine levels [21, 22]. If administration habits are changed or a
medication is added or discontinued, evaluating TSH levels and adjusting doses is
necessary. Encouraging patients to let their providers know if medications have been
added, stopped, or doses adjusted will also allow for better disease state management.

Most patients taking levothyroxine tolerate it without adverse effects [20]. Headache,
palpitations, and anxiety are common side effects, but they may be mitigated by starting
at alower dose and titrating slowly. Some major adverse effects that can occur with
overcorrecting thyroid levels include atrial fibrillation and osteoporosis. In patients with
dye hypersensitivity, the 50 mcg tablets can be used to avoid allergic reactions [20].

The idea of using combination therapy with both T4 and T3 is to mimic the normal
13:1-16:1 ratio in physiologic circulation [20]. The combination may be beneficial in
patients in whom conversion of T4 to T3 in peripheral tissues is inhibited secondary
to chronic illness, diets, or drugs. However, combination therapy is not currently
recommended by either the ATA or AACE guidelines for most patients. There is
a lack of evidence supporting the superiority of combination therapy compared
to T4 monotherapy, even in patients who are still symptomatic on levothyroxine
therapy [16, 20]. Certain situations may be appropriate to trial combination therapy,
but patients should be closely monitored to avoid inducing hyperthyroidism. This
includes patients on T4 monotherapy who are still symptomatic after a thyroidectomy
or ablative therapy with radioiodine or have a serum T?3 level that is subnormal.
Combination therapy is better avoided in the elderly, pregnant patients, and anyone
with the presence of cardiovascular disease [20].

Desiccated thyroid, also known as thyroid extract, is not a preferred treatment for
hypothyroidism. It has not been shown to be superior to levothyroxine and there are
clinical concerns with thyroid extracts. The ratio of T4 to T3 in desiccated thyroid is
4.2:1 compared to the ~14:1 secreted by the normal thyroid gland. The ratio poses the
risk of supraphysiologic levels, and the shorter half-life causes greater fluctuations
of T3 throughout the day. This can increase the risk of thyrotoxicosis if not carefully
monitored [20].
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Decreases absorption Bile acid sequestrants (cholestyramine, colestipol, colesevelam)

Sucralfate

Cation exchange resins (Kayexelate)

Oral bisphosphonates

Proton pump inhibitors

Multivitamins (containing ferrous sulfate or calcium carbonate)

Ferrous sulfate

Phosphonate binders (sevelamer, aluminum, hydroxide)

Calcium salts (carbonate, citrate, acetate)

Chromium picolinate

Charcoal

Orlistat

Ciprofloxacin

Increases clearance Phenobarbital

Primidone

Phenytoin

Carbamazepine

Oxcarbazepine

Rifampin

Growth hormone

Sertraline

Tyrosine kinase inhibitors

Quetiapine

Stavudine

Peripheral metabolism Amiodarone: impair conversion of T4 to T3

Glucocorticoids and some beta-blockers at high doses: impair conversion of
T4 to T3 (may not be clinically relevant)

Table 2.
Medications that Impact Levothyroxine [6, 21] (derived from ATA/AACE Guidelines for Hypothyroidism,).

Steady-state concentrations may not be achieved until 6 weeks of levothyroxine
use; however, symptoms should improve within 2 weeks of therapy. It is recommended
to measure serum TSH 6-8 weeks after initiating treatment and levothyroxine be
titrated by 12.5-25 mcg depending on the TSH levels and subsequently rechecked after
an additional 4-6 weeks [20]. Thereafter, follow-up visits at 6-12 month intervals
suffice for monitoring. Assessing TSH sooner may be necessary with changes in the
patient’s overall health status or if interacting medications are initiated or discontin-
ued [20]. However, determining TSH alone may be counterproductive in patients with
unreliable compliance. Determination of free T4 is helpful in assessing compliance,
appropriate administration, as well as gastrointestinal absorption. It is important to
note that after starting treatment for hypothyroidism, the metabolism of other medi-
cations may be increased and should be monitored closely as well, especially high-risk
medications.
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6. Pregnancy

Pregnancy increases the demands of thyroid hormone for proper development
of the fetus. Overt hypothyroidism in pregnancy is defined as an elevated TSH and
a decreased T4 outside of the trimester-specific normal ranges. Normal ranges as
defined by the institutional laboratory should be adhered to for diagnosis of thyroid
dysfunction. Serum TPOAD should be determined as its presence has been docu-
mented to increase the risk of pregnancy-related adverse outcomes [7].

Hypothyroidism in pregnancy increases the risk of several adverse outcomes
including premature birth, low birth weight, decreased fetal neurocognitive develop-
ment, and pregnancy loss. Therefore, prompt treatment of hypothyroidism is recom-
mended. Evidence of treatment for subclinical hypothyroidism is not well defined.
However, subjects with subclinical hypothyroidism and positive TPOAb are prone to
increased risk of complications, and levothyroxine supplementation has been docu-
mented to improve outcomes [7].

Levothyroxine is the thyroid hormone of choice for hypothyroid treatment in
pregnancy as well. T3 or desiccated thyroid must not be used due to an increased risk
of attaining supraphysiologic levels of T3 and the inability of T3 to cross the fetal
central nervous system. In patients already on levothyroxine, increases in doses may
be required within 4-6 weeks of pregnancy. Levothyroxine requirements increase
through 16-20 weeks due to a rise in thyroid hormone binding globulin caused by
increasing circulating estrogen levels as well as enhanced renal clearance. According
to the American Thyroid Association, a dose increase of 20-30% should be prescribed
preemptively once pregnancy is confirmed prior to further testing. Monitoring TSH
every 4 weeks until midgestation and at least once around 30 weeks is recommended
[7]. The daily dose frequently declines over 3-4 weeks postpartum.

7. Subclinical hypothyroidism

Subclinical hypothyroidism is defined as elevated TSH with T4 levels in the normal
range. Prevalence of this is greater than overt hypothyroidism with a rate of 4.3%
in the National Health and Nutrition Examination Survey (NHANES III) and 8.5%
in the Colorado Thyroid Prevalence Study [6]. Prevalence is higher in adults aged
65 years or older at a rate of 8-18% and it is more commonly seen in women compared
to men [23]. Common causes include medications, thyroiditis, thyroid infiltration,
and TSH gene mutation.

Treatment is controversial if TSH levels are 4.5-10 miU/L, but is usually recom-
mended if >10 miU/L. The rationale for treatment includes prevention of progression
to overt hypothyroidism and development of cardiovascular events, whereas consen-
sus against treatment is based on the absence of data showing long-term progression
in many patients, risk of overtreatment including hyperthyroid manifestations and
complications such as arrhythmia and osteoporosis especially in the elderly, as well
as the cost and commitment of lifelong therapy [24]. Levothyroxine is the preferred
agent for subclinical hypothyroidism with similar monitoring as overt hypothyroid-
ism but with a lower initiating dose. Depending on the TSH elevation, a daily dose of
25-75 mcg may be appropriate [6]. A randomized, double-blinded control trial looked
for potential benefits of treating older adults with subclinical hypothyroidism. They
found no difference in thyroid symptoms or a tiredness score between patients receiv-
ing treatment versus placebo at 6-8 weeks of treatment. Cardiovascular events were
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not measured since it was underpowered to determine this outcome [23]. However,
several recent studies recommend attaining a serum TSH level between 5 and 10
miU/L in elderly patients as survival is longer with this TSH level in comparison to
subjects achieving normal TSH concentrations [24-29].

The presence of TPOAD can help decide whether to treat or not. It was found that
patients with subclinical hypothyroidism and positive TPOAD levels have a 4.6% rate
per year of progression to overt hypothyroidism compared to those with negative
levels at 2.6% per year [6]. Overall, deciding to treat a patient or not should be based
on the risks, benefits, patient preference, and clinical decision-making.

8. Hashimoto’s thyroiditis

Hashimoto’s thyroiditis is a chronic autoimmune disease that causes the
destruction of the thyroid gland. It is the most common cause of hypothyroidism
in iodine-sufficient areas [14, 30]. The clinical manifestations are similar to classic
hypothyroidism symptoms. It is rare to have pain associated with Hashimoto’s
thyroiditis [30].

Autoantibodies attack the thyroid gland causing it to lose function over time, lead-
ing to hypothyroidism. However, it is important to note that these autoantibodies may
not be present in all cases. Checking TSH, TPOADb, and TgAb along with analyzing a
thyroid ultrasound will help determine a Hashimoto’s thyroiditis diagnosis [30].

There is not one specific cause of Hashimoto’s thyroiditis, but it is more so thought
to be due to both genetic and environmental factors. Specific genes that play a role
in T cell function, thyroid development, and thyroid hormone enzymes have been
identified among patients with Hashimoto’s. Other precipitating factors include high
iodine intake, stress, radiation exposure, sex steroids, and infection [30].

The primary treatment of Hashimoto’s thyroiditis is targeted towards replenishing
thyroid hormone since it causes destruction of the thyroid [30].

9. Conclusions

The thyroid is integral to the body’s ability to maintain homeostasis. Through the
release of thyrotropin-releasing hormone (TRH) from the hypothalamus and thy-
roid-stimulating hormone (TSH) by the pituitary gland, thyroid hormones regulate
basal metabolism, protein synthesis, and growth and development. Hypothyroidism
is a thyroid gland disorder that can occur at the level of the thyroid or within the
hypothalamic-pituitary-thyroid axis. Clinical manifestations of hypothyroidism
include fatigue, weight gain, cold intolerance, hair loss, muscle cramps, constipation,
menstrual irregularities, and slowed mentation.

Diagnosis cannot be made with symptoms only as they are nonspecific. With
primary hypothyroidism, patients typically have high serum TSH and low serum
T4 laboratory values. If a patient has hypothyroid symptoms, normal TSH, and low
serum T4, it may be due to central hypothyroidism. Antibodies to thyroid peroxidase
(TPOAD) or thyroglobulin (TgAb) indicate Hashimoto’s Thyroiditis, which is hypo-
thyroidism due to the autoimmune destruction of the thyroid gland.

Treatment of hypothyroidism is focused on achieving euthyroidism. The first-line
treatment for hypothyroidism is levothyroxine, which is a synthetic T4. T4 monother-
apy is favored over T3 and T4 combination due to fewer cardiovascular side effects.
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Many medications affect the absorption, clearance, or metabolism of levothyroxine,
and therefore should be noted while prescribing the medication. Pregnancy causes
increased demands for thyroid hormones to support the proper development of the
fetus. Therefore, prompt treatment of hypothyroidism is recommended.

Primary care physicians should utilize any of the screening guidelines along with
maintaining good clinical judgment based on history, physical exam, and laboratory
values. Following the initiation of medication, serum TSH levels should be measured
6-8 weeks later to ensure adequate treatment.
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Chapter 3

Hypothyroidism and Gut
Microbiota

Amirreza Rafiei Javazm

Abstract

The complex interplay between hypothyroidism and gut microbiota is investigated,
particularly focusing on how minerals such as iodine, selenium, and iron affect thyroid
function and the involvement of gut bacteria in their absorption and processing.

The mechanisms by which gut microbiota regulate mineral absorption and thyroid
hormone metabolism are clarified, emphasizing their importance in hypothyroidism
management and treatment outcomes. Furthermore, the influence of sex hormones
and age on gut microbiota composition is analyzed, suggesting a potential role in
hypothyroidism development. Additionally, while probiotics hold promise for manag-
ing hypothyroidism, conflicting evidence from clinical trials highlights the need for
further research to ascertain their efficacy.

Keywords: hypothyroidism, gut microbiota, probiotics, iodide, levothyroxine

1. Introduction

Hypothyroidism is a prevalent medical condition often diagnosed due to its
substantial impact on various physiological aspects such as metabolic rate, growth,
fertility, and cognitive functions [1]. Minerals play a crucial role in thyroid function
and can significantly influence the development and management of hypothyroidism.
Among these minerals, iodine is a key component of thyroid hormones T4 and T3,
essential for regulating metabolism, growth, and development. Inadequate iodine
intake can lead to iodine deficiency, a primary cause of hypothyroidism, particularly
in regions with low dietary iodine levels. Selenium acts as a cofactor for enzymes
involved in the conversion of T4 to T3, thus ensuring proper thyroid hormone syn-
thesis and metabolism. Deficiencies in selenium have been associated with impaired
thyroid function and may exacerbate hypothyroidism symptoms. Iron is necessary
for thyroid hormone production and plays a critical role in the synthesis and secre-
tion of these hormones. Insufficient iron levels can impair thyroid hormone synthesis
and lead to hypothyroidism, highlighting the importance of adequate iron intake for
maintaining thyroid health [2-4].

In the human intestine, a complex ecosystem comprising bacteria, fungi, viruses,
and various other microorganisms collectively forms the intestinal microbiota.
Among these microorganisms, aerobic and anaerobic bacteria predominantly con-
stitute the microbial community. In typical conditions, the reciprocal relationship
between the intestinal microbiota and the host sustains a dynamic equilibrium.
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However, when the self-regulatory capacity of the human micro-ecosystem is
exceeded, the resulting state of intestinal dysbiosis may precipitate the onset of
disease [5]. There is evidence indicating a correlation between the makeup of the gut
microbiota and the levels of thyroid hormones [6].

The gut microbiota wields a multifaceted influence over mineral absorption and
thyroid hormone metabolism, operating through a spectrum of mechanisms. These
intestinal bacteria play a pivotal role in modulating the bioavailability of essential
minerals such as iodine, selenium, and iron, which are integral to thyroid function
[7-9]. Additionally, the composition and activity of the gut microbiota can impact the
efficiency and effectiveness of medications prescribed for thyroid disorders. These
intestinal bacteria have the potential to modulate the absorption, metabolism, and
distribution of thyroid medications, thereby influencing their therapeutic outcomes.
Furthermore, alterations in gut microbiota composition induced by various factors
such as diet, lifestyle, and medication use can further complicate thyroid medication
management by potentially altering drug metabolism and bioavailability [10].

2.Iodine and gut microbiota
There are three primary forms of iodine:
1.Iodide (I7)
2.Iodate (I037), typically added to salt for iodization
3. Naturally bound iodine found in food.

The majority of ingested iodide is absorbed within the duodenum, the initial seg-
ment of the small intestine. Upon ingestion of iodate, it undergoes reduction to iodide
within the gastrointestinal tract before being assimilated by the body. Conversely,
when iodine is bound to other food constituents, the digestive process liberates iodide
for subsequent absorption [2, 7, 11]. Iodide absorption in the gut involves the sodium/
iodide symporter (NIS) on enterocyte membranes, along with other carriers such
as sodium multivitamin transporter (SMVT) and cystic fibrosis transmembrane
conductance regulator (CFTR) [12-14]. And through molecular mechanisms, iodide
enters the bloodstream [7]. So, iodide plays a pivotal role in the synthesis of thyroid
hormones, as it is actively concentrated by the thyroid gland through specialized
transporters and serves as the critical raw material for hormone production [15].

The function of the gut microbiota is crucial, as it can control the metabolism of
iodine. Gut bacteria contribute to this process by releasing compounds such as lipo-
polysaccharides (LPS) and short-chain fatty acids (SCFAs) [16]. Lipopolysaccharide
(LPS), commonly referred to as endotoxin, is a constituent found in the outer cell
wall of Gram-negative bacteria, with the gut microbiota being the primary origin of
LPS in humans. Its well-known function involves triggering conditions such as sepsis,
septic shock, and multiple organ failure [17]. LPS interferes with thyroid homeostasis
through several mechanisms.

In one of these LPS mechanisms, it has been demonstrated that LPS boosts the
activity of the TSH-stimulated TG gene at the transcriptional level in thyroid follicu-
lar cells [18]. Furthermore, LPS has the potential to influence the function of the NIS
gene, responsible for encoding the sodium/iodide symporter protein. This protein
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Figure 1.
The influence of gut microbiota on thyroid function.

plays a critical role in transporting iodine into thyroid cells, a crucial step in thyroid
hormone synthesis. Thus, by elevating NIS gene expression, LPS can augment the
thyroid cells’ capacity to absorb iodine, thereby impacting thyroid hormone produc-
tion and function [19].

In the thyroid gland, the signaling pathway involving nuclear factor kappa-B (NF-kB)
is vital for the survival of thyrocytes and the expression of key thyroid markers such as
Nis, Ttf1, Pax8, Tpo, and thyroglobulin. This transcription factor is indispensable for
preserving normal thyroid function. Research indicates that lipopolysaccharide (LPS)
acts as a facilitator in activating nuclear factor kappa-B (NF-kB) through toll-like recep-
tor 4 (TLR-4) on thyroid cells. This highlights the importance of LPS in NF-xB activa-
tion, which plays a critical role in controlling thyroid cell function [20].

Similarly, SCFAs, produced by gut bacteria, are pivotal in regulating NIS expres-
sion in thyroid cells. Notably, SCFAs such as butyric acid inhibit histone deacety-
lation, reactivating the NIS gene in thyroid cancer cells, thus assisting in restoring
their typical functions and facilitating iodine absorption. This intriguing finding
was not exclusive to thyroid cancer cells; it was also observed in various other cancer
cell types such as MCF-7, Hep-G2, and MKN-7. This implies that altering SCFAs to
promote histone acetylation and increase NIS expression might enhance tumor cells’
sensitivity to radioactive iodine. However, further research is needed for a compre-
hensive understanding of this phenomenon (Figure 1) [16].

3. Selenium and gut microbiota

In the thyroid gland, selenium plays a crucial role in acting as an antioxidant and
aiding in the metabolism of thyroid hormones. Selenium is essential for transforming
T4 into T3. Numerous studies suggest that a lack of selenium is linked to a higher occur-
rence of thyroid disorders. Individuals with insufficient selenium intake may develop
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hypothyroidism [3]. As discussed earlier, the composition of the gut microbiota influ-
ences how the body absorbs vital thyroid nutrients. Animal research revealed that when
bacterial outer membrane LPS attaches to thyroid cells’ TLR-4, it triggers the NF-xB
pathway, ultimately binding with PAXS, a key regulator of NIS expression. Additionally,
Lactobacillus enhances the absorption of essential micronutrients like selenium, which
further strengthens the binding and activation of PAX8, thereby promoting the tran-
scription of NIS [8]. Additionally, Calomme et al. showed that Lactobacillus bacteria
can change sodium selenite inside cells into selenocysteine and selenomethionine. This
process helps the body absorb selenium as organic selenium [21].

Besides aiding in selenium absorption and influencing thyroid function, sele-
nium also contributes to gut flora health. Inadequate selenium intake may lead to
a gut microbiota phenotype prone to colitis and Salmonella typhimurium infection.
Conversely, sufficient or high selenium levels in the diet can improve gut microflora,
offering protection against intestinal issues and chronic diseases [22].

4.Iron and gut microbiota

Iron is a crucial element for the growth of bacteria, meaning that its availability
can impact the types of bacteria that thrive in the gut. Conversely, the composition of
the gut microbiota can also influence the availability of iron. Since iron plays a signifi-
cant role in the efficient utilization of iodine and the synthesis of thyroid hormones,
any disturbances in its levels could lead to thyroid disorders. For instance, insufficient
iron levels could impair the synthesis, storage, and secretion of thyroid hormones,
ultimately affecting thyroid function and potentially leading to thyroid-related health
issues. Therefore, maintaining proper iron levels is essential for supporting thyroid
health and overall well-being [4].

A recent laboratory study revealed that Lactobacillus fermentum, a bacterium com-
monly found in the human gut, possesses the ability to reduce ferric iron due to its
secretion of p-hydroxyphenyllactic acid. This action aids in the absorption of iron in
the digestive system. Furthermore, the gut microbiota has been observed to enhance
the availability of dietary iron by converting ellagic acid (EA) into urolithin A (UA),
which remains active without the need to bind to Fe’*. UA functions to suppress the
production of reactive oxygen species, offering protection against oxidative stress and
inflammation.

In instances of low iron levels within the body, there is an increase in the expres-
sion of divalent metal transporter 1 (DMT1), promoting greater absorption and
release of iron into the bloodstream through the action of ferroportin—a protein
found in duodenal epithelial cells, among other locations. Conversely, during periods
of iron overload, absorption is reduced, and excess iron is stored within enterocytes
by binding to ferritin, the principal protein responsible for storing iron. Furthermore,
a deficiency in dietary iron leads to a decline in populations of beneficial intestinal
bacteria, such as Roseburia, Bacteroides, and Eubacterium rectale, while promoting the
growth of strains like Lactobacillus and Enterobacteriaceae [9].

5. The association between intestinal bacteria and hypothyroidism

Previous research has highlighted the connection between hypothyroidism and
gastrointestinal functionality, indicating that hypothyroidism often accompanies
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impaired gastrointestinal motility. This reduced motility sets the stage for the coloni-
zation and excessive proliferation of intestinal bacteria. Consequently, this bacterial
overgrowth can compound issues with the neuromuscular function of the gastroin-
testinal tract, worsening chronic gastrointestinal symptoms in hypothyroid patients.
Notably, hypothyroidism notably diminishes the motility of the gastroesophageal
region. Therefore, it is advisable to evaluate thyroid function in patients exhibiting
dyspeptic symptoms. Gastroesophageal scintigraphy, a noninvasive and straight-
forward method, can effectively assess the motility of the esophagogastric region.
These evaluations offer valuable insights to clinicians in devising suitable treatment
approaches for individuals with hypothyroidism [23].

The recent study conducted by Su et al. aimed to characterize the gut microbiome
in individuals with primary hypothyroidism. A cohort of 52 primary hypothyroidism
patients and 40 healthy controls were enrolled in the study. Significant variations in
both the diversity and composition of gut microbiota were noted between hypothy-
roid patients and their healthy counterparts. Four specific types of intestinal bacteria
emerged as potential indicators for discerning untreated hypothyroid patients from
those who are healthy. The study revealed alterations in the microbial composition
and function among individuals with primary hypothyroidism, with Veillonella,
Paraprevotella, Neisseria, and Rheinheimera showing promise as distinguishing
markers for the condition. These findings underscore a connection between primary
hypothyroidism and shifts in the gut microbiome, presenting potential avenues for
probiotic-based interventions in its management [24].

6. How gut microbiota interacts with hypothyroidism medications

The microbiome influences several aspects related to thyroid hormone metabolism
and the effectiveness of certain medications used in thyroid disorders. The entero-
hepatic circulation refers to the continuous recycling of substances between the liver
and the intestines. In the context of thyroid hormones, this process involves the secre-
tion of thyroid hormones, such as thyroxine (T4), into the bloodstream by the thyroid
gland. A portion of these hormones is then metabolized by the liver and excreted into
the bile. In the intestines, gut bacteria may interact with bile components and metab-
olize thyroid hormones before they are reabsorbed back into circulation. This process,
known as enterohepatic cycling, can affect the overall levels of thyroid hormones in
the body and their physiological effects.

Levothyroxine is a synthetic form of the thyroid hormone thyroxine (T4) com-
monly used in the treatment of hypothyroidism. The bioavailability of levothyroxine
refers to the proportion of the medication that reaches the systemic circulation and is
available for physiological action. The gut microbiota may influence the absorption,
distribution, metabolism, and excretion of levothyroxine within the gastrointestinal
tract. Changes in gut microbiota composition or function can potentially alter the
bioavailability of levothyroxine, impacting its effectiveness in managing hypothy-
roidism [10].

Furthermore, oral administration of levothyroxine necessitates its passage through
the intestinal barrier to enter systemic circulation. The intestinal microbiota seems to
regulate the expression of tight junction proteins, influencing intestinal permeability
as well as the morphology of enterocytes and the structure of the mucus layer, which
is integral to the barrier function [6]. Studies on animals indicate that germ-free
mice exhibit diminished absorptive surface area in the intestines, primarily due to
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reduced villus height and crypt depth, along with compromised permeability leading
to impaired transport of essential nutrients and ions, as well as a thinner mucus layer,
impacting the absorption of medications. Certain gastrointestinal conditions can alter
the composition of the microbiome, potentially increasing the need for oral levothy-
roxine supplementation [25].

Studies by Virili et al. [26] and Cellini et al. [27] noted an increased demand
for levothyroxine in individuals with untreated celiac disease and gastrointestinal
issues. For instance, in a retrospective cohort study conducted in 2017, Brechmann
etal. explored various factors, including oral levothyroxine replacement therapy, in
relation to the development of small intestinal bacterial overgrowth (SIBO). They
discovered that both hypothyroidism itself and the use of levothyroxine were the
primary factors associated with an increased risk of SIBO development [28].

In another study, Yao and colleagues looked at how the bacteria in the gut
relate to the medication levothyroxine in people with a condition called subclinical
hypothyroidism. They studied 117 patients and split them into groups based on
their lipid profile levels. These groups were then divided into two: One group was
taking levothyroxine pills, and the other group was not taking any medication.
Among the patients taking levothyroxine, they further divided them into three
smaller groups based on how much medication they were taking: low, medium,
or high doses. The researchers found that the types of bacteria called Odoribacter
and Enterococcus varied depending on how much levothyroxine the patients were
taking. The medium-dose group had the most of these bacteria, while the high-
dose group had the least. When they looked at all the patients taking levothyroxine
compared to those not taking any medication, they found that a type of bacteria
called Ruminococcus, which is common in the gut, was more abundant in the group
not taking medication. They saw similar results with other types of bacteria called
Alistipes and Anaerotruncus. The research showed that the differences in L-thyroxine
doses needed to keep the TSH level stable in patients with subclinical hypothyroid-
ism might be linked to the varied compositions of gut bacteria among individuals.
This potential mechanism could be associated with the differences in how the gut
metabolizes thyroxine [29].

Overall, there is an intricate relationship between the gut microbiome and thyroid
hormone metabolism, with potential implications for the effectiveness of medica-
tions used in thyroid disorders such as hypothyroidism. Further research is needed
to elucidate the specific mechanisms by which gut microbiota impact these processes
and to explore potential therapeutic interventions targeting the gut microbiome for
improved management of thyroid disorders.

7. The impact of sex hormones and age on gut microbiota

A systematic review was conducted to examine the correlation between sex hor-
mones (estrogen and testosterone) and the makeup and variety of the gut microbiota.
The review indicates a notable interaction and link between estrogen and testosterone
levels and the composition and diversity of microbial populations. Specifically, it
acknowledges the increasing research dedicated to understanding how estrogen
influences gut microbiota, revealing a strengthening connection between estrogen and
microbial structure. These findings extend not only to individuals in good health but
also to those with medical conditions. However, it underscores the limited number of
studies exploring the impact of testosterone on the gut microbiota compared to those
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centered on estrogen. Nevertheless, existing evidence suggests that testosterone also
holds significance in shaping the diversity and makeup of microbial communities [30].

The makeup and variety of gut microbiota exhibit notable transformations as indi-
viduals age, as evidenced by research revealing distinct microbial profiles between
older adults and younger individuals. Elderly subjects tend to harbor a greater abun-
dance of Bacteroides species and display unique distributions of Clostridium groups
compared to their younger counterparts. Moreover, centenarians often showcase
shifts in the Firmicutes population alongside an enrichment in facultative anaer-
obes, reflecting age-related alterations in microbial composition. Similarly, studies
in rodent models have linked aging with changes in gut microbiota, with aged rats
exhibiting heightened levels of specific microbial groups such as Ruminococcaceae
and Lachnospiraceae, recognized for their role in butyrate production.

Furthermore, gender hormones exert a pivotal influence on the gut microbiota,
beginning in the early developmental stages. Investigations involving germ-free mice
have shed light on the sex-specific impacts of early-life microbiota status on serotonin
production, hinting at a complex interplay involving the microbiota, gender hor-
mones, and neurodevelopment. Moreover, alterations in gonadal hormones during
puberty have lasting effects on sexually dimorphic brain development, which may
not be entirely reversible through hormone replacement in adulthood. Additionally,
human studies have demonstrated that early-life adversities affect gut microbiota
differently depending on gender, underscoring the intricate interrelationship between
gender hormones, microbial composition, and host physiology [31].

In summary, both age and gender hormones wield considerable influence over the
composition and diversity of the gut microbiota. Delving into the dynamic interplay
between age-related changes, gender hormones, and the gut microbiota may yield
valuable insights into age-related health issues and gender-specific disparities in
disease susceptibility. However, further research is warranted to unravel the underly-
ing mechanisms driving these associations and their implications for human health
across different stages of life. Based on the correlation between thyroid hormones and
gut microbiota, it can be inferred that sex hormones and age may play a notable role
in hypothyroidism by influencing changes in gut microbiota composition. Further
investigation into this relationship is warranted in future studies.

8. Using probiotics to manage hypothyroidism

Probiotics, which are live microorganisms that confer health benefits when
consumed, have been investigated for their potential effects on hypothyroidism. In
a clinical trial in which 60 individuals diagnosed with hypothyroidism participated,
researchers conducted a randomized, double-blind, placebo-controlled study to
examine the impact of synbiotic supplementation on thyroid function. The synbiotic
capsules provided to the participants contained a blend of seven freeze-dried probi-
otic strains, including Lactobacillus casei, Lactobacillus acidophilus, Lactobacillus vham-
nosus, Lactobacillus bulgaricus, Bifidobacterium breve, Bifidobacterium longum, and
Streptococcus thermophilus. The findings from the study revealed that after an 8-week
period of synbiotic supplementation, there was a significant decrease observed in
the concentration of thyroid-stimulating hormone (TSH) among individuals with
hypothyroidism [32].

However, in the clinical trial conducted by Spaggiari and colleagues, which
utilized a combination of Lactobacilli and Bifidobacteria, there were no discernible
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variations noted in thyroid function when comparing the intervention group to the
control group. Despite the supplementation of Lactobacilli and Bifidobacteria, which
are commonly recognized as beneficial probiotic strains, the study did not reveal any
significant alterations in thyroid function parameters between the two groups under
investigation [33].

Additionally, a systematic review and meta-analysis study conducted in 2023
aimed at examining the advantages of probiotics, prebiotics, and synbiotics in
managing thyroid diseases. The findings of this study revealed low-certainty evidence
derived from two randomized trials, indicating that the regular use of probiotics,
prebiotics, or synbiotics might offer minimal to no discernible benefit for individuals
diagnosed with primary hypothyroidism. Despite the growing interest in the poten-
tial therapeutic role of gut microbiota modulation in thyroid disorders, the results of
these trials underscore the need for further investigation and refinement of probiotic
interventions to establish their efficacy in effectively managing primary hypothyroid-
ism. Such insights gleaned from systematic reviews and meta-analyses contribute
valuable evidence for guiding clinical decision-making and shaping future research
endeavors aimed at optimizing treatment strategies for thyroid diseases [34].
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Chapter 4

Intelligent Methods for
Hypothyroidism Associations and
Characterisation for Personalised
Diagnosis and Treatment

Xinyu Zhang and Vincent C.S. Lee

Abstract

Hypothyroidism results from low levels of thyroid hormone produced and has
varied aetiology and manifestations. It is potentially fatal in severe cases if it remains
undetected and timely untreated. Accordingly, this research deploys intelligent
machine learning-based methods to uncover its associations and facilitates accurate
and efficient detection through case-based predictions. Specifically, data mining algo-
rithms will be adopted to identify risk factors associated with hypothyroidism,
including demographics and medical history. These identified associations can be
applied to understand, screen, and predict hypothyroidism in individual patients. This
intelligent approach enables proactive management of the disease in its early stages to
mitigate the potential of developing subsequent diseases, such as heart disease, infer-
tility, or thyroid tumours. The proposed intelligent methods not only advance our
understanding of the disease pathogenesis but also achieve precise diagnosis, provid-
ing clinicians with valuable insights to support follow-up treatment decision-making.

Keywords: machine learning, association rule mining, hypothyroidism, disease
associations, diagnosis and treatment

1. Introduction

Hypothyroidism occurs when the thyroid gland is under-active, failing to secrete
sufficient hormones into one’s bloodstream, thereby impeding the proper regulation
of their metabolism [1]. Under this condition, hypothyroidism is associated with
elevated morbidity and mortality rates related to subsequent thyroid disease [2],
hypercholesterolemia [3], and cardiovascular disease [4]. Despite the critical conse-
quences, the diagnosis and treatment of the disease appear to be overlooked by the
public.

Hypothyroidism is known to be associated with various comorbidities, including
infertility [5], reversible dementia [6], and Alzheimer’s disease [7], to name a few.
However, the identification of the aetiology has been somehow neglected in the
existing literature body. A majority of those studies were derived from the clinical
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perspective, where the aetiology of hypothyroidism can be categorised into primary
and secondary causes. The primary cause is a condition where the thyroid gland fails
to produce sufficient levels of hormones, with the most common cause being the
autoimmune condition known as Hashimoto’s thyroiditis [8]. The secondary cause
occurs when the pituitary gland fails to send thyroid-stimulating hormone (TSH) to
the thyroid gland to maintain hormone balance. Despite conventional efforts to iden-
tify associations in the clinical domain, many of these associations remain controver-
sial. This is due to variations in sample groups, scales, and diverse demographic
features used in the analyses. Consequently, even though subsequent comorbidities
associated with hypothyroidism have been extensively studied, the causes and associ-
ations related to its aetiology remain under-researched.

In addition to the overlooked etiological associations of hypothyroidism, its treat-
ment has also received insufficient attention from the public. Chiovato et al. once
suggested that 5% of the general population suffers from hypothyroidism, and an
additional 5% of the population remains undiagnosed and untreated [4]. Statistics
indicated that from 2012 to 2019, the potential instance rates of untreated hypothy-
roidism grew from 11.8 to 14.4% in the United States [9], and this number continues
to increase steadily. The treatment of the disease necessitates constant medication
intake, such as levothyroxine, to prevent potential symptoms like mental health
issues, heart problems, and breathing issues from manifesting. However, an estimated
35-60% of hypothyroidism patients are either over-treated or under-treated [10]. This
phenomenon should be seriously considered and addressed.

Derived from above, the hypothyroidism aetiology associations are pivotal for
disease diagnosis and prevention, and its treatment is focal for promising prognosis.
To reach personalised diagnosis and treatments, conventional clinical ways of identi-
fying aetiology associations, diagnoses, and treatments should be more automated and
intelligent to potentially accomplish precision medicine. Accordingly, this study
endeavours to provide a computerised approach to streamline the process of under-
standing, diagnosing, and treating the disease through machine learning methods.
Therefore, through data mining technique and tool, the disease aetiology can be
thoroughly elucidated to clarify its intricate associations. Subsequently, these identi-
fied associations can be directly applied to screen and predict hypothyroidism in
individual patients, thereby eliminating the need for all thyroid function blood exam-
inations. Ultimately, individual patients with hypothyroidism will be suggested on
medication intake choice. Such an intelligent approach contributes to advancing our
understanding of the disease pathogenesis, enabling proactive management of the
disease in its early stages, while offering “second opinions” for clinicians with valuable
insights to support their decision-making.

2. Related works

To better capture the literature gaps, this section displays the findings of existing
works regarding the pathogenesis associations, diagnosis, and treatments of hypothy-
roidism.

2.1 Associations

Existing studies identified several factors related to the pathogenesis of hypothy-
roidism within the clinical domain. For example, Ragusa et al. once proposed a
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comprehensive investigation on the epidemiology, pathogenesis, and therapy of
Hashimoto’s thyroiditis [8]. They have indicated that Hashimoto’s thyroiditis is the
leading cause of hypothyroidism when the iodine intake level is sufficient. In a study
by Yaniv et al., they conducted questionnaires on 190 patients who had undergone
thyroidectomy, revealing a significant relationship between thyroid surgeries and the
development of hypothyroidism [11]. Choi et al. delved into the analysis of 4073
female patients who were treated with adjuvant radiation therapy, noting an apparent
increase in the rate of hypothyroidism among this cohort [12]. Similarly, Milano et al.
deployed a systematic review for investigating the association between radiation
therapy and primary hypothyroidism in childhood cancer survivors. Their findings
strongly support the association between radiation and hypothyroidism [13]. There
are additional factors that contribute to the understanding of hypothyroidism, such as
generic heredity [14, 15] and pregnancy [16, 17].

Nevertheless, existing studies often involve diverse sample groups with variations
in size and demographics, leading to limited consensus on the investigated factors.
Moreover, examining individual factors typically relies on long-established retrospec-
tive analyses in the clinical domain, often overlooking the intricate associations among
these factors. Consequently, there is a pressing need for a more intelligent methodol-
ogy to unveil the intricate associations among these factors for a comprehensive
understanding of the underlying causes of hypothyroidism.

2.2 Diagnosis

In the clinical domain, the diagnosis of hypothyroidism typically relies on the
thyroid function test, which applies blood examinations to assess the levels of TSH,
thyroxine (T4), and free T4 (FT4). Broadly, if one has a high level of TSH yet a low
level of T4, then they have an underactive thyroid [18].

However, the clinical diagnosis of hypothyroidism is a nuanced process. In practise,
doctors always take other factors into consideration, such as the TSH reference range
needs to be adjusted based on the individual’s age, body weight, and comorbidities [19].
Therefore, an automated diagnosis needs to be achieved for individual patients by
considering all the relevant facets. This approach holds the potential to significantly
enhance diagnostic efficiency and accuracy in the assessment of hypothyroidism.

2.3 Treatments

The treatment process of hypothyroidism is pretty standardised, which requires the
intake of medications to balance hormones. Levothyroxine, commonly referred to as “L-
T4”, is a form of the thyroid hormone thyroxine and also a critical medication usually
used to treat patients with hypothyroidism or after surgeries [20]. Among the various
brands of levothyroxine available globally, “Euthyrox” stands out as one of the most
widely used. Over the last century, scholars have dedicated efforts to investigating the
importance of taking L-T4 to replace hormones to get a promising prognosis of thyroid
disease [21]. It should be well noticed that the dosage of L-T4 is highly dependent on
several factors, including the patient’s age, weight, body mass index (BMI), pregnancy
status, and also medication doses for other diseases. Furthermore, the L-T4 dosage is not
fixed for a patient at all times, and adjustments are often necessary with seasonal
temperature changes or alterations in the patient’s health status.

Therefore, to offer patients the most personalised recommendations for medica-
tion intake levels, this study aims to advocate considering individual’s relevant
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features, such as demographics and aetiology associations. The proposed approach is
designed to achieve precision diagnosis and treatments tailored to the specific charac-
teristics of each patient.

3. Methodology

In order to achieve the objective of revealing hypothyroidism associations while
diagnosing and treating the disease more effectively and accurately, this section
exhibits the proposed intelligent approach.

3.1 Proposed Hypo-ADT framework

Figure 1 displays the proposed intelligent approach flowchart for hypothyroidism
associations, diagnosis, and treatment, namely the Hypo-ADT framework. The
framework consists of two main modules (i.e., the diagnostic module and the treat-
ment module), tailored for personalised hypothyroidism diagnosis and treatments.

Within the diagnostic module, initially, integrated patient records are utilised for
understanding the aetiology associations of hypothyroidism, including their demo-
graphics, medical history, comorbidity, and function tests. With the retrieved raw
data, a series of pre-processing techniques are applied to standardise the data. More
specifically, data wrangling methods are deployed to deal with duplicates and missing
data [22, 23]. Moreover, all numerical values are formatted into categorical data for
further association rule mining processing and analysis. Through mining from the
process records, a set of critical features are extracted, which can be determined as
aetiology associations of hypothyroidism, and they are also the most significant fea-
tures to be employed for personalised diagnosis and treatments. When new cases
occur, the individual patient can be diagnosed with the pre-identified significant
features; if diagnosed as positive, a corresponding treatment protocol is eventually

offered.

A. Diagnostic Module
Critical features

Data P Association
@ ata Pre. Rule Selected Charactisation

processing Mo i
Patient Records Remove duplicates Feature selection
Handle missing data  Association extraction
Formatting data Yes
ositive
B. Treatment Module
No
I
Treatment
— .
Planning
Treatment Levothyroxine Hypothyroidism Healthy patient
suggestions intake level patient records records

Figure 1.
Intelligent hypothyroidism associations, diagnosis, and treatment (Hypo-ADT) framework.
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3.2 Association rule mining

Association rule mining (ARM) is a subset of data mining, which was introduced
by Agrawal et al. [24] in the twentieth century. ARM has been applied in a wide range
of domains as it is responsible for unravelling hidden patterns among complex data
[25]. Thus, it has shown a promising capability of finding associations for specific
diseases [26-29], yet the work on extracting associations of hypothyroidism is still
absent. Therefore, this work deploys the most classic ARM Apriori algorithm for the
aetiology association extraction of hypothyroidism.

The Apriori algorithm was introduced by Agrawal et al. [30], which aims to extract
frequent patterns from unstructured datasets. Specifically, the algorithm generates
rules that represent X = Y where antecedents X are associated with consequence Y.
The procedures are as follows:

* Step 1: Pre-define support and confidence thresholds for generated frequent
itemsets and association rules.

* Step 2: Calculate the support values for all the individual items in the database,
then prune the items which do not meet the threshold.

* Step 3: Loop through the entire database for each candidate item, pare up to form
into an itemset until enumerating all items.

* Step 4: Calculate support values for all the candidate itemsets and prune the ones
below the threshold.

* Step 5: Repeat steps 3 and 4, each time including one more item, until finishing
listing all items in the database.

* Step 6: Final rules are the frequent itemsets that have support and confidence
values above the thresholds.

Through the application of the Apriori algorithm, a set of association rules will be
generated denoting the antecedents of hypothyroidism. In other words, these rules
also represent the critical factors affecting the development of hypothyroidism and,
thus, will be selected for further disease characterisation with individual patients.

3.3 Treatment planning

Within the treatment module, through the pre-defined characterisation classifier
(i.e., random forest), the individual patient will be grouped into either positive (i.e.,
diagnosed with hypothyroidism) or negative (i.e., healthy patient). With the diag-
nosed positive patient, a treatment planning process is expected to provide
corresponding treatment protocols for the individual patient based on their health
conditions. More specifically, Table 1 demonstrates the generally required daily L-T4
dosage under different age groups based on the averaged weights.

Such a treatment protocol regarding thyroxine intake dosage will be provided for
patients with hypothyroidism while considering the patient’s unique characteristics,
including their age, gender, health conditions, thyroid function examination results,
and medical history, to name a few.
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Age group Dosage
Neonates 10-15 ug/kgBw
Children aged between 8 and 12 months 8-10 ug/kgBw
Children aged between 2 and 10 years 4-6 ug/kgBw
Adolescents 2-3 ug/kgBw
Adults 2 ug/kgBw
Elderly 1-1.2 ug/kgBw
Pregnancy 1.8-2 ug/kgBw
Table 1.

The L-T4 intake dosage requivement (adapted from [31]).

4. Experimental setup

In order to validate the proposed Hypo-ADT framework, this section explains the
deployed dataset and parameter settings for the experimental setup.

4.1 Dataset description

This study adopts an open-access dataset to conduct experiments in order to
ensure reproducibility. The adopted dataset was contributed by Quinlan [32],
which includes 3163 patient records with 25 attributes. After the data wrangling
process (i.e., duplicates removal, dealing with missing variables), 2631 instances
with 18 attributes were applied for further analysis. Dataset details can be viewed
in Table 2.

4.2 Parameter setting

With the deployed open-access dataset, this study rigorously follows the Hypo-
ADT framework to conduct experiments. More specifically, after pre-processing, for
the association rule mining stage, the confidence thresholds were set to 0.9 to extract
significant common and exception association rules (i.e., rules that are reliable and
meaningful among the public).

With the selected features, the random forest classifier was applied to distinguish
negative and positive cases. All the experiments were implemented on the Anaconda
Python platform and trained/tested under the same computational environment.
Through the 10-fold cross-validation, the classification performance was calculated
through accuracy and standard deviation.

5. Results and discussion

This section exhibits the extracted hypothyroidism associations, diagnostic results,
and case-based treatment protocols.
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Attributes Descriptions Details
Age Age group 18 and under, 18-30, 30-50, 50-70, 70+
Sex M, F M = Male, F = Female

On thyroxine

Take thyroxine

False or true

Query on thyroxine

Query thyroxine

False or true

On anti-thyroid med

Take anti-thyroid medication

False or true

Thyroid surgery Had thyroid surgery False or true
Query hypothyroid Query hypothyroidism False or true
Query hyperthyroid Query hyperthyroidism False or true
Pregnant Current pregnant status False or true
Sick Current sick status False or true
Tumour Have or had tumour False or true
Lithium Have lithium False or true
Goitre Have or had goitre False or true
TSH TSH level Normal (0.27-4.2) or abnormal
T3 T3 level Normal (0.9-2.8) or abnormal
TT4 TT4 level Normal (62-164) or abnormal
T4U T4U level Normal (0.7-1.8) or abnormal
FTI FTI level Normal (53-142) or abnormal
Class Hypothyroidism Negative or positive

Table 2.

Dataset descriptions.

5.1 Association results

With the Apriori algorithm, the top five association rules were identified and
demonstrated in Table 3.

Based on the table, gender, age group, TSH, and FTI attributes showcase signifi-
cant associations with the development of hypothyroidism. Specifically, the top rule is
that if a patient has abnormal TSH and FTI function examinations, then he/she is very
likely to be diagnosed with hypothyroidism. This rule has a 0.98 support value,
indicating that 98% of the examined group diagnosed with the disease have the two
attributes detected as abnormal. Figure 2 exhibits the correlations of the incorporated
functioning measurements. It suggests that TT4 and FTI have considerate associa-
tions, yet the correlation between TSH and FTI is not explicit. Therefore, the two
factors are considered independent attributes associated with hypothyroidism.

Other than that, female patients tend to be diagnosed with hypothyroidism more
often than male patients. When a female patient has an abnormal TSH level, then she
will be likely to establish hypothyroidism, and this rule has a confidence of 1.0. Simi-
larly, if a female patient has an abnormal FTI level, then she will also likely be diagnosed
with hypothyroidism, with support and confidence of 0.74 and 1.0, respectively.

Moreover, two exception rules (i.e., low support and high confidence) were gen-
erated, indicating that the age group between 50 and 70 is likely to establish
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Antecedence Consequence Support Confidence
Abnormal_FTI, Abnormal_TSH = Hypothyroidism 0.98 1.00
Female, Abnormal_TSH = Hypothyroidism 0.75 1.00
Female, Abnormal_FTI = Hypothyroidism 0.74 1.00
Age group = 50-70 = Hypothyroidism 0.37 1.00
Female, Age_group = 50-70 = Hypothyroidism 0.26 1.00
Table 3.
Hypothyroidism associations.
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Figure 2.
Thyroid function examination associations. Left: Associations among the five blood measurements; Right:
Associations between TSH and FTI.

hypothyroidism, with a support value of 0.37 and confidence of 1.0. When a female
patient is within the age group, the rule stands still, also reaching a confidence of 1.0.

Gender disparity in thyroid disease is well established, where female patients are
much more in quantity than male patients. Besides this, based on the results, FTI and
TSH levels are proven to be two critical features affecting hypothyroidism, and this
finding is in accordance with [33]. Liao et al. [33] deployed several machine learning
models to confirm their associations, while our approach is much more efficient.

Besides, we found hypothyroidism is more common in the older population, and
this finding is also consistent with [19, 34, 35]. Nevertheless, existing studies generally
have a vague description of the ageing definition, which does not clearly determine
the elderly age group interval. Yet, our finding indicates that patients aged from 50 to
70 have a more substantial probability of establishing hypothyroidism than those aged
above 70, and this interesting finding will help formulate a more explicit guidance to
monitor and surveillance the elderly’s thyroid health. The specific associations are
displayed in Figure 3.

5.2 Diagnosis results

In order to validate the extracted associations, this study involves three commonly
used classifiers for classifying negative and positive classes, including random forest
(RF), support vector machine (SVM), and multi-layer perceptron (MLP). The base-
line experiments include all 18 features from the original database, and the feature
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FTI
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Figure 3.
Hypothyroidism associations. Solid lines represent determinate associations with hypothyroidism, and dashed lines
represent hidden interconnected associations.

Type Model Accuracy

Baseline Random forest 0.9821 + 0.007
Feature selection 0.9856 + 0.007
Baseline Support vector machine 0.9821 + 0.006
Feature selection 0.9833 £ 0.007
Baseline Multi-layer perceptron 0.9806 + 0.010
Feature selection 0.9806 + 0.007

The bold entires in Table 4 highlight the better accuracies. This means increased performance when incorporating the
feature selection approach.

Table 4.
Hypothyroidism diagnosis classification results.

selection experiments include the extracted four attributes (i.e., age, gender, FTI, and
TSH). Details of the classification accuracy can be viewed in Table 4 and Figure 4.

Based on the classification results, it is evident that random forest is the best-
performing classifier for diagnosing hypothyroidism, reaching an accuracy of 0.9821
and 0.9856 rates for baseline and feature selection types. More importantly, the
association rule mining-based feature selection approach demonstrates enhanced
diagnostic accuracy using fewer attributes compared to incorporating all the features.
Specifically, the random forest and support vector machines showcase enhanced
diagnostic accuracy compared to baseline models (i.e., from 0.982 to 0.986 and from
0.982 to 0.983), and the multi-layer perceptron demonstrates the same accuracy rates
(i.e., 0.981). Accordingly, the selected four features are determined as critical factors
affecting hypothyroidism development and can be further used to monitor the disease
more efficiently.

5.3 Treatment results

When an individual is diagnosed with hypothyroidism using the pre-defined clas-
sifier, he/she will be considered individually for personalised treatment protocol
planning. Here, we use two case samples to demonstrate how the treatment sugges-
tions are given.
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Accuracy Rates of the Selected Classifiers
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Figure 4.

Hypothyroidism diagnosis classification vesults.

5.3.1 Case #1

Consider a patient with the following characteristics: a female patient (indexed
Case 7) aged 64, who had thyroid surgery in the past and is now with TSH measured
of 7.7, T3 of 1.3, TT4 of 54, T4U of 0.86, and FTI of 63. Considering the normal range
of the thyroid function test, it is evident that she has abnormal TSH and TT4 levels.
Since she is not sick or has the pregnancy status, she is expected and required to have a
daily L-T4 intake level of 1-1.2 ug/kgBw to make up for the thyroid hormones.

5.3.2 Case #2

Consider a patient with the following characteristics: a male patient (indexed Case
126) aged 35, who also experienced thyroid surgery in his medical history, and he now
has TSH measured of 0.25, T3 of 0.4, TT4 of 38, T4U of 1.08, and FTI of 35. Based on
the evaluation, he is experiencing abnormal TSH, T3, TT4, and FTI; thus, he is
required to take a daily L-T4 of 2 ug/kgBw.

It should be noted that the suggestions provided in Table 1 are based on normal
averaged weight and BMI. Since the patient’s weight, BMI, height, and seasonal
information are all missing in our involved dataset, only such an approximate medi-
cation intake suggestion can be provided for individual patients. Therefore, to provide
a more determinate suggestion, more information is required.

6. Conclusion

This study proposed an intelligent Hypo-ADT framework to reveal hypothyroid-
ism associations, improve diagnostic accuracy and efficiency, and provide
personalised treatment suggestions for individual patients. An open-access dataset is
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involved to evaluate the proposed framework, and satisfying performance was
achieved. The proposed approach can also be adapted to other diseases, as it aims to
help society understand the disease to a deeper extent, prevent it in an early stage, and
support precision medicine.

There are some limitations embedded within this study, and the main one is with
the deployed dataset. The sample size is a bit small, and the embedded attributes are
limited in quantity and variety. Therefore, the findings of this study are not compre-
hensive enough. For future work, we will include more samples with more compre-
hensive factors to drive into a more solid and thorough analysis. Other than that, the
dataset does not provide any related attributes or information on treatment protocols.
Thus, future work will be designing and deploying a more robust model for intelligent
treatment planning.

Abbreviations

ARM association rule mining

BMI body mass index

TSH thyroid-stimulating hormone
T3 triiodothyronine

T4 thyroxine

FT4 free thyroxine

FTI free thyroxine index

L-T4 levothyroxine

MLP multi-layer perceptron
RF random forest

SVM support vector machine
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Chapter 5

Optimizing TSH Testing:
Minimizing Overdiagnosis
and Unnecessary Interventions

Palacios-Bayona Karen Lorena

Abstract

In this chapter, the routine application of thyroid function tests for hypothyroidism
detection is evaluated, with a focus on the problems of overdiagnosis and unnecessary
treatment, especially in subclinical scenarios. It critically assesses the lack of solid
evidence behind common interventions, like the widespread prescription of levothy-
roxine without definitive clinical need. Highlighting evidence-based guidelines for
hypothyroidism screening, the chapter argues against indiscriminate thyroid testing. It
advocates for a thoughtful approach to thyroid disorder management, urging cautious
use of TSH tests to reduce needless medical actions and improve patient outcomes.

Keywords: thyroid screening, overdiagnosis, overtreatment, healthcare quality,
evidence-based practice

1. Introduction

The journey from clinical trial discoveries to their practical application in health-
care is remarkably slow, often taking up to 17 years. This slow process reveals a signifi-
cant healthcare paradox: the hesitancy to adopt proven interventions while outdated
or less effective practices continue, particularly in thyroid health management [1, 2].
This situation points to a significant gap between knowledge generation and its appli-
cation, underscoring a critical area for improvement across all medical areas, includ-
ing endocrinology [3]. The frequent use of Thyroid Stimulating Hormone (TSH)
tests has come under scrutiny for contributing to the overdiagnosis and unnecessary
treatment of conditions like subclinical hypothyroidism, which remains a contentious
area in medical practice [4-6]. It advocates for a critical reassessment of TSH testing’s
role, aiming to align it more closely with the latest evidence and clinical guidelines
without necessarily proposing new protocols but emphasizing the importance of
evidence-based practice [7-9].

2. Challenges in hypothyroidism screening

In healthcare, screening is intended to detect diseases in apparently healthy indi-
viduals with risk factors, aiming to decrease morbidity and mortality through early
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intervention. In contrast, early diagnosis seeks to promptly identify diseases in indi-
viduals already exhibiting symptoms. The foundation for modern screening practices
was established in 1968 by Wilson and Jungner in a seminal WHO publication, where
they outlined key criteria [10]. Applying these principles to hypothyroidism screening
reveals several challenges: limitations in the diagnostic accuracy of the TSH test, a weak
association between symptoms and hypothyroidism diagnosis, and the inconsistent
relationship between minor TSH elevations and adverse outcomes. Additionally, treat-
ment with levothyroxine often lacks significant efficacy, leading to recommendations
against treating most patients with subclinical hypothyroidism [5, 11]. These complexi-
ties are detailed in Table 1, which applies Wilson and Jungner’s screening criteria to
hypothyroidism, revealing the unique challenges in this field.

2.1 Limitations in TSH and symptom use for hypothyroidism diagnosis

TSH is critical for screening and early diagnosis of hypothyroidism. However,
interpreting its levels is complex due to variations caused by circadian rhythms,

Principle

Assessment for hypothyroidism

1. The condition should be a
significant health problem

Manifest hypothyroidism is significant due to its potential
complications. However, the clinical relevance of subclinical
hypothyroidism is debatable since its treatment has not shown to
improve significant clinical outcomes in controlled trials.

2. There should be an accepted
treatment for patients with
recognized disease

Treatment with levothyroxine is common but does not necessarily
improve clinical outcomes in subclinical hypothyroidism.

3. Facilities for diagnosis and
treatment should be available

Broad access to TSH testing can promote its overuse, increasing the
risk of unnecessary treatments that negatively impact patients and the
healthcare system.

4. There should be a recognizable
latent or early symptomatic stage

Early identification of hypothyroidism is complicated because general
symptoms, such as fatigue and cold sensitivity, are not exclusive

to this condition, making diagnosis based solely on clinical signs
challenging.

5. There should be a suitable test or
examination

TSH variability without proper age adjustments can lead to erroneous
diagnoses and an increase in overdiagnosis, particularly in older
populations.

6. The test should be acceptable to the
population

The TSH test is a minimally invasive and low-risk procedure.

7. The natural history of the condition
should be adequately understood

Uncertainty regarding the relationship between TSH levels and
nonspecific symptoms, along with unclear therapeutic benefits,
poses a challenge to understanding the natural course of subclinical
hypothyroidism.

8. There should be an agreed policy
on whom to treat as patients

There is widespread consensus against universal screening tests in the
general population.

9. The cost of case finding should be
economically balanced in relation
to possible expenditure on medical
care as awhole

Broad screening with TSH tests can lead to substantial expenses
and the unjustified classification of patients, necessitating regular
consultations, levothyroxine treatment, additional expenses, and
more medical examinations.

Table 1.
Assessment of Wilson and Jungner’s principles for population screening of hypothyroidism.
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individual variability, and the effects of aging [12-14]. A longitudinal study observed
individuals without thyroid conditions for 5 years, revealing that 62% of TSH levels
initially ranging from 5.5 mIU/L to 10 mIU/L naturally returned to normal in later
evaluations without any medical intervention [15]. This variability underscores the
importance of confirming abnormal TSH levels with a subsequent measurement
before initiating any treatment [4]. Adhering to the guidelines from the National
Health and Nutrition Examination Survey (NHANES III), which recommend a

TSH upper threshold of 7.5 mIU/L for individuals older than 80, is crucial. Ignoring
the necessity for age-based threshold adjustments could inadvertently increase the
likelihood of overdiagnosis and consequent unnecessary treatments, along with their
potential adverse effects [3, 16].

Moreover, TSH diagnostic accuracy is influenced by pretest probability. It reliably
indicates thyroid dysfunction in high-suspicion cases, such as patients with a history
of thyroid surgery or using medications affecting the thyroid. However, its precision
diminishes when solely assessing symptoms like fatigue, common in hypothyroidism
[17-19]. Symptoms alone lack specificity, as population studies show no significant
increase in mild thyroid dysfunction symptomatology compared to normal function
[8]. Additionally, up to 25% of individuals without thyroid disorders may exhibit
symptoms erroneously interpreted as hypothyroidism [20].

2.2 Adverse outcomes of subclinical hypothyroidism and effects of levothyroxine
treatment

Observational studies suggest that TSH levels above 10 mIU/L are associated with
an increased risk of cardiac events, such as heart failure and coronary artery disease
[6]. However, for nonpregnant adults with subclinical hypothyroidism and TSH levels
at or below 10 mIU/L, there is no consistent evidence linking these slight TSH eleva-
tions to an increased risk of mortality, cardiovascular events, cognitive impairment,
frailty, decreased bone mineral density, worsened quality of life, or an increased
occurrence of symptoms [4, 6, 21].

Moreover, substantial evidence supporting the effectiveness of levothyroxine treat-
ment in these patients is lacking [22]. Results from various clinical trials, including the
TRUST trial that enrolled 737 older patients with mild TSH elevations in a random-
ized, double-blind, placebo-controlled study, revealed no significant improvements
in symptoms such as fatigue, quality of life, cognitive function, or cardiometabolic
parameters after normalizing TSH levels with 12 months of levothyroxine use [23].

Despite these findings, the use of levothyroxine has significantly increased in
many countries, with about 7% of the U.S. population now receiving this hormone
therapy [24, 25]. Often, the indications for initiating thyroid hormone therapy
include inappropriate criteria, such as patients with normal TSH levels, manage-
ment of mild subclinical hypothyroidism, suppression of thyroid nodule growth, or
addressing nonspecific symptoms like depression, weight loss, and fatigue [3, 26]. A
study by Brito and colleagues examining levothyroxine use between 2008 and 2018
in 58,706 commercially insured adult patients and Medicare beneficiaries found
that 30.5% began levothyroxine therapy despite having normal hormone levels, 61%
for subclinical hypothyroidism, and 8.4% for overt hypothyroidism. Among those
treated for subclinical hypothyroidism, the majority (57.9%) had TSH levels below 10
mlIU/L, with primary care physicians initiating most prescriptions (47.5%) [26].

As previously discussed, the treatment for subclinical hypothyroidism, particu-
larly with levothyroxine, does not clearly demonstrate benefits and is associated with
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significant adverse effects. The trend toward lowering the threshold for treating mild
subclinical conditions has led to an increase in iatrogenic medical complications.
Specifically, levothyroxine treatment resulting in suppressed TSH levels is linked to a
heightened risk of arrhythmias and bone fractures, with hazard ratios of 1.60 (95%
CI: 1.10-2.33) and 2.02 ([95% CI: 1.55-2.62]), respectively, compared to patients
maintaining normal TSH levels [27]. Furthermore, research shows that 40-50% of
patients over 65 on levothyroxine have TSH levels lower than 0.45 mIU/L, indicating
widespread overtreatment [28]. This not only increases the burden of medication and
its associated costs but also necessitates regular doctor visits, frequent blood tests, and
lifestyle adjustments for taking medication on an empty stomach [29]. Importantly,
once started, about 90% of patients with subclinical hypothyroidism are likely to
require lifelong treatment, emphasizing the need for careful evaluation before initiat-
ing levothyroxine therapy [30].

2.3 Current guidelines for hypothyroidism screening

The perspectives of medical organizations on universal screening for hypothy-
roidism vary considerably. While the American Thyroid Association advocates for
assessments every 5 years to identify thyroid dysfunction in asymptomatic individuals
aged over 35, potentially impacting around 3.5 billion adults worldwide [28, 31], other
medical organizations question this approach for nonpregnant adults [17, 32]. These
guidelines, as outlined in Table 2, provide insights into the recommendations set
forth by various medical bodies regarding hypothyroidism screening practices.

The United States Preventive Services Task Force (USPSTF), in its 2015 review,
determined insufficient evidence to support mass thyroid screening in asymptomatic
adults, citing a lack of conclusive data on its effect in preventing significant adverse
outcomes such as cardiovascular diseases or improving cognitive function. Concerns
about overdiagnosis and overtreatment were also emphasized [17].

Conversely, health authorities in the United Kingdom, including the Association
for Clinical Biochemistry, British Thyroid Association, and British Thyroid
Foundation, do not advocate for screening in the general healthy population. Instead,
they promote an early diagnostic approach in high-risk individuals with indicative
symptoms [33]. Despite these guidelines, up to 30% of individuals over 65 undergo
thyroid evaluations annually [15, 34, 35]. An analysis of 2936 subjects in this age

Organization Current guidelines

USPSTF (United States Preventive Services Task Insufficient evidence to assess universal screening.

Force) [17]

ATA (American Thyroid Association), Identifying high-risk individuals and evaluating thyroid
AACE (American Association of Clinical function every 5 years in asymptomatic individuals over 35.

Endocrinology) [27]

Association for Clinical Biochemistry (ACB), Do not endorse routine universal screening. Instead, they
the British Thyroid Association (BTA), and the recommend identifying cases in women with nonspecific
British Thyroid Foundation (BTF) [30] symptoms suggestive of an underlying thyroid disorder
Canadian Task Force on Preventive Health Care Do not perform screening tests for thyroid dysfunction in
[29] asymptomatic nonpregnant adults

Table 2.

Guidelines for hypothyroidism screening by medical organizations.
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range, with normal or slightly altered thyroid results, revealed that less than 0.5% pro-
gressed to overt thyroid dysfunction within 5 years, raising questions about the neces-
sity of screening in this age group [34]. This situation underscores the discrepancy
between current medical practice and clinical consensus, highlighting the importance
of reassessing screening practices to avoid unnecessary medical interventions [3].

3. Challenges and strategies for de-implementation
3.1 Barriers to de-implementation

De-implementation emerges as a critical strategy for reducing low-value care, such
as the excessive use of TSH testing [36]. Its primary objectives are to minimize patient
harm, optimize resource utilization, and enhance overall population health [37].
However, it encounters significant hurdles, including resistance and conflicting moti-
vations from healthcare providers and patients, as well as external influences stem-
ming from economic, political, cultural, and historical factors [38]. To tackle these
barriers, a series of comprehensive approaches is outlined in Table 3. These strategies
aim to navigate and overcome the obstacles to de-implementation, ultimately promot-
ing the judicious use of the TSH test.

Norton and Chambers have underscored the multifaceted nature of the de-
implementation process, where diverse factors exert influence across different levels
[39]. Patient preferences significantly impact prescribing practices, posing challenges
for physicians striving to adhere to evidence-based care [9]. Cognitive dissonance

Category

Strategy/insight

Implementation
challenge

Example application

De-implementation

challenges

Overcoming resistance
from healthcare
providers and patients;

Resistance to change
due to established
practices and external

Implementing a
multifaceted educational
campaign to address

navigating economic, pressures. misconceptions and
political, and cultural emphasize the evidence-
influences. based approach to TSH
testing.
Education and Updating healthcare Knowledge gaps; Hosting workshops and
training professionals on current inertia in updating seminars to disseminate
guidelines; emphasizing practices according to the latest research and

high-value care in
medical training

new evidence.

guidelines on when TSH
testing and treatment are
warranted.

EHR-based tools

Utilizing CPOE

and CDSS to guide
clinical decisions and
reduce inappropriate
interventions.

Ensuring EHR tools
are user-friendly and
effectively integrated

into clinical workflows.

Integrating alerts into EHRs
that prompt for clinical
justification when ordering
TSH tests, especially for
borderline cases.

Audit and feedback

Regular performance
evaluations against
standards to encourage
adherence to evidence-
based practices.

Establishing
meaningful
benchmarks and
ensuring feedback
is constructive and
actionable.

Providing quarterly reports
to clinicians comparing
their TSH testing patterns
with best practice
guidelines, highlighting

areas for improvement.
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Category Strategy/insight Implementation Example application
challenge
Patient engagement Involving patients Balancing educational Developing patient
in care decisions, efforts to ensure education materials that
particularly regarding patients have realistic detail the potential risks
the necessity and expectations without of overtreatment and the
implications of TSH undermining trust. importance of evidence-
testing. based testing.
Institutional policy Revising policies to limit Aligning institutional Instituting a review process
adjustments TSH testing to clinically policies with current for TSH test orders to ensure
justified scenarios. evidence while compliance with updated
managing stakeholder clinical guidelines.
interests.
Assessing Evaluating long- Addressing persistent Establishing an annual
sustainability term adherence to or resurfacing review process to
de-implementation inappropriate testing assess the impact of
strategies and practices over time de-implementation
maintaining practice strategies on TSH testing
change. rates and identify areas for
ongoing improvement.
Cost-effectiveness Considering the long- Demonstrating Conducting a cost-benefit
and broader analysis term financial impact of the value of analysis to showcase the
reducing unnecessary de-implementation long-term savings from
TSH tests. beyond immediate cost avoiding unnecessary
savings. treatments and
complications.

Research and

Encouraging research on

Securing funding and

Pilot studies assessing

innovation TSH testing impacts and interest for research the impact of targeted
developing innovative focused on diagnostic educational programs on
approaches to reduce stewardship. TSH testing rates.
unnecessary testing.
Table 3.

Enhanced strategies for optimizing TSH testing.

arises when physicians recognize that certain interventions, such as thyroid screen-
ings or treatments for subclinical hypothyroidism, may not benefit specific patients.
However, addressing patient concerns, potential litigation, and the importance of
maintaining the doctor-patient relationship complicate decision-making [40]. This
internal conflict, compounded by external pressures such as malpractice concerns,
fear of missing a diagnosis, and the need to meet patient expectations, is further
influenced by habituation, extensive training, and years of practice [41].

Given these complexities, sociological theories, like Rogers’ theory of the diffusion
of innovations, suggest that the majority of physicians, around 84%, are often slow to
adopt changes in their clinical practice [42]. Considering this delay in adopting new
guidelines is crucial for developing effective communication strategies and ongoing
training programs. These efforts should directly target perceived barriers and aim to
expedite the adoption of evidence-based practices [43].

3.2 Strategies for de-implementation

The field of de-implementation is advancing with the emergence of more effec-
tive evidence-based strategies [44]. Addressing the identified challenges requires
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a comprehensive approach that involves the practices of healthcare professionals,
incorporates the perspectives and needs of patients, and updates institutional
policies [44, 45].

Several de-implementation strategies have been explored in the literature, which
include support for clinical decision-making, education of both physicians and
patients, and the implementation of multicomponent interventions, as reported
in a systematic review that identified nine strategies for reducing low-value care.
Additionally, other mentioned strategies include cost-sharing, which shifts the finan-
cial burden of low-value care onto patients; provider performance reports, providing
patients with information about their healthcare provider’s use of low-value care
services; pay-for-performance, offering financial incentives to physicians; insurer
restrictions that limit reimbursement for low-value care; risk-sharing; and provider
feedback, also identified as effective interventions [46].

The majority of evidence suggests that multicomponent strategies are effective
and could be applied in de-implementation programs targeting the indiscriminate
use of TSH.

3.2.1 Education and training for healthcare professionals

The factors influencing healthcare professionals are closely tied to their beliefs,
knowledge, and skills [47]. It is crucial to acknowledge that clinicians often encounter
challenges in staying updated with scientific literature and may be influenced by hab-
its acquired during their medical training, which typically prioritizes diagnosis over
“do nothing” [48-50]. Therefore, resident training presents a critical opportunity to
introduce the concept of high-value care, as behaviors learned during this period tend
to persist throughout one’s professional career [49].

Although some medical schools have integrated healthcare economics content into
their curricula, many physicians still have significant knowledge gaps in these areas.
Training programs frequently overlook resource management and cost-conscious prac-
tices, essential elements for promoting more efficient, evidence-based healthcare [50].

Recent reviews have indicated that the majority of de-implementation strategies focus
on educational approaches aligned with the “Training and Education of Stakeholders”
category of the ERIC (Expert Recommendations for Implementing Change) framework,
emphasizing direct training and widespread dissemination of educational materials
as key strategies [45]. To discourage the indiscriminate ordering of TSH tests, various
educational strategies can be implemented, such as focused training sessions on updated
guidelines, distribution of educational materials, and conducting periodic assessments.
These initiatives should be complemented with specific, measurable, achievable, rel-
evant, and time-bound (SMART) objectives [47]. For instance, evaluating the impact on
reducing TSH tests by 15% among primary care physicians over the next 6 months would
provide tangible and measurable results within a defined timeframe.

However, it is essential to recognize that education alone may not suffice to change
deeply entrenched practices [1]. Research indicates that relying solely on education
for de-implementation often yields limited effectiveness, emphasizing the need for
a multifaceted, multi-level approach in current strategies, which has shown to yield
more promising results [51]. Moreover, the implementation process tends to acceler-
ate significantly when clear policies and effective communication channels are estab-
lished among research, Pharmacy Benefit Management (PBM) Services, and clinical
practice [1]. Therefore, it is critical to seamlessly integrate educational strategies into
a comprehensive framework to ensure their effectiveness.
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3.2.2 Use of EHR-based tools

The utilization of Electronic Health Record (EHR)-based tools, including
Computerized Physician Order Entry (CPOE) and Clinical Decision Support Systems
(CDSS), emerges as a powerful strategy to influence medical practice [45]. These
tools rely on theories of individual and organizational learning, facilitating the
implementation of effective strategies to replace inappropriate interventions with
evidence-based ones [36]. However, it is paramount for these tools to remain intui-
tive and straightforward, incorporating contextual alerts that guide physicians in
real-time and allowing for customization to meet patient needs. This ensures that the
process does not deteriorate into a low-value management endeavor [52].

To illustrate, there are various approaches to reducing the number of requested
TSH tests. For instance, implementing an alert within the CPOE system would
trigger when a physician requests a TSH test without a clear indication or adherence
to established clinical guidelines. This alert would prompt the physician to provide a
specific justification for the TSH test order before proceeding. Additionally, regularly
reviewing predefined order lists in the EHR system, which include the TSH test,
proves effective [36, 44].

Clinical Decision Support Systems (CDSS) represent advanced tools for influenc-
ing behavior. They deliver real-time alerts on best practices, reminders, and evidence-
based recommendations. For example, integrating alerts or reminders into CDSS
prompts clinicians to reassess their decisions to request TSH tests without indication
and opt for more appropriate interventions aligned with current best practices and
guidelines, such as conducting TSH tests in populations truly at risk and benefiting
from levothyroxine use [44]. In summary, effectively leveraging these EHR-based
tools offers a potent avenue for enhancing clinical decision-making and optimizing
patient care while also contributing to the de-implementation of indiscriminate TSH
testing [36, 44].

3.2.3 Audit and feedback

Audit and feedback are essential tools in assessing professional performance, as
they are evidence-based and designed to compare individual practice with established
professional standards and objectives [53]. This evaluation process, known as “audit-
ing” performance, is communicated both individually and collectively to motivate
compliance with professional norms and standards, such as following recommen-
dations to limit hypothyroidism screening or overuse of levothyroxine in various
contexts [44, 53, 54].

Additionally, accessible dashboards can be utilized in this audit, allowing clini-
cians to compare their performance with others and pre-established benchmarks.
These dashboards not only facilitate comparison but also provide an opportunity
for clinicians to self-audit their performance and reflect on their own practices
[44]. This, in turn, promotes continuous improvement in the quality of medical
care provided [53].

3.2.4 Strengthening patient engagement in de-implementation processes

Engaging patients in the process of removing unnecessary medical practices through
educational efforts and shared decision-making is key in medical settings, particularly
when patients hold specific beliefs or expectations about certain treatments [44]. In
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scenarios like subclinical hypothyroidism, providing patients with thorough informa-
tion about the risks, benefits, and alternatives to levothyroxine treatment helps to
realign their expectations with evidence-based standards [45, 55]. Evidence from a
systematic review and meta-analysis confirms that actively including patients and
ensuring they have access to relevant information are effective strategies for phasing out
unnecessary medical interventions [56]. These methods foster meaningful interactions
between patients and healthcare providers, creating a culture of shared decision-making
that effectively reduces the use of treatments that are not essential [56].

3.2.5 Institutional policy adjustment

To address the issue of excessive TSH screening and the overuse of LT4, it is
crucial to implement changes in institutional policies. This could involve restricting
access to these practices in cases where they are not supported by medical evidence.
By establishing specific guidelines that limit the use of TSH testing and the prescrip-
tion of LT4 to clinical scenarios where they are clearly indicated, we can promote a
more evidence-based and patient-centered approach to medical care [36, 44].

4. Assessing long-term sustainability of de-implementation strategies

The evaluation of de-implementation and its long-term sustainability demands a
comprehensive approach. While physicians and patients may acknowledge the risks
associated with indiscriminate TSH testing, various psychological, cultural, and
social factors may perpetuate its request, necessitating attention to overcome this
barrier [36].

A thorough examination of cost-effectiveness is essential [9]. While the upfront
expense of a TSH test is clear, it is imperative to consider broader implications for long-
term savings. By forecasting outcomes for patients with undiagnosed subclinical hypo-
thyroidism, potential cost savings become apparent. These savings stem from avoiding
expenses associated with levothyroxine treatment, follow-up appointments, and
complications arising from overdosing, such as hospitalizations for cardiac arrhythmias
or costs related to bone fractures resulting from chronic levothyroxine overdose.

Furthermore, de-implementation represents an ongoing and dynamic process. Even
if successful initially, it is crucial to assess its penetration, indicating the extent to which
the practice discontinues across all levels of the healthcare system, and its sustainabil-
ity, reflecting the ability to maintain the interruption of the practice over time [9].

An integral aspect of de-implementation science involves considering potential
unintended consequences [36]. For instance, discontinuing a previously recom-
mended intervention, such as including TSH testing in routine check-ups, may lead to
patients losing confidence in the medical system. Additionally, clinicians may com-
pensate for de-implementation by increasing the use of other medical interventions,
such as conducting additional blood tests like free T4 or anti-TPO alongside TSH, or
requesting thyroid ultrasounds in response to patient requests.

5. Conclusion

The significance of optimizing thyroid function tests to prevent unnecessary
diagnoses and treatments, especially in cases of subclinical hypothyroidism, has
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been emphasized in this chapter. It is evident that adopting an individualized and
risk-based approach to patient selection for thyroid function testing is crucial, given
the variability of TSH levels and their limited correlation with symptoms. Despite
the challenges in reducing the overuse of TSH testing, specific strategies, such as
healthcare professional education, leveraging electronic health record-based tools,
and enhancing patient engagement in the de-implementation process, have been
identified as essential steps toward successfully de-implementing low-value medical
practices.

Looking ahead, it is imperative to address the limitations present in current
literature, including inconsistencies in terminology. Moreover, exploring variations in
de-implementation strategies based on taxonomy, along with investigating combined
de-implementation approaches and conducting further qualitative research to under-
stand the preferences of physicians, payers, and patients, is crucial avenues for future
exploration. By pursuing these paths, tailored interventions can be developed to
effectively discourage the use of low-value medical practices across diverse geographi-
cal and economic contexts, thereby enhancing healthcare quality and promoting the
efficient utilization of healthcare resources. Advancements in these proposed future
directions hold the potential to optimize TSH testing, minimizing overdiagnosis and
unnecessary interventions.
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Chapter 6
Thyroid Imaging Tests

Evangelia Zaromytidou and Athanasios Notopoulos

Abstract

Thyroid imaging tests provide more information about the thyroid gland’ size,
shape, and function. After the thyroid blood tests which are the gold standard for the
assessment of conditions like hypothyroidism or hyperthyroidism, imaging tests are rec-
ommended to establish a diagnosis. Although the diagnosis of hypothyroidism in itself
is not an indication of thyroid imaging, thyroid radionuclide scanning may be useful
in elucidating several pathophysiological aspects of hyperthyroidism and in determin-
ing the cause of abnormal thyroid function. This may be especially crucial in deciding
whether a person will take thyroxine replacement therapy. However, it is important to
recognize whether the cause of hypothyroidism is transient or drug-induced because this
may require no treatment or only short-term thyroxine supplementation.

Keywords: hypothyroidism, RAIU, RTCUT, imagine tests, thyroid scan

1. Introduction

Hypothyroidism is a clinical and biochemical disorder caused by a lack of thyroid
hormones resulting in a slowing down of metabolic processes and potentially is fatal in
severe cases if untreated. It may be due to a disease of either the thyroid gland (primary
hypothyroidism), the pituitary gland (secondary), the hypothalamus (tertiary hypothy-
roidism) or rarely to a peripheral resistance to the actions of thyroid hormones [1].

The causes of hypothyroidism for primary hypothyroidism with goiter are hyper-
trophic form of Hashimoto’s thyroiditis, thyroid hormone biosynthesis disorders and
subacute thyroiditis. For primary hypothyroidism without goiter, is atrophic form of
Hashimoto’ thyroiditis, agenesis or hypoplasia of the thyroid, excessive iodine intake,
inflammation, post thyroidectomy, post radioactive iodine therapy or post radiotherapy
of the neck. It should be noted that TSH levels are high in these conditions. The causes
of secondary hypothyroidism, in which TSH is invariably detected at low levels, are
panhypopituitarism and isolated TSH deficiency. The causes of tertiary hypothyroidism
are due to hypothalamic lesions where the TSH values are detected at low levels [1].

Nuclear medicine in the field of thyroid disorders provides important information
for both diagnostic tests (in vitro and in vivo tests) and therapeutic interventions. A
scintigraphic study is an in vivo imaging diagnostic study, performed after adminis-
tration of a gamma photon- or positron- emitting radionuclide, which demonstrates
in two or three dimensions the distribution of the radioactive tracer in the target
organ of the human body. The uptake and distribution of radiopharmaceutical in the
thyroid gland depends upon three factors, the metabolism, the physiology, and the
pathophysiology of the gland [1, 2].
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There are many radiopharmaceuticals available in the Nuclear Physician’s quiver
that provide them with the ability to study the biokinetic behavior of the non-
radioactive tracer and to obtain functional quantitative and anatomical information
about the thyroid gland. The most widely used radionuclides are 99 m-Technetium
Pertechnetate, two isotopes of iodine I-123 and I-131, Thallium Chloride (201 T1) and
Fluorine-18-fluorodeoxyglocose (FDG) [3].

2. Diagnostic applications of radiopharmaceuticals
2.199mTechnetium pertechnetate

Is widely used for imaging the thyroid gland. Technetium does not exist in
nature but was first discovered in 1937 by Carlo Perrier and Emilio Segre at Palermo
University. They managed to isolate technetium-97 from a sample of molybdenum
irradiated with deuterons in the cyclotron [4]. It belongs to group VIIA of the
Mendeleev Table of the Elements. The pertechnetate monovalent ion ([99mTc]-
Tc04)- has similar chemical and physical characteristics to the iodide ion (i. e. ionic
size and negative charge) and similar biological distribution, thus competing with
it and its active uptake in the thyroid gland, salivary glands, choroidal plexuses and
stomach [5, 6].

99mTechnetium Pertechnetate is trapped by the thyroid parenchyma after being
mediated by the NIS (sodium/iodide symporter), a transmembrane glycoprotein
located on the basolateral membrane of follicular cells. However, unlike iodine,
pertechnetate ion does not undergo organification and is not incorporated into the
thyroid hormones; therefore, it remains in the gland for a relative short period. It has
replaced the 131I-sodium iodide in the imaging of the thyroid gland for five decades
because:

* ithaslow cost
* isreadily available from portable generators with molybdenum-99,

* the absorbed radiation dose to the thyroid gland is very low compared to
131I-sodium-iodine (it is about 2600 times lower per mCi),

* it provides good image quality of the gland

* it has short retention in the gland with short half-life (6 hours) and no f - radiation;
therefore, imaging is performed about 20-30 min after the injection.

The administered dose for adults is 111-185 MBq (3-5 mCi) and for children is
lower approximately 18,5-111 MBq (0.5-3 mCi) [6].

2.2 Radioiodine-123 and radioiodine-131

Radioiodine-123(Na[123I] I) due to its ideal characteristics, which are the short
physical half-life (13 hours), the absence of f —emissions and the high ratio uptake in
thyroid tissue compared to that in the surrounding tissues, is very suitable for scin-
tigraphy. However, it has some disadvantages, being less readily available (produced
by cyclotron) and more expensive than 99mTechnetium Pertechnetate. It has the
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same biokinetics as the stable iodine and is based on the basic principle of radiotracer
and this fact allows the pathophysiological imaging and the quantitative study of (i)
iodine behavior in the thyroid gland as well as in other organs related to the uptake,
(ii) the organification of iodine into thyroid hormones, (iii) the metabolism and
excretion of stable iodine. The administered dose is approximately 200-400 pCi
(74-14.8 MBq). Radioiodine-123 has a preferable use for the detection of either
ectopic thyroid tissue or lack of iodine organification.

Na[131I]1, is the first of all theragnostics radiopharmaceuticals used for to observe
and quantify the iodine distribution and kinetics inside the thyroid gland, whereas
p-particles emission was used to obtain the therapeutic effect. Based on its physical
characteristics, the long half-life (8.02 days), the high absorbed radiation dose, the
p-electrons emission and the emitting of an electromagnetic photon with a princi-
pal gamma-ray of 364 keV, it is no longer used for routine diagnostic scintigraphy.
However, it is still usable for evaluating mediastinal masses and detecting of recur-
rences in differentiated thyroid cancer and metastases. The administered diagnostic
dose is approximately 2-5 mCi (74-185 MBq).

Regarding its therapeutic properties, Na[131I]I is the preferable agent for the treat-
ment of hyperthyroidism and thyroid cancer, due to the high activity of p- particles
which drastically destroy thyroid tissue. The administered therapeutic dose is based
on the uptake measurement, on the radioactivity (MBq) we want to be delivered per
gram of tissue and the mass of the gland [6].

2.3 Thallium chloride (201 T1)

Its use is limited only in the imaging and confirmation of metastases from adeno-
carcinomas of the thyroid gland in some patients with total thyroidectomy without
interrupting the replacement therapy, as it is required when using Na[131I]I in
follicular carcinomas in order to increase TSH. It has a high importance of monitoring
thyroidectomized patients having negative whole-body scintigraphy with iodine-131
and elevated thyroglobulin values which indicate the presence of metastases of
differentiated cancer. It is disadvantaged in that its uptake is nonspecific and may be
observed in benign as well as malignant conditions [6].

2.4 Fluorine-18-fluorodeoxyglocose (FDG)

It is only used in evaluating a variety of neoplasms including differentiated thyroid
cancer, not visualized at radioiodine imaging, and to assess prognosis. It also has the
advantage to detect the nonfunctioning as well as functioning thyroid cancers and to

distinguish benign thyroid nodudes from cancer, based on the higher FDG metabo-
lism seen in tumors [6].

3. The in vivo tests of thyroid function
The purpose of the in vivo diagnostic tests for thyroid gland is:

i.to measure thyroid function with uptake tests with and

ii. to obtain an image of the location, size, morphology and the evaluation of the
functionality of the thyroid gland by scintigraphy using either 9mTechnetium
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Pertechnetate or Radioiodine-123, if the evaluation of the patient’s history, vitro
tests and other diagnostic tests have been carried out previously [7].

i. Uptake Test: The uptake test refers to the percentage uptake of a radiopharma-
ceutical by the thyroid gland in relation to the administered dose at specified
intervals. Several methods of functional assessment have been used in the
past, which have gradually been limited and nowadays mainly the Radioiodine
Uptake (RAIU) and the 99mTechnetium Pertechnetate Thyroid Uptake
(RTCUT) have remained in use.

Radioiodine Uptake (RAIU) illustrates the functional state of thyroid gland
and helps to determine the dose of 131-I in a post-operative therapy (ablation). The
main indications for its performances are the confirmation of hyperthyroidism, the
estimation of the therapeutic dose of 131-I, the determination of the thyroid tissue
autonomy, and the clarification of the cause of thyrotoxicosis.

The RAIU test can also be performed with 123-I in conjunction with scintigraphy.

The factors affecting thyroid uptake of iodine are dietary restrictions, impaired
kidney function, radiological studies with iodine-contrast, antithyroid medications,
amiodarone and thyroid hormones. In addition, there are pathological disorders that
either increase or decrease the RAIU (Table1).

The normal range for RAIU in thyroid gland is from 10 to 30%.

99mTechnetium Pertechnetate Thyroid Uptake (RTCUT), as a substitute for
iodine indicates the temporary trapping that iodine would have had, not its organi-
fication. For this reason, RTCUTs values are indicative and not as precise as those of
RAIU. It is performed in conjunction with scintigraphy within 20 minutes after the
intravenous administration. The main indications for its performance are Grave’s
disease, subacute thyroiditis, drug-induced thyrotoxicosis, evaluation and monitoring
of hyperthyroidism, evaluation of hypothyroidism caused by an impairment of the
organification, evaluation of treatment or withdrawal of treatment in persons receiv-
ing either methimazole, either propylthiouracil.

The normal values of RTCUT at 20 minutes range from 0,24 to 3,34% [7].

ii. Thyroid scan is a simple, non-invasive, cost effective tool for assessment of
most thyroid disorders. The advantage of scintigraphy is that it can provide
an immediate assessment of the morphological and functional status of the

Increase RAIU Decrease RAIU
Hyperthyroidism Blocked Trapping
Rebound effect from abrupt withdrawal of antithyroid Acute Subacute and Chronic lymphocytic
drugs thyroiditis
Enzyme disorders Blocked Organification
Long-term antithyroid therapy (1TSH | T4) Exogenous intake of thyroid hormones
Lithium Ablation
Thyroiditis onset Struma Ovari
Rebound effect from post thyroiditis Antithyroid drugs
Table 1.

Thyroid disorders which increase or decrease the RAIU.
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thyroid gland. Thyroid scan plays a complementary role in diagnosis of hypo-
thyroidism in infancy to confirm the underlying etiology. It detects patients
who should be given lifelong replacement therapy (hypo-plastic ectopic
thyroid) and identifies patients who need reevaluation (non-visualization or
dyshormonogenesis).

The clinical indications for thyroid scintigraphy are:

* the evaluation of thyroid size, shape, position and function

* further evaluation and identification of findings on physical examination
* determination of functional status of thyroid nodules

* follow up of radioiodine therapy for thyroid cancer

* diagnosis and monitoring of thyroiditis

* diagnosis, treatment, follow-up, and prognosis of the goiter

* assessment of extrathyroidal tissue and mediastinal masses

* screening after head and neck irradiation

99mTechnetium Pertechnetate imaging: An intravenous injection of 1-5 mCi
(37-185 MBq) is administered and images are obtained 20 minutes p.i. in the
anterior and the 45° right anterior oblique and 45° left anterior oblique views. The
99mTc Pertechnetate is actively transported and trapped into the follicular cells
but it is not bound to tyrosine. Therefore, the study reflects the measurement of
trapping.

Radioiodine 123 imaging: the tracer is administered orally in capsule form of
100-400 pCi (3,7-15 MBq) and images are obtained at 6 and 24 hours in the anterior
and the 45° right anterior oblique and 45° left anterior oblique views. This isotope
of iodine is handled by the body exactly like 1271 (a nonradioactive iodine) and after
administration it is absorbed by the intestine into the extrathyroidal iodide pool.
Extrathyroidal iodine is actively transported across the membrane of the follicular cell
where it binds to tyrosine, through interaction with thyroid peroxidase, it is organized
and incorporated into thyroid hormone. Therefore, the study reflects the distribution
of tissue that possesses the functions of trapping and organifying [7-9].

4. Hypothyroidism nuclear medicine imaging

Introduction: Primary hypothyroidism is associated with insufficient production
of thyroid hormones by the thyroid gland, while secondary hypothyroidism is related
to impaired signaling to a normal thyroid gland by an abnormal pituitary gland or
hypothalamus.

Iodine deficiency is the most common cause of hypothyroidism worldwide, while
Hashimoto thyroiditis is the prevailing cause of hypothyroidism in developed coun-
tries (Table 2).
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Primary Hypothyroidism Secondary Hypothyroidism

autoimmune thyroid diseases pituitary lesions
(adenoma, panhypopi-
tuitarism, infiltrative
thyroiditis (postpartum, silent, subacute, Riedel, Van Wyk-Grumbach disease, post-radiation)

syndrome)

iodine deficiency

central congenital
post-radiation, —surgery, —radioiodine therapy hypothyroidism

infiltrative disease (lymphoma, amyloidosis, sarcoidosis, tuberculosis)

drug-induced

congenital hypothyroidism amiodarone

antithyroid drugs

Table 2.
Causes of primary and secondary hypothyroidism.

In the following paragraphs the imaging features of some of the above disorders
and conditions will be dealt.

4.1 Autoimmune thyroid diseases (AITDs)
AITDs are increasingly seen due to:

* the widespread use of (i) anti-tumor targeted therapies such as tyrosine kinase
inhibitors (TKIs) and (ii) immunotherapies with checkpoint inhibitors (CPIs)

¢ SARS-CoV-2 infection

Lymphocytic infiltration of the thyroid gland is the hallmark of AITD.

NM techniques, such as radioiodine upta.ke (RAIU) and thyroid scintigraphy,
using 99mTc-pertechnetate (Na[99mTc]TcO4) or 123-lodine (Na[123I]I), play a clear
role in the differential diagnosis [10].

4.1.1 Hashimoto thyroiditis (HT)

Being a subtype of autoimmune thyroiditis, it is also known as lymphocytic thy-
roiditis or chronic autoimmune thyroiditis. It typically affects middle-aged females
(30-50-year age group with an F:M ratio of 10-15:1).

In developed countries, it is the most common cause of hypothyroidism. The
inflammation enhanced by the lymphocytic infiltration of the gland induces (i) fol-
licular cell destruction, necrosis, and apoptosis, (ii) fibrosis, (iii) a humoral antibody
(Ab)-mediated response directed against TPO or/and Tg, (iv) hypothyroidism [11].

Imaging is usually not necessary to diagnose HT. In selected cases, it helps to
estimate the size and composition of the gland, as well as to detect any co-existing
nodules.

* US

In the initial phase the gland is usually depicted enlarged and heterogeneous,
while in chronic cases it may be atrophic. Diffuse hypoechoicity and development
of micro-pseudonodules with surrounding echogenic septations (pseudolobulated
changes) are frequently observed [12, 13]. The degree of echogenicity shows a
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satisfactory negative correlation with the degree of lymphocytic infiltration [14],
but not with the biochemical indices of thyroid function [15]. Color Doppler usu-
ally shows normal or decreased flow, but occasionally it might appear hypervascular
similar to a thyroid inferno; in HT hypervascularity does not reflect thyrotoxicosis. It
is difficult to reliably sonographically differentiate HT from other thyroid pathology.
Annual ultrasound screening is recommended for early detection of nodules [16].
Nodular HT is associated with the presence of large nodules. Sometimes prominent
reactive cervical nodes with normal morphologic features may be observed. The pres-
ence of any calcifications may either reflect the presence or indicate an increased risk
of papillary thyroid carcinoma [17].

* Thyroid scan

The pertechnetate thyroid scintigraphy illustrates the functional state of the thyroid
gland. In the initial phase of the disease, a diffusely increased concentration of the
radiopharmaceutical is observed in the thyroid, a finding that reflects the stimulation
of the gland by TSH, produced by the pituitary gland and compensating for the early
reduction of thyroid hormones. The image should be differentiated from Graves’ disease
and color flow Doppler may contribute to the differential diagnosis [18]. As the disease
progresses, the thyroid parenchyma is replaced by lymphocytes and fibrous tissue and
the gland becomes unable to respond to stimulation by elevated TSH levels. In such
cases, the common findings on pertechnetate thyroid scintigraphy include symmetrical
enlargement of the gland’s borders, slightly inhomogeneous distribution of the radio-
pharmaceutical in the thyroid parenchyma, without the existence of defined focal find-
ings [19]. This relative heterogeneity is attributed to the variable response of the follicles
to their stimulation by TSH. In children and adolescents with HT, the distribution of the
radiopharmaceutical is more homogeneous compared to the adult picture [20].

Iodine-123 thyroid scintigraphy is rarely needed in the investigation of HT [21].

FDG-PET scan shows a diffusely increased uptake and may reveal autoimmune
thyroiditis as a consequence of cancer immunotherapy, especially when using CPIs.

4.2 Thyroiditis
4.2.1 Post-partum thyroiditis

It is a transient disorder, which occurs in women who have a high titer of antibod-
ies against TPO, which are involved in enhancing the rebound stimulation of the
immune mechanisms, after the period of relative immune-suppression, which is
constituted by pregnancy [22]. It affects approximately 6-10% of births [23, 24].
33-50% of pregnant women with elevated Ab-TPO in early pregnancy will develop
transient, postpartum thyroiditis [25]. Ab-TPO and Ab-Tg cross the placenta, but do
not appear to exert any adverse effect on the fetus [26]. Women with HLA haplotype
DR-3, DR-4 or DR-5 are at increased risk of postpartum thyroiditis. In women with
type 1 diabetes mellitus, the incidence of postpartum thyroiditis is three times that of
the general population [27].

Ultrasound is the imaging test of choice; the gland often appears hypoechoic, but
variable findings may be noted. Scintigraphically, a reduced uptake of the radiophar-
maceutical by the thyroid parenchyma is observed [28]. The immunohistochemical
pattern of the thyroid in postpartum thyroiditis resembles that of Hashimoto’s
thyroiditis, except that Hurthle cells are not often seen.
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About 20-25% of women with postpartum thyroiditis will develop hypothyroid-
ism a few years later. A positive correlation has been observed between the probability
of permanent hypothyroidism and the values of TSH and Ab-TPO. Also, subsequent
pregnancy can cause recurrence of the disease in up to 70% of cases. Of the group
of women with elevated Ab-TPO without postpartum thyroiditis in the initial preg-
nancy, 25% will develop the disease in a subsequent pregnancy [29].

4.2.2 Silent thyroiditis

It is a form of subacute thyroiditis associated with HLA-DR-3 and elevated levels
of Ab-TPO and Ab-Tg. It is usually characterized by the recent onset of symptoms and
the lack of thyroidal pain or tenderness. An initial transient hyperthyroid period is
followed by hypothyroidism and finally the euthyroid state is attained.

Scintigraphically the thyroid parenchyma typically shows markedly reduced
radiotracer uptake, while the gland may have normal to moderately enlarged size.

4.2.3 Riedel thyroiditis (RT)

It is a rare disease tending to affect middle-aged persons (30-60 years old with an
F:M ratio of 3:1). Its etiology being rather obscure, RT seems to be characterized by a
fibroinflammatory process derived from autoimmune signaling [30].

* US

The thyroid gland appears diffusely hypoechoic and ischaemic due to extensive
fibrosis; hyperechoic bands correspond to the fibrosis [31]. US elastography may
reveal significant stiffness of the gland.

e CT

Within the thyroid parenchyma, hypodense areas are observed, which remain
unaltered after administration of a contrast agent [32]. CT imaging of the chest or
abdomen may show more systemic involvement.

* MRI

The main findings are: (i) hypointense images in T1- and T2-sequences, (ii)
uniform enhancement of variable intensity can be observed following IV Gd
administration.

* Pertechnate Thyroid Scan

No radiotracer is detected within the affected tissue, which appears as a photope-
nic area.

¢ FDG-PET Scan

Intense uptake is observed corresponding to the areas of inflammation—fibrosis in
RT [33, 34].
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4.2.4 Subacute thyroiditis (DE QUERVAIN)

It is a self-limited thyroiditis usually preceded by an upper respiratory tract viral
infection. In the initial phase, patients present with a painful neck along with thyro-
toxicosis, followed by a period of hypothyroidism. In most cases a euthyroid state is
finally achieved without requiring a specific treatment.

* US

The affected areas appear as irregularly confined lesions of decreased echogenicity
and vascularity. They can be bilateral or unilateral. The gland size is usually normal
but can occasionally be enlarged or smaller. After the resolution of the disease, the
sonographic pattern and enlargement of the thyroid resolve with some strands of
fbrosis refecting the residual thyroid damage.

* Thyroid scan

In patients with the appropriate clinical setting and ultrasound findings, low or
absent uptake of the radiotracer is observed, rendering difficult the clear delineation
of the gland from the surrounding tissues.

4.2.5 Van Wyk-Grumbach syndrome

This syndrome is characterized by chronic hypothyroid autoimmune thyroiditis,
delayed bone age and precocious puberty (usually early menarche and breast devel-
opment, without pubic and axillary hair growth) due to the stimulation of ovarian
FSH receptors by the excess of TSH.

Plain radiographs wrist and hand are used to detect delayed bone age.

4.3 Infiltrative thyroid disease

The imaging features of these entities are nonspecific and may pose diagnostic
challenges being difficult to differentiate from primary thyroid malignancies, HT and
other forms of thyroiditis [35].

4.3.1 Thyroid lymphoma

It is a rare disease (1-2 patients per 1,000,000 people) mainly affecting 50-70 year
old females (F:M = 3). It commonly presents as a rapidly enlarging goiter with
accompanying compressive symptoms and cervical lymphadenopathy. Hashimoto
thyroiditis has been associated with an increased risk for thyroid lymphoma.

* US

It may appear as nodular (hypoechoic mass) or diffuse (mixed echotexture) or
mixed [36], while calcifications are uncommon 4.

* CT

Its usual appearance is a goiter, hypodense compared to the adjacent muscles,
which may show heterogeneous enhancement but still less than adjacent muscle [37].
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* MRI

The gland may appear iso- to hyper-intense on T1/T2 sequences. A pseudocapsule
may be detected.

4.3.2 Thyroid amyloidosis
It is due to the deposition of amyloid protein and fat within the thyroid gland.
« US

An enlarged gland showing complex or hypoechoic areas maybe extending to the
mediastinum.

* CT

A diffuse or/and multinodular thyroid enlargement at varying extents depending
on the amount of fat and amyloid deposited within the thyroid parenchyma [38].

* MRI

Proteinaceous substances within the nodules result in high intensity T1 images,
fibrillar amyloid structures in increased signal on T2 images and fatty infiltration in
increased T1 and T2 signals [39]. Cases with diffuse fatty infiltration can be difficult
to differentiate from thyrolipomatosis.

4.3.3 Thyroid sarcoidosis

Involvement of the thyroid gland by sarcoidosis is very rare, affecting 4.5% of
patients with sarcoidosis. It may present as (i) a gradual enlargement of the gland,
eventually causing compressive symptoms, (ii) a multinodular goiter, (iii) cold
solitary thyroid nodules, with or without cervical lymphadenopathy [40]. Its diagno-
sis may be elusive given the imaging similarities with other thyroid diseases and the
limitations of FNA due to either the scattered pattern of granulomatous infiltration or
the formation of hyperplastic papillary structures [41].

4.3.4 Thyroid tuberculosis

It is extremely unusual and the diagnosis can be easily disregarded as the clinical
and imagological findings are usually non-specific. The gland may appear either dif-
fusely enlarged or with a heterogeneous (micro)-nodular composition [42]. Cervical
lymphadenopathy may also be present.

4.4 Congenital hypothyroidism
4.4.1 Introduction
The most common causes of congenital hypothyroidism [43, 44] are presented

in Table 3. In developing countries, the main cause is the endemic lack of iodine in
mother and fetus.
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* Thyroid dysgenesis (most common cause: 80-85% of cases, 1:4500 births)

* agenesis
* hypoplasia

* ectopy (67% of cases): usually found at the base of the tongue, but also anywhere along the thyroglossal
duct. Despite the existence of functional thyroid parenchyma, the production of thyroid hormones is
usually insufficient to ensure normal development

* Dyshormogenesis (10-15% of congenital hypothyroidism cases, 1:30000 births)

* decreased response to TSH: it affects 1% of cases; it is due to a mutation of the TSH receptor gene and
more rarely to a mutation of the Gs,-gene (pseudohyperparathyroidism type 1a or Albright’s hereditary
osteodystrophy)

* disorder in iodine trapping (dysfunction of the sodium-iodine cotransporter)

* problematic organification of iodine (disorders either of the TPO enzyme or of H,0, production,
Pendred syndrome)

* disorders of the enzyme iodotyrosine dehalogenase
* disorders of synthesis, iodination and transport of thyroglobulin

* presence of abnormal iodoproteins (iodotyrosine deiodinase disorders)

* Central congenital hypothyroidism (5% of cases, 1:50000-100,000 births)

* isolated hypothalamic lesion (insufficient TRH secretion or resistance to its action)
* hypothalamic lesion combined with midline abnormalities and brain malformations
* structural abnormalities of TSH molecule

* pituitary hypoplasia / ectopy

Table 3.
The most common causes of congenital hypothyroidism.

4.4.2 Imaging investigation in neonates with congenital hypothyroidism

After performing the screening test, as long as TSH < 10mIU/L, no further action is
needed. Newborns with a moderate increase in TSH (10mIU/L < TSH < 20mIU/L) are
invited for a confirmatory test of TSH and measurement of T4 and FT4 (blood collec-
tion by venipuncture); if hypothyroid hormone levels are confirmed, they are referred
to a pediatric endocrinologist and treatment begins. Neonates with TSH > 20mIU/L
are referred directly to a pediatric endocrinologist for further testing and treatment.

In cases of single measurement of TSH or total T4 (TT4), the following observa-
tions have emerged from their application in clinical practice: The measurement of
TT4 is advantageous in the detection of cases with central hypothyroidism and is
accompanied by fewer false positive results (TT4 does not change during the first
24-48 hours of life, as it has been observed with TSH). It is difficult to define a cutoff
(threshold) low enough to avoid false-positive results and high enough to detect
cases with an ectopic thyroid gland, resulting in about 7% false-negative results. The
measurement of TSH has the advantage of having fewer false negative results and is
furthermore highly recommended in the detection of congenital hypothyroidism due
to iodine deficiency, as well as in cases with mild hypothyroidism [45].

* Radiographs

The knee joints may be X-rayed to determine the bone age (bone epiphyses study).
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* US

It can provide additional information about (i) the anatomy of the gland, (ii)
the presence of cysts or thymic tissue in the thyroid region in patients with thyroid
dysgenesis, and (iii) allow the gland to be detected in some cases in the absence of
radiopharmaceutical uptake during scintigraphic testing [46, 47]. In the latter cases,
there arises a suspicion of some form of dyshormonogenesis (specifically that due to a
reduced response to TSH) or of the transplacental passage of antibodies against TSH
receptors. Antibodies against TSH receptors completely inhibit TSH-induced uptake
of the radiopharmaceutical by the thyroid parenchyma [48]. The measurement of
thyroglobulin can help detect residual functional thyroid tissue.

* Thyroid scan

It is particularly useful in ruling out any dysgenesis and is much more sensitive
than ultrasound in revealing ectopic thyroid tissue [49]. It is performed with either
radioactive technetium (1-5 MBq/kg 99mTc-pertechnenate) or radioactive iodine-123
(0.1-0.3 MBq/kg 123I). 1231 is the radionuclide of choice when ectopic or dystopic
thyroid tissue is suspected, due to its superior properties such as higher gamma
energy (159 keV) compared to 99mTechnetium (140 keV), thus allowing for better
penetration of osseous structures and detection of retrosternal, intrathoracic and
abdominal thyrogenous masses. Sensitivity and specifcity of scintigraphy gets further
increased if SPECT/CT hybrid imaging is available for anatomic correlation and
attenuation correction.

It appears that thyroid dysgenesis is a multigene (disruption of several genes is
required to manifest the specific phenotype) and multifactorial (synergy of genetic
and environmental factors is required) disease [50]. In 40-60% of cases there is
residual thyroid tissue, but thyroid scintigraphy (even with 123I) has relatively
limited sensitivity for its detection.

Except in the case of decreased response to TSH, in congenital hypothyroidism due
to dyshormonogenesis, the thyroid gland is visualized in situ (and is often enlarged
and/or shows increased radiopharmaceutical uptake).

In dyshormonogenesis due to iodine trapping disorder, hypothyroidism is accom-
panied by goiter and a low uptake of the radiopharmaceutical is observed in the
thyroid parenchyma. As hypothyroidism is usually detected late, mental retardation
coexists. Potassium iodide 1-5 mg is given and then thyroxine.

In the case of decreased response to TSH, the thyroid gland is not visualized on
scintigraphy (same picture as that of agenesis), while the thyroid tissue is revealed on
ultrasound examination and serum thyroglobulin is measured in approximately nor-
mal ranges [51]. The dissociation between the gland size and thyroglobulin concentra-
tion is partly explained by the fact that the regulation of thyroglobulin secretion is not
solely dependent on TSH.

The use of recombinant TSH is a satisfactory alternative to scintigraphic study
and potassium perchlorate discharge test, avoiding discontinuation of replacement
therapy [52].

In conclusion, the combination of scintigraphy and thyroid ultrasound is the best
imaging approach for congenital hypothyroidism [53].
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Chapter7

Hashimoto’s Thyroiditis
Sedat Carkit

Abstract

Hashimoto’ thyroiditis is the most common type of thyroiditis, an inflammatory
disease of the thyroid gland. Antibodies that the body normally produces against sub-
stances foreign to the body, together with the immune system, attack the thyroid cells
and cause inflammation and damage to the thyroid gland. Thus, the thyroid gland
cannot fulfill its function, and the level of hormones it secretes decreases over time.

It is familial and is mostly seen in women between the ages of 30-50. Hashimoto’s
thyroid is one of the causes of “hypothyroidism”, a condition in which the thyroid
gland is underactive. The thyroid hormone, which regulates the body’s metabolic
rate and thus affects all tissues, decreases over time in these patients, and the risk

of hypothyroidism increases with age. Another problem that Hashimoto’s thyroid
can cause in the thyroid gland is nodule formation. In general, enlargement of the
thyroid gland is common, especially in the beginning, and this may be accompanied
by nodule formation in the process. Hashimoto’s thyroid should be detected early, and
thyroid hormone levels should be monitored at regular intervals and replaced with
medication if necessary. With close follow-up and treatment, patients do not experi-
ence adverse effects related to Hashimoto’s thyroid.

Keywords: Hashimoto’s thyroiditis, hypothyroidism, thyroid antibodies, thyroid
peroxidase, chronic autoimmune thyroiditis

1. Introduction

In areas with adequate iodine, Hashimoto’s thyroiditis is the primary reason for
hypothyroidism. Hashimoto initially described this condition in 1912, and it primarily
affects women, impacting approximately 10% of the population. As individuals age,
the prevalence of this disease rises [1]. We now acknowledge Hashimoto’s thyroiditis
as an autoimmune thyroid disorder with a rising incidence [2].

Presently, Hashimoto’s thyroiditis is the primary cause of hypothyroidism [3],
and patients with this condition face an elevated risk of cardiovascular diseases and
malignancies [4]. The disease’s progression involves lymphocytic infiltration and
autoimmune damage to the thyroid gland. Nearly all patients with this disease exhibit
elevated serum antibody levels against thyroid antigens, along with extensive lym-
phocytic infiltration primarily involving thyroid-specific B and T cells.

The disease typically involves follicular destruction, which results from a com-
bination of genetic predisposition and environmental factors. Despite their distinct
clinical presentations, the familial link between Graves’ disease and the occasional
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transition from Graves’ disease to Hashimoto’s thyroiditis suggests a related patho-
physiological connection between these two disorders [5].

Here, we discuss the etiological factors and pathophysiological changes that
contribute to the development of the disease. Diagnostic methods, various treatment
strategies, and important considerations in patient management are also discussed.

2. Epidemiology

Over the last three decades, there has been a significant rise in the occurrence of
Hashimoto’s thyroiditis [6]. Presently, Hashimoto’s thyroiditis ranks among the most
prevalent thyroid disorders, affecting 0.3-1.5 cases per 1000 people [7]. Over 10% of
women test positive for antibodies related to Hashimoto’s thyroiditis, and around 2%
experience clinical symptoms.

Although Hashimoto’s thyroiditis is less common among Pacific Islanders, individu-
als of white ethnicity have a higher incidence compared to those of black ethnicity [8].

The prevalence of the disease increases with age. The exact reasons behind the
elevated prevalence of Hashimoto’s thyroiditis in women remain unclear. However,
potential factors include similarities to animal models of other autoimmune diseases
and the influence of X chromosome inactivation and fetal microchimerism due to
female sex hormone exposure [9].

Hashimoto’ thyroiditis can present itself in three ways: on its own, in conjunction
with other autoimmune diseases like type 1 diabetes mellitus and Sjégren syndrome,
or paired with other thyroid conditions. It is worth noting that within this last
category, the incidence of papillary thyroid cancer can vary between 0.5% and 30%.

The development of Hashimoto’s thyroiditis has been linked to climatic factors.
For instance, Siberian women exhibit a greater density of thyroid peroxidase (TPO)
antibodies compared to the overall population [10]. Additionally, Hashimoto’s
thyroiditis may be more prevalent in specific conditions, including myasthenia gravis
(MG) and systemic sclerosis.

Hashimoto’s thyroiditis serves as a typical illustration of organ-specific autoim-
mune conditions and frequently coexists with other autoimmune diseases within
the same patient or family, implying a shared genetic foundation [11]. Notably,
Hashimoto’s thyroiditis and systemic lupus erythematosus were the initial diseases
where a genetic underpinning for autoimmunity, specifically associated with MHC
class II genes, was established during the early 1970s.

Despite extensive research spanning four decades, only a handful of susceptibility
genes have been pinpointed for Hashimoto’s thyroiditis, each exerting a modest influ-
ence on the disease phenotype via mechanisms that remain unclear [12].

3. Etiology
There are primary and secondary causes.
3.1 Primary Hashimoto’s disease
The most prevalent type of Hashimoto’s thyroiditis is the primary form, which

includes cases where no specific causes can be identified. This form encompasses a
clinical and pathological spectrum comprising six main variants: the classical form,
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fibrous variant, [gG4-related variant, juvenile form, Hashitoxicosis, and painless (or
silent) thyroiditis [13].

The latter variant may occur sporadically or postpartum. The typical clinical pre-
sentation involves enlargement of the thyroid gland (goiter), with or without hypo-
thyroidism. Pathologically, all these variants share a common feature: pronounced
lymphocytic infiltration within the thyroid gland.

3.2 Secondary Hashimoto’s disease

These forms involve identifiable etiological agents. More frequently, it results from
medical intervention and the use of immunomodulatory medications. A case in point
is interferon-alpha, which, when used to treat hepatitis C viral infection, can trigger
or worsen thyroiditis [14].

Recent progress in cancer immunotherapy has revealed various immune-related
adverse events, including thyroiditis, associated with the use of monoclonal antibod-
ies that block CTLA-4 or cancer vaccines.

4. Pathogenesis

The development of Hashimoto’s thyroiditis involves a complex, multistep process
influenced by genetic, environmental, and immunological factors. In essence, the
breakdown of immune tolerance toward normal thyroid cells results in the production
of antibodies targeting thyroid tissue, leading to thyroid gland destruction. The initial
inflammatory changes occur when genetically susceptible individuals encounter the
aforementioned environmental factors.

Following this, cells expressing major histocompatibility complex (MHC) class
2 antigens, including dendritic cells and macrophages, infiltrate the thyroid gland.
These cells present the thyroid’s autoantigens to the immune system for recogni-
tion and processing. Among the various potential auto-antigens, thyroglobulin,
the primary protein produced in thyroid tissue, plays a central role in the disease’s
pathogenesis [15]. Notably, thyroglobulin protein encompasses approximately 40
distinct epitope types critical to the disease process [16].

In the disease’s pathogenesis, thyroid peroxidase an enzyme responsible for iodine
oxidation serves as a crucial autoantigen. Moreover, 180 different types of thyroid
peroxidase antibodies have been identified to date. Studies have confirmed that anti-
bodies against the thyrotropin receptor and the sodium iodide symporter, which have
been detected in patients with autoimmune thyroid disease, do not play a significant
role in the pathogenesis of this condition.

Initially, a functional alteration occurs in B cells, leading to the production of auto-
antibodies in the disease process. Furthermore, T cell dysfunction contributes to the
disturbance of immune balance targeting thyroid tissue [17]. Hence, we can infer that
both cellular and humoral immunity play a role in the development of Hashimoto’s
thyroiditis. Cellular immunity has been found in Hashimoto’s patients with CD8+ T
cells against thyroglobulin and TPO [18].

Nevertheless, only a small proportion (approximately 2-3%) of CD8+ cells
specifically target TG/TPO, indicating that the majority are not thyroid antigen-
specific. Furthermore, recent studies have revealed that cell death in autoimmune
thyroiditis is not only dependent on cytotoxicity but also on apoptotic processes.
“Suppressor T cells”, a specialized population of CD8+ cells, are thought to be able
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to inhibit harmful immune responses. It is hypothesized that Hashimoto’s thyroiditis
involves altered function of T cell suppressors targeting specific thyroid antigens.
Certain functions attributed to T suppressor cells are also carried out by T regulatory
cells [19].

A key hallmark of Hashimoto’s thyroiditis is the generation of specific antibodies
targeting thyroid tissue [20]. In most cases, Hashimoto’s patients produce autoan-
tibodies against thyroglobulin (TG) and thyroid peroxidase (TPO). Furthermore,
analyzing anti-TPO antibodies proves valuable in predicting the development of
hypothyroidism. A recent description of Hashimotos includes a variant known as
IgG4 thyroiditis, characterized by the presence of IgG4-positive cells within the
context of a systemic autoimmune disorder [21].

Several studies have reported elevated serum levels of Th1 cells, as well as IL-17
and IL-22 cytokines, in individuals with Hashimoto’s thyroiditis [22]. Evidence
indicates that IL-12 cytokine levels are elevated in 56% of Hashimoto’s patients [23]. A
recent study proposed that circulating exosomes actively contribute to the pathogen-
esis of Hashimoto’s thyroiditis (HT) [24]. Exosomes possess the ability to transport
bioactive molecules to other cells, impacting biological processes. They participate in
diverse cellular functions, including antigen presentation, inflammatory activation,
autoimmune conditions, and tumor metastasis. Hashimoto-specific exosomes can
present antigens to dendritic cells (DCs), triggering DC activation through the NFxB
signaling pathway by binding to TLR2/3. This process may disrupt CD4+ T lympho-
cyte differentiation and potentially contribute to the development of Hashimoto’s
thyroiditis.

A similar process has been observed in systemic lupus erythematosus; however,
further studies are necessary to validate this hypothesis in Hashimoto’s patients.
Hashimoto’s thyroiditis (HT) frequently coexists with other autoimmune disorders,
suggesting a potential shared poly-autoimmune origin. In a large prospective study
involving 3209 patients with Graves’ disease, Ferrari and colleagues investigated the
association of this thyroid disorder with other autoimmune conditions.

A significant proportion of Graves’ patients (16.7%) presented with additional
autoimmune diseases, including vitiligo, autoimmune gastritis, rheumatoid arthritis,
polymyalgia rheumatica, multiple sclerosis, and celiac disease. Notably, some patients
were diagnosed with three or more associated autoimmune disorders [25].

5. Symptoms and diagnosis

The current diagnostic criteria for Hashimoto’s thyroiditis involve evaluating clini-
cal features, detecting serum antibodies against thyroid antigens (primarily thyroper-
oxidase and thyroglobulin), and assessing the thyroid sonogram. Radioactive iodine
uptake and cytological examination of thyroid aspirate are infrequently employed in
the diagnostic process.

5.1 Clinical features

Hashimoto’s thyroiditis (HT) manifests with both local and systemic symptoms,
as well as features specific to different forms of the disease. Local symptoms arise due
to pressure on cervical structures near the thyroid gland. These include dysphonia
(caused by involvement of the recurrent laryngeal nerve), dyspnea (due to tracheal
constriction), and dysphagia (resulting from pressure on the esophagus).
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Systemic symptoms emerge from thyroid gland dysfunction, leading to primary
hypothyroidism. Given the far-reaching impact of thyroid hormones on various organs
and tissues, the signs and symptoms of hypothyroidism are diverse and variable.

5.1.1 Gastrointestinal system

Hypothyroid patients frequently report constipation as their primary com-
plaint. Reduced peristalsis can occasionally result in pseudo-obstruction or ileus.
Additionally, gallbladder hypotonia and alterations in bile composition may contrib-
ute to an increased risk of bile duct stone formation.

5.1.2 Skin involvement

Hypothyroid patients commonly exhibit skin alterations, including dryness,
coldness, yellowness, and thickening. These changes arise from the accumulation of
hydrophilic mucoproteins, such as hyaluronic acid, in the skin, leading to myxedema.
Additionally, sweat gland atrophy contributes to these manifestations. Hair becomes
coarse and prone to falling out, while nails become thin and brittle.

5.1.3 Cardiovascular system

Hypothyroidism is characterized by classic signs, including bradycardia and
reduced amplitude of cardiac waves on electrocardiogram. These manifestations
result from decreased ventricular contractility, increased peripheral resistance,
and their combined impact on cardiac output. Cardiomegaly may be present, often
accompanied by pericardial effusion. Additionally, hypothyroid patients frequently
experience coronary artery disease, likely influenced by the effects of thyroid
hormones on lipid metabolism. Notably, hypothyroidism leads to reduced levels of
cholesterol and LDL cholesterol, both recognized as atherogenic factors.

5.1.4 Skeletal muscles

The muscles appear hypertrophic due to the myxedematous infiltration of the
connective tissue. The contraction and relaxation times are delayed and may cause
pain and cramps.

5.1.5 Pulmonary system

Common respiratory abnormalities are bradypnea and hypoxia. These are
caused by obstruction of the upper airways by enlarged soft tissues, weakness of the
respiratory muscles, decreased chest wall and lung compliance, increased capillary
permeability, and pleural effusion. Respiratory failure may occur in patients with
myxedematous coma.

5.1.6 Hematopoietic system

Anemia is common in hypothyroidism. It can be normocytic (due to decreased
renal secretion of erythropoietin), hypochromic, and microcytic (due to impaired
iron absorption) or megaloblastic (due to gastric atrophy with B12 vitamin
malabsorption).
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5.1.7 Reproductive system

Oligomenorrhea and/or menometrorrhagia are common. Menstrual cycles
are often anovulatory due to impaired conversion of estrogen precursors.
Hypothyroidism during pregnancy has been associated with an increased rate of
miscarriage.

5.1.8 Urinary system
Fluid retention caused by decreased glomerular filtration has been described.
5.1.9 Neuro-psychiatric system

Patients with Hashimoto’s thyroiditis (HT) often experience difficulty concentrat-
ing, memory loss, and depression. A more contentious issue is Hashimoto’s encepha-
lopathy, which was first reported in 1966 [26]. It manifests insidiously, resembling
truncal ataxia associated with spino-cerebellar degeneration. Additionally, parox-
ysmal dyskinesia has been documented [27]. Over time, patients develop cognitive
impairments affecting episodic memory, attention, executive function, and visual-
spatial abilities, while retaining naming ability. Diagnostic criteria remain unclear,
necessitating a diagnosis based on excluding other potential causes of encephalopathy
in patients with HT.

5.2 Clinical variants

Hashimoto’s thyroiditis (HT) typically presents in the fifth decade of life and is
more prevalent in women. The thyroid gland exhibits enlargement and firmness.
Approximately 75% of patients are euthyroid at the time of diagnosis, while the
remaining minority display a spectrum of dysfunction ranging from subclinical
hypothyroidism (characterized by elevated TSH levels but thyroid hormones within
the normal range) to overt hypothyroidism. The fibrous variant of HT, also more
common in women but occurring at older ages, often presents with symptomatic
goiter. The thyroid’s lobulated appearance can resemble benign nodules.

Most patients with HT experience hypothyroidism and require prompt thyroid
hormone replacement. In advanced age, this fibrous variant progresses to a severe
form of thyroid atrophy, clinically manifesting as idiopathic myxedema. Although the
thyroid gland is non-palpable, patients exhibit hypothyroid symptoms that may be
challenging to distinguish from age-related signs.

The IgG4-associated variant of HT, akin to the classic form, typically emerges
in the fifth decade of life but at a younger age [28]. Unlike the disproportionately
high female-to-male ratio of the classic form, this variant affects both sexes equally.
Despite synthetic thyroid hormone administration, the IgG4-associated variant often
follows a more aggressive course, leading to persistent subclinical hypothyroidism in
many patients.

The juvenile form of Hashimoto’s thyroiditis (HT) typically appears before the
age of 18, with the average age at referral being 11 [29]. While it is more prevalent in
females, the ratio of females to males is lower. A majority of children show signs of
goiter, but they usually do not exhibit any symptoms.

At the point of diagnosis, 43% of children have normal thyroid function
(euthyroid), 24% have mild (subclinical) hypothyroidism, 21% have severe (overt)
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hypothyroidism, 9% have severe (overt) hyperthyroidism, and 3% have mild (sub-
clinical) hyperthyroidism [30]. The disease progression can vary, including periods of
remission, relapse, and eventual progression to permanent hypothyroidism.

The Hashitoxicosis variant, initially described by Fatourechi in 1971 [31],
combines the clinical features of Graves’ hyperthyroidism with the pathological
appearance of HT. The initial hyperthyroid phase closely resembles Graves’ disease,
characterized by high thyroid uptake of radioactive iodine and the presence of
thyroid-stimulating immunoglobulins. However, hyperthyroidism is transient, even-
tually transitioning to permanent hypothyroidism within a period of 3 to 24 months.

Silent thyroiditis, also known as painless thyroiditis, refers to a lymphocytic
inflammation affecting the thyroid gland. It may manifest sporadically or more
frequently within a year after childbirth. These two forms share indistinguishable
characteristics, with the second form, associated with pregnancy, being termed
postpartum thyroiditis. In regions with higher dietary iodine intake [32], painless
thyroiditis tends to be more prevalent.

Scientifically, it is described as exhibiting a triphasic model, involving an initial
phase of thyrotoxicosis, followed by hypothyroidism, and ultimately leading to
recovery. Postpartum thyroiditis occurs in approximately 8% of all pregnancies [13],
although estimates may vary based on the studied population and the frequency of
follow-up.

Thyrotoxicosis, which typically occurs two to five months after delivery, has a
duration of approximately one month. It is generally mild and seldom necessitates
treatment, although beta-blockers can be employed. The underlying mechanism
for the elevation in serum thyroid hormone levels is not excessive production by the
thyroid gland (hyperthyroidism). Instead, it results from the release of previously
synthesized hormones from thyroid follicles, triggered by destructive inflammation.
Consequently, antithyroid drugs are not recommended during this phase.

Following thyrotoxicosis, a hypothyroid phase ensues, lasting approximately
two to six months. During this period, symptoms are mild, and patients may be
mistakenly attributed to postpartum depression. Fortunately, most women (80%)
eventually recover normal thyroid function within a year after delivery. However,
permanent hypothyroidism is more likely in women with multiple pregnancies and a
history of postpartum thyroiditis.

5.3 Thyroperoxidase antibodies

Thyroid peroxidase antibodies serve as the optimal serological marker for diagnos-
ing Hashimoto’s thyroiditis (HT). These antibodies are present in approximately 95%
of HT patients, whereas they are rare in healthy individuals. In the context of postpar-
tum thyroiditis, thyroid peroxidase antibodies also play a unique role by increasing
the risk of hypothyroidism and long-term thyroid dysfunction in pregnant women
who have them at the beginning of pregnancy.

The correlation between thyroid peroxidase antibody levels and the number of
autoreactive lymphocytes infiltrating the thyroid is evident. Additionally, it relates
to the degree of sonographic hypoechogenicity. On the other hand, thyroglobulin
antibodies, which constitute the most abundant protein in the thyroid gland, are less
sensitive than thyroid peroxidase antibodies (positive in only 60-80% of HT patients)
and less specific (positive in a higher proportion of healthy controls).

Despite this, they serve their own purposes. In clinical practice, both antibodies
are simultaneously assessed and fluctuate together following treatment interventions.
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Interestingly, thyroid antibodies exhibit poor correlation with each other. The inter-
play between thyroglobulin and thyroid peroxidase antibodies represents distinct
facets of the autoimmune response against the thyroid gland.

Thyroglobulin antibodies might signify an initial, more innate immune response,
whereas thyroid peroxidase antibodies could represent a subsequent adaptive immune
response, a type of immune intensification. In line with this theory, thyroglobulin
antibodies are anticipated to be present at the beginning of a disease that is inherently
associated with thyroiditis.

Indeed, in mouse models of spontaneous autoimmune thyroiditis, thyroglobulin
antibodies emerge before thyroid peroxidase antibodies. The commencement of
disease is seldom seen in human autoimmune diseases. For instance, in the case of HT,
the majority of patients have been living with the disease for a minimum of 7 years
before they are clinically diagnosed. Hence, in humans, thyroid peroxidase antibodies
are predicted to be more prevalent and elevated compared to thyroglobulin antibodies.

5.4 Ultrasonography

Among patients with thyroid conditions, neck ultrasound has become the most
commonly employed imaging technique [33]. In Hashimoto’s thyroiditis (HT), there
is a characteristic reduction in echogenicity, distinguishing it on ultrasound. The nor-
mal thyroid gland, composed of varying-sized thyroid follicles, scatters ultrasound,
causing the lobes to appear bright.

Conversely, in HT, the destruction of thyroid follicles by small lymphocytes results
in a significant decrease in echogenicity, making the thyroid parenchyma similar to
the adjacent strap muscles.

Different forms of HT exhibit distinct characteristics; for example, the IgG4-
associated variant [34] displays more pronounced hypoechogenicity, while the
fibrous variant shows irregularity and nodularity due to collagen fiber accumulation.
Thyroid ultrasound also allows for the measurement of the thyroid gland’s volume.
The field of thyroid ultrasound is rapidly advancing, with ongoing efforts to improve
visual impressions, facilitate point-of-use applications for endocrinologists and
surgeons, and integrate with Doppler or elastography for additional information.

Lastly, ultrasound is commonly used in various centers to guide needle placement
during fine needle aspiration, enhancing precision in targeting thyroid nodules.

5.5 Thyroid function tests, radioiodine uptake, and fine needle aspiration

The assessment of thyroid function in patients with HT is conducted by measuring
the levels of serum thyrotropin (TSH) and free thyroxine (FT4). TSH serves as the
most crucial indicator for monitoring thyroid function as its levels precisely adjust to
the slightest changes in circulating thyroid hormones. Due to the variability in results,
the 24-hour thyroid radioactive iodine uptake is seldom employed for diagnosing HT.

However, it proves beneficial in painless thyroiditis. During the hyperthyroid
phase of this HT variant, contrary to what is expected in hyperthyroidism, the radio-
iodine uptake is reduced rather than increased. This is because the rise in circulating
thyroid hormones is attributed to the destruction of thyroid follicles and the release
of preformed thyroid hormones (thyrotoxicosis), not due to the enhanced function of
the thyroid gland (hyperthyroidism).

Fine needle aspiration is commonly performed when a thyroid nodule is present
in the patient. The majority of thyroid nodules are genuine neoplastic nodules, and
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most of them are benign tumors. However, in the fibrous variant of HT, considering
that the dense keloid-like fibrosis disrupts the thyroid structure and gives the gland a
lobular appearance, “pseudo-nodules” may be present. When thyroid antibodies and
anodule are present, it becomes challenging to determine whether the patient has two
coexisting thyroid diseases or only the fibrous variant of HT.

Hence, fine needle aspiration is carried out, and the interpretation of the cyto-
logical results can be challenging. HT cytology typically presents a polymorphic
lymphoid cell population (small mature lymphocytes, larger active lymphocytes, and
occasionally plasma cells) along with Hurtle cells. Lymphocytes frequently interact
with thyroid cell groups; this characteristic is believed to be beneficial in differentiat-
ing HT from thyroid neoplasms [35].

However, in some aspirates, there are no lymphoid cells, and they are composed
almost entirely of Hurtle cells, which complicates the determination of whether these
cells are Hurtle cells found in HT or those found in other oncocytic lesions of the
thyroid, such as oncocytic adenomatoid nodule, Hurtle cell adenoma, or Hurtle cell
carcinoma [36].

For these aspirates that are primarily composed of Hurtle cells, the cytopathologist
employs the term “atypia of undetermined significance” [37] to denote the features
that are neither benign nor malignant. Despite the Bethesda system’s recommenda-
tion for this category being conservative treatment and the fact that most of these
Hurtle cell lesions are benign [38], numerous patients are referred to a surgeon, and
thyroidectomy is frequently performed.

6. Treatment

The primary objective of HT treatment is to manage hypothyroidism, which
involves the oral intake of a synthetic hormone, Levo-Thyroxine 4 (L-T4), at a dosage
of 1.6-1.8 micrograms per kilogram of body weight. Lifelong substitution therapy is
necessary to achieve normal levels of circulating thyrotropin (TSH).

In certain cases, L-T4 therapy might not be needed, and mere clinical observation
could suffice. The use of glucocorticoids has been debated as they can control thy-
roiditis and rapidly enhance thyroid function, but the risks linked with high dosage
and prolonged treatment are believed to surpass the benefit [39].

However, the short-term usage of prednisolone may offer a longer-term advan-
tage in the IgG4 disease subgroup [40]. In recent times, the supplementary role of a
specific diet in managing HT has been scrutinized. Overconsumption of iodine has
been proposed to trigger thyroid autoimmunity in genetically susceptible individuals
by amplifying the immunogenicity of thyroglobulin [41].

Therefore, even though a supplement suitable for a total intake of 250 g/day dur-
ing pregnancy is advised, high iodine supplementation in HT should likely be avoided
as it could pose a risk.

Selenium, which is involved in various selenoproteins, plays a crucial role in the
homeostasis of human thyroid hormones, but the effectiveness of selenium supple-
mentation in HT patients is a matter of debate [42].

The oral intake of selenium in the form of seleno-methionine could be advanta-
geous for HT patients with a selenium deficiency and is expected to shield the thyroid
gland from autoimmune damage. Numerous studies have demonstrated an associa-
tion between Vitamin D deficiency and the pathogenesis and hypofunction of the
thyroid in HT [43].
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Given the affordability and minimal side effects of oral vitamin D supplemen-
tation, it may be advisable to screen and supplement HT patients for vitamin D
deficiency, with clinical necessity dictating monthly monitoring of calcium and
25[OH]D levels [42].

The scope of HT surgery is restricted in the presence of a nodule with cervi-
cal anatomical structures or features of malignant transformation [44]. However,
thyroidectomies performed on HT patients tend to have more complications than
other thyroid disorders [45]. Looking ahead, the transplantation of the thyroid gland
has been proposed as a solution to hypothyroidism, but further studies are required
for confirmation [46].

7. Conclusions

In this section, we delved into the epidemiology, assumed pathogenesis, diagno-
sis, and treatment of Hashimoto’s thyroiditis. We also explored other autoimmune
diseases and potential complications. Hashimoto’s thyroiditis often serves as a model
for autoimmune disease in many respects. We also highlighted how environmental
exposure can alter genetic susceptibility. As is the case with many subjects, increased
knowledge often leads to more questions about what we understand. Consequently,
HT remains a disease with an unknown pathogenesis, intricate and continually evolv-
ing, awaiting prevention strategies or novel treatment methods.
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Chapter 8

Central Hypothyroidism

Huiwen Tan, Yuke Liu and Sumita Cholekho

Abstract

Central hypothyroidism is a state of thyroid hormone deficiency due to disorders
of the pituitary gland, hypothalamus, or hypothalamic—pituitary portal circulation,
often due to low thyrotropin-releasing hormone (TRH), insufficient stimulation of
normal thyroid-stimulating hormone (TSH), or both. Over the recent decades, a
number of advances have been made in the etiology and clinical management of
central hypothyroidism, and our knowledge about central hypothyroidism has accu-
mulated at a rapid pace. The recent publication of expert guidelines for the diagnosis
and management of central hypothyroidism will be helped to improve understanding
and standardize the management of this endocrine disorder.

Keywords: central hypothyroidism, hypopituitarism, hypothalamic-pituitary-thyorid
axis, diagnosis, treatment

1. Introduction

Hypothyroidism is an endocrine disorder caused by a decrease in the synthesis and
secretion of thyroid hormones, or insufficient thyroid hormone physiologic effects,
or thyroid hormone resistance with a range of etiologic factors [1]. It is characterized
by the accumulation of mucopolysaccharides in tissues and skin, which presents as
systemic hypo-metabolic syndrome and mucous edema [2]. Hypothyroidism, accord-
ing to the etiology, is classified as primary hypothyroidism, central hypothyroidism
(secondary hypothyroidism), or peripheral hypothyroidism (thyroid hormone resis-
tance syndrome) based on pathology in the thyroid, the hypothalamus or pituitary, or
peripheral tissue, respectively [1-3].

Central hypothyroidism(CH) results from decreased production and secretion
of thyrotropin-releasing hormone (TRH) or thyroid-stimulating hormone (TSH)
caused by lesions of the hypothalamus or pituitary gland [4]. Central hypothyroidism
is a rare form of heterogeneous hypothyroidism caused by inadequate stimulation of
the otherwise normal thyroid gland by a lack of thyrotropin or TRH [1]. The nega-
tive feedback regulation of the hypothalamic-pituitary-thyroid axis is shown in the
Figure 1. This loss of central thyroid stimulation may be caused by a functional or
anatomical disorder of the pituitary and/or hypothalamus, resulting in inadequate
TRH or TSH secretion and consequently inadequate thyroid hormone levels [5].
Central hypothyroidism could be isolated or combined with other pituitary-related
hormone deficiencies, which are mostly acquired and are rarely congenital [6, 7].
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Figure 1.
Negative feedback regulation of the hypothalamic-pituitary-thyroid axis.

2. Epidemiology of central hypothyroidism

Worldwide, central hypothyroidism can affect patients of all ages; however, this
hypothalamus-pituitary-thyroid (HPT) condition is commonly overlooked [8].
Central hypothyroidism is a rare cause of hypothyroidism, and there is no female
predominance which is unlike what is observed in primary hypothyroidism [1, 9].
Globally, the estimated prevalence of central hypothyroidism in the general popu-
lation ranging from approximately 1:20,000 to 1:100,000 [10]. The incidence of
congenital central hypothyroidism (CCH) in neonates is usually quoted as having
an incidence of around 1/60,000 live births, with regional and ethnic variations
[11]. This variation is also associated with differences in the sensitivity of diagnostic
strategies [12].

A recent retrospective investigation identified 42,861 cases of primary congenital
hypothyroidism out of 91,921,334 newborns examined in China between 2013 and
2018. In the general population, the frequency of congenital hypothyroidism is 4.66
per 10,000 people (95% confidence interval [CI]: 4.62-4.71) [13]. In Japan, a case of
congenital hypothyroidism of central origin was identified in 1:160,000 live new-
borns using neonatal screening programs for hypothyroidism based on a cohort of
babies with TSH or T4 readings falling in the hypothyroid range [13, 14].

3. Pathogenesis of central hypothyroidism

The pathogenesis of central hypothyroidism remains undetermined, although
they involve both hypothalamic and pituitary cells [15, 16]. They can be congenital or
acquired [17, 18]. Central hypothyroidism is mainly caused by a decrease in the level
of TSH secreted by the pituitary gland due to a variety of factors such as genetics or
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development, trauma, surgery, and radiation damage, which in turn leads to insuf-
ficient levels of thyroid hormone synthesized and secreted by the thyroid gland, the
target gland of HPT [17-21].

The thyroid gland mainly synthesizes and secretes two biologically active
thyroid hormones, one is tetraiodothyronine, thyroxine (T4); the other is triiodo-
thyronine (T3) [22]. Thyroid hormones have a wide range of physiological effects
in the body, the most important of which are to promote the oxidation and the
production of heat, and to regulate or promote the growth and maturation of the
human body, the functional state of the nervous system and the cardiovascular
system, as well as the metabolism of certain substances [23]. Under physiologi-
cal circumstances, the vast majority of T3 and T4 are bound to plasma proteins,
and only a very small portion of them exists freely, which is called free thyroid
hormone (i.e., fT3 and fT4). Although fT3 and fT4 are small in amount, they can
exert biological effects in target tissue cells through cell membranes, and they are

Head trauma

Traumatic delivery

Medical causes

Medications (e.g. toxoids or mitotane)

Skull surgery

Irradiation

Pituitary macroadenoma

Craniopharyngioma

Meningiomas and gliomas

Rathke cystic fissure

Metastatic seeding

Carotid aneurysm

Vascular accident

Heenan syndrome

Inferior iliac hemorrhage

Autoimmune inflammation

Postpartum

Infiltrative lesions Iron overload

Nodular disease

Histiocytosis X

Immune-checkpoint inhibitors therapy

Infectious diseases

Mycobacteria

Tuberculosis

Syphilis

Table 1.
Causes of acquired central hypothyroidism (ACH).

107



Hypothyroidism — Causes, Screening and Therapeutic Approaches

the most sensitive indexes to directly respond to the function of the thyroid gland
[22, 24, 25].

Congenital central hypothyroidism (CCH) is a congenital disorder caused by insuf-
ficient production of thyroid hormones or defects in their receptors [26, 27]. CCH is one
of the most common causes of mental retardation and poor physical development in
children; fortunately, the condition can be treated with hormone replacement therapy
[28]. CCH usually manifests in infancy, but sometimes there is a delayed onset in
childhood or adulthood [29, 30]. Pediatric patients (younger than 14 years of age) with
central hypothyroidism accompanied by other pituitary hormone deficiencies might
have a congenital form of the disease, and clinicians should screen patients for gene
mutations of several pituitary transcription factors [31].

The genes for central hypothyroidism can be categorized as those that lead to
isolated forms or forms that combine with MPHD [32]. Central hypothyroidism often
involves mechanisms including (1) hypothalamic factors or modifications to thyroid
hormone feedback set points that impair thyroid stimulation (e.g., TRH resistance
or mutations in IGSF1 or TBL1X or IRS4 or hypothalamic lesions), (2) decreased
pituitary TSH reserve (e.g., TSHP mutations or insufficient thyrocyte numbers or
pituitary pathology resulting loss of thyrotrophin, and (3) impaired intrinsic biologi-
cal activity of secreted TSH molecules [33-36]).

Acquired central hypothyroidism is primarily associated with expansive lesions
of the hypothalamic/pituitary region. However, it can also be caused by head trauma,
vascular accidents, autoimmunity, hemochromatosis or iron overload, and several
medical causes of central hypothyroidism [37-42].

Acquired central hypothyroidism (ACH) is certainly more common in adulthood,
and the condition is primarily caused by pituitary macroadenomas and their surgi-
cal or radiation treatment [43-45]. Recent evidence suggests that immunotherapy
may also cause ACH [46]. Craniopharyngioma is the most common expansive lesion
associated with central hypothyroidism in pediatric patients [47]. The increased use
of immune checkpoint inhibitors (ICIs) in oncologic therapy over the past decade
has led to an upsurge in central hypothyroidism associated with pituitary inflamma-
tion, although the exact mechanisms remain poorly understood [48]. The causes of
acquired central hypothyroidism are shown in Table 1.

4. Clinical symptoms of central hypothyroidism

The clinical symptoms of central hypothyroidism are the same as those of primary
hypothyroidism. The main clinical manifestations are fatigue, fear of cold, weight
gain, memory loss, slow reaction, drowsiness, depression, etc. [16, 49, 50]. These
symptoms are accompanied by muscle weakness, temporary muscle stiffness, and
other muscle and joint reactions. The involvement of the cardiovascular system is
often manifested in myocardial mucous edema leading to decreased myocardial
contractility, bradycardia, decreased cardiac output, etc. Additionally, anorexia,
abdominal distension, constipation, and other digestive reactions often appear
[51-53]. Furthermore, coma with mucus edema often occurs in patients with severe
disease [54].

Of note, most patients with central hypothyroidism rarely present at birth
with the typical manifestations of severe congenital hypothyroidism. This is due
to the efficient stimulation of the fetal thyroid gland by chorionic gonadotropin,
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which contrasts with primary thyroid defects. Additionally, thyroid function is not
completely defective, especially when hypothalamic stimulation is predominantly
affected [55].

Mental retardation may be particularly severe if there is a delay in the diagnosis
of isolated congenital central hypothyroidism associated with a double allelic TSHf
mutation because of false-negative results of primary thyroid defects on neonatal
TSH screening [56]. Genetic central hypothyroidism may be associated with growth
retardation, delayed pubertal development, and/or variable neurologic deficits. Some
patients with congenital central hypothyroidism have specific genetic defects, such as
macrobiosis in IGSF1 or hearing defects in TBL1X [57-59].

Acquired forms of central hypothyroidism are usually disseminated and in most
cases are due to the presence of saddle-occupying pituitary macroadenomas, cranio-
pharyngiomas, and other tumors, head trauma, vascular accidents, or intracranial
radiation therapy [60].

The size tumor may result in defective neuropituitary function causing uropygia
and/or compression of the optic nerve block, which directly affects the quality of the
visual field [60]. In addition, these lesions typically affect pituitary and hypothalamic
function, resulting in clinical manifestations of MPHDs and hyperprolactinemia
secondary to pituitary stalk removal or compression [61]. Consequently, the signs
and symptoms resulting from this MHPD disorder, such as alopecia, diarrhea,
pallor, headaches, menstrual disorders, decreased libido, visual deficits, and lipid
metabolism disorder, may overlap and encompass specific manifestations resulting
from hypothyroidism [62]. All of these problems can seriously impair the health and
quality of life of patients [63].

5. Screening and diagnosis of central hypothyroidism

Diagnosing central hypothyroidism often requires a combination of clinical
presentation, hormone level analysis, imaging studies, and genetic tests [12]. The
clinical presentation of hypothyroidism is highly variable and often nonspecific.
Therefore, the diagnosis of central hypothyroidism is predominantly based on bio-
chemical and hormone evaluation [64, 65].

5.1 Clinical manifestations (symptoms of hypothyroidism)

A typical example is congenital central hypothyroidism in infants presenting with
jaundice and poor growth associated with muscle dystonia [66]. Patients with signs
and symptoms of hypothyroidism, recurrent headaches, or visual field defects should
be investigated for central hypothyroidism [67].

5.2 Biochemical hormone and imaging findings

Diagnosis is usually made biochemically with low circulating fT4 concentrations
associated with low/normal serum TSH levels. Subjects with a low serum concen-
tration of FT4 should be considered for a diagnosis of abnormal CH, and further
measurement of TSH by a reliable method is required to contribute to a correct
diagnosis [68]. Serum TSH concentrations are also slightly elevated in some patients
with CH who have predominantly hypothalamic defects. In this subgroup of patients,
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TSH levels can be superimposed on those found in subclinical or mild primary
hypothyroidism, although the molecule lacks full biological activity and fT4 is already
in the hypothyroid range [68, 69]. If serum TSH is elevated and fT4 is decreased,
diagnose primary congenital hypothyroidism [69]. If serum fT4 is decreased and TSH
is decreased, normal, or slightly elevated, central congenital hypothyroidism should
be considered [70]. If serum TSH is increased and fT4 is in the normal range, the
diagnosis is hyperthyrotropinemia [71, 72]. FT4 and TSH levels of different diseases
are shown in Figure 2 and Table 2.

Serum TSH concentrations in patients with central hypothyroidism are usually
within the reference range. However, the secreted TSH isoforms, while immunoreac-
tive, have severely impaired biological activity [72]. Thus, the combination of inap-
propriately normal serum TSH and low circulating fT4 levels is common in patients
with central hypothyroidism. In addition, transient or reversible forms of this
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Figure 2.
Serum levels of FT4 and immunoreactive TSH in patients with CH and other conditions.

TSH T4/fT4 True status

Congenital central low/normal reduced Hypothyroid

hypothyroidism

Hypopituitarism Normal Low Hypothyroid

(central hypothyroidism) (but patient not euthyroid)

TSH-secreting pituitary tumor High High Hyperthyroid

Thyroid hormone resistance Normal High Variable
usually euthyroid

Laboratory error Normal High or low Hypothyroid or
hyperthyroid

Abnormal protein Normal High Euthyroid

Table 2.

Biochemical findings in patients with central hypothyroidism and other diffevent thyroid conditions.
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disorder may occur in patients with chronic thyrotoxicosis, in neonates of hyperthy-
roid mothers, and patients treated with growth hormone inhibitors, glucocorticoids,
antineoplastic agents, or dopaminergic compounds [5, 73].

In patients with central congenital hypothyroidism, further testing of adrenal
function and other functions of the anterior pituitary gland is recommended [74].
In all children with congenital hypothyroidism, vigilance should be exercised for the
presence of heteromorphic features of congenital hypothyroidism syndrome and
congenital malformations (especially of the heart) [26]. The most common presenta-
tion of congenital central hypothyroidism is characterized by reduced fT4 levels and
inappropriately low or normal TSH levels. This condition may be identified at birth
through a positive newborn screen or during biochemical testing in patients with
known lesions in the hypothalamic-pituitary region, either during initial evaluation
or follow-up. With central hypothyroidism, hormone test results are often present
with lowered TSH and T4 or markedly lowered fT4 without an elevation in TSH
suggestive of pituitary or hypothalamic insufficiency. Clinically hypopituitary hypo-
thyroidism is often associated with deficient levels of other pituitary-target gland
hormones as well [75].

Thyroid imaging should be performed in patients with confirmed central
hypothyroidism. Thyroid radioisotope scanning and/or perchlorate discharge test
or ultrasonography are recommended [76]. Children and adolescents with primary
congenital hypothyroidism due to hypoplasia of the thyroid gland may present with
goiter and thyroid nodules. Therefore, regular thyroid ultrasonography is recom-
mended to assess and monitor thyroid morphology (volume changes) [76, 77]. If
ultrasound reveals suspicious nodules, fine needle aspiration cytological biopsy is
recommended. Bone age or wrist or knee X-rays are recommended to assess the sever-
ity of intrauterine hypothyroidism [78].

Genetic testing: The experience of patients with congenital central hypothy-
roidism diagnosed by genetic testing has taught us that genetic defects may be a
possible cause of mild idiopathic central hypothyroidism detected in puberty or
adulthood after the incidental finding of low fT4 [79]. Genetic testing can help in
the diagnosis, treatment, and prognosis of congenital hypothyroidism [79, 80].
Patients with a confirmed diagnosis of primary hypothyroidism may undergo
genetic testing if conditions permit. Genetic testing is recommended for familial
hypothyroidism, central hypothyroidism, and congenital hypothyroidism associ-
ated with any syndrome [80]. It is recommended that genetic analysis should be
completed in cases of familial, congenital, or syndromic central hypothyroidism
[70]. The identification of a pathogenic variant in a candidate gene can reveal
possible carriers, enable early diagnosis in affected families, and support the
diagnosis of central hypothyroidism in uncertain cases. This includes those with
delayed evidence or the presence of biochemical abnormalities without an obvi-
ous cause. Genetic analyses can be performed by automated direct sequencing of
specific genes, following a phenotype-driven approach, or by using targeted next-
generation sequencing technologies that allow multiple candidate gene clusters
to be run simultaneously [34]. Genetic testing should be performed using newer
technologies such as array comparative genomic hybridization (aCGH), targeted
sequencing in next-generation DNA sequencing (NGS), or whole exome sequenc-
ing (WES) [81]. It is important to note that genetic testing is not perfect, and the
child’s guardian should be informed of the limitations of genetic testing before
proceeding with the test [82].
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5.3 Differential diagnosis
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Central hypothyroidism needs to be differentiated from the following conditions:

1. Drug-related pseudohypothyroidism

Drugs that inhibit TSH secretion include metformin, dopamine, glucocorticoids,
cocaine, and antiepileptic and antipsychotic drugs [5, 37]. Other therapies that
may cause central hypothyroidism include mitotane, as well as toxoid toxins

that directly inhibit TSHp expression (e.g., bexarotene) and newer biologic agents
that induce pituitary inflammation, such as ipilimumab or other immune check-
point inhibitors [83]. It is therefore recommended that TSH and fT4 should be
checked repeatedly before and during the use of these therapeutic agents. Dopa-
mine agonists and growth inhibitor analogs may produce a more mild and transient
suppression of thyroid hormones [84].

2.Severe forms of non-thyroidal disease or euthyroid sick syndrome (ESS)

Non-thyroidal disease or ESS is most common in hospitalized patients with severe
underlying disease or the elderly. It is marked by a prevalent and usually isolated
decrease in T3 or fT3 levels and concomitant severe or chronic disease states (pre-
viously named low T3 syndromes) [85].

3. Thyrotoxicity-related conditions

Levothyroxine withdrawal syndrome, long-term TSH suppression after recovery
from thyrotoxicosis [86]. Pharmacological treatments capable of suppressing TSH
secretion or recovery from a state of thyrotoxicosis may sometimes be confused
with CCH.

4.Pregnancy-related conditions

(a) Isolated maternal hypothyroxinemia (interpreted in the context of pregnancy-
specific FT4 reference ranges in pregnant women) [87]. (b) Preterm labor (delayed
rise in TSH in hypothyroid infants) [88]. Hypothyroxinemia in pregnancy can be
diagnosed in the differential by CH, but this risk may be greatly reduced by defin-
ing a trimester-specific FT4 reference level. The delayed rise in TSH in preterm
infants may be associated with transient CH, which is usually of short duration and
in most cases does not require treatment [88].

Genetic factors: (a) Alan Herndon Dudley syndrome (a pathogenic allelic variant
of the MCT8 gene); (b) RTHa due to heterozygous mutations in THRA; (c) TSHp
allelic variant with conserved bioactivity but loss of immune reactivity to circulat-
ing TSH [89-91].

A thorough personal history, repeat biochemical tests, and exclusion of underlying
primary thyroid disease are recommended in the differential diagnosis. A careful
and meticulous differential is key to detecting this possibility [92]. In addition,
patients with rare genetic defects in thyroid hormone action may have low FT4

and normal or slightly elevated TSH [33]. However, patients affected by mutations
in MCT8 or THRA that result in Alan Herndon Dudley syndrome or resistance to
thyroid hormone alpha (RTHa) have distinctive and typical clinical features, with
T3 levels at the upper end of the normal range [33, 89-91].
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6. Treatment of central hypothyroidism

The first-line treatment for central hypothyroidism remains levothyroxine (L-T4)
replacement therapy. Once concomitant cortisol deficiency has been ruled out, treat-
ment is recommended for all patients who receive the diagnosis. In those who present
with adrenal insufficiency or whose presence cannot be ruled out, supplemental L-T4
should be adequately treated with glucocorticoids to prevent induction of adrenal
crisis [93].

6.1 Treatment of central hypothyroidism in adults

For adult patients with central disease, replacement L-T4 therapy is recom-
mended to be tailored to each patient’s weight and age (35) [12]. For patients over
65 years of age and those with cardiovascular comorbidities, the starting dose
should be between 1.0 and 1.2 mcg/kg/day. In addition, treatment of milder forms
of CH (fT4 values within the lower limit of the normal range) may be avoided in
subjects over 75 years of age, as studies have shown that mild or subclinical primary
hypothyroidism is protective against the risk of cardiovascular mortality in the
elderly [94]. In addition, in elderly patients and patients with long-term illness
and high cardiovascular risk, the ETA Task Force recommends starting with L-T4
therapy with a lower dose and then gradually increasing the dose over the next few
weeks or months. It is important to assess the adequacy of the replacement after
6-8 weeks of measuring fT4 and targeting this parameter above the median value of
the reference range [39].

Once treatment has been judged adequate, it should be reassessed annually with
measurement of serum fT4. Measurement of TSH and T3 may be useful only to
exclude suspects of under and over-treatment, respectively. Inadequate replacement
therapy should be suspected whenever FT4 concentrations are found to be below or
at the lower end of the normal range, especially when manifestations of hypothyroid-
ism are present or when TSH remains within the normal range. In contrast, excessive
intake of LT4 should be considered whenever fT4 concentrations are above or at the
upper limit of the normal range, especially when clinical manifestations of thyrotoxi-
cosis and/or high FT3 levels are present [12, 39, 94].

6.2 Treatment of congenital central hypothyroidism

Treatment of congenital central hypothyroidism should be initiated as soon as
possible and no later than 2 weeks after birth [95]. Neonates with a positive confirma-
tory test should be started immediately. Treatment is preferred to LT4, which is given
orally once daily at the same time. To enhance compliance in neonates and infants,
LT4 may be taken with food. However, coadministration with foods or medications
that may reduce LT4 absorption, such as soy protein, plant fibers, iron, and calcium,
should be avoided [96]. Immediate initiation of LT4 therapy is recommended for
young children and adolescent patients with reduced serum T4 and significantly
increased TSH. Due to higher thyroid hormone levels in childhood, children require
higher doses of LT4 [97].

In children with congenital central hypothyroidism, it is recommended that LT4
therapy be initiated with normal adrenal function in order to prevent the development
of adrenal crisis. If the presence of central adrenal insufficiency cannot be excluded,
glucocorticosteroid therapy is mandatory before LT4 therapy.
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In children with severe primary congenital hypothyroidism, i.e., FT4 < 5 pmol/L
or very low T'T4 concentrations with elevated TSH (based on the day and gesta-
tional age above the normal range), a starting dose of 10-15 pg/(kg-d) of LT4 is
recommended.

For children with mild primary congenital hypothyroidism (FT4 > 10 pmol/L and
elevated TSH), the initial LT4 dose is 10 pg/(kg-d); for children whose FT4 is within
the age-specific reference range, the starting LT4 dose is 5 to 10 pg/ (kg-d).

For children with severe central congenital hypothyroidism (FT4 < 5 pmol/L), the
recommended starting dose of LT4 is 10 ~ 15 pg/(kg-d); and for children with milder
central congenital hypothyroidism (fT4 5 ~ 15 pmol/L), the recommended starting
dose of LT4 is 5 ~ 10 pg/(kg-d) [98].

6.3 Treatment of central hypothyroidism in pregnant women

During pregnancy, it is recommended to increase hormone supplementation by
20-50% of the initial dose and to maintain fT4 levels in the upper quartile of the
reference range to compensate for the expanding extracellular T4 pool and to avoid
fetal hypothyroidism [11].

7. Efficacy observation and follow-up of central hypothyroidism

Once replacement therapy is initiated, pediatric patients should be monitored
to maintain FT4 levels within the reference range for age, and their follow-up
should be similar to that of primary hypothyroidism [99]. In children with central
hypothyroidism, LT4 treatment is accompanied by an accelerated growth rate so
that target heights can be achieved. During follow-up, the frequency of assessment
should be increased if fT4 or TSH abnormalities occur if patient compliance is
questioned [100]. Additional assessments should be performed 4-6 weeks after
changing the LT4 dose or dosage form. If an increase in LT4 dose is unexpectedly
required, consideration should be given to the presence of other medical condi-
tions (e.g., gastrointestinal disorders), foods, or medications that cause decreased
absorption or increased metabolism of LT4. Poor compliance is also a common cause
in adolescents and pubertal children. Malabsorption should be suspected when
there is an insufficient increment of serum FT4 or its decrease during treatment
with a given dose of L-T4 [101].

Unlike the treatment of primary hypothyroidism, where TSH is an excellent
marker of adequate replacement, the management of central hypothyroidism is more
complex. Even low doses of L-T4 are capable of suppressing TSH secretion [102]. In
a comparison between adequately treated patients with primary thyroid disease and
other patients presenting with hypothalamic—pituitary lesions [103]. If fT4 levels were
significantly lower in central hypothyroidism, Koulouri et al. suggested the presence
of inadequate replacement therapy in most cases [104]. Indeed, in acquired forms of
central hypothyroidism such as surgery or radiotherapy for pituitary lesions or after
initiation of treatments with an inherent risk of central hypothyroidism, it may be
useful to assess fT4 concentrations before interventions and LT4 replacements can
eventually achieve previous fT4 levels [104]. It may sometimes be useful to assess
biochemical indicators of thyroid hormone metabolism and tissue action, such as
sex hormone-binding globulin (SHBG), bone gamma-carboxyglutamic acidprotein
(BGLAP) for thyrotoxicosis, or under-treated cholesterol [105].
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8. Prognosis of central hypothyroidism

Most patients with CH can recover normal thyroid function after active and
appropriate treatment [106]. Most children and adolescents with congenital hypothy-
roidism have normal neuro-development and schooling levels after early diagnosis
and appropriate treatment [107]. However, children with severe hypothyroidism
may have mild cognitive and motor deficits and lower educational attainment [108].
These deficits may be associated with prenatal brain damage caused by intrauterine
thyroxine insufficiency. Children with central hypothyroidism may have reduced
hippocampal volume and thinning or thickening of the cerebral cortex, which may
lead to deficits in memory, language, sensorimotor, and visuospatial functions [109,
110]. Recent prospective studies have suggested a negative metabolic impact of
under-treatment of central hypothyroidism as assessed by dual-energy x-ray (DXA)
scanning for lipid distribution and body fat mass [111]. These data, in addition to sup-
porting the need for appropriate treatment to maintain fT4 values at the upper limit
of normality, suggest negative effects even in the usually undiagnosed form of occult
central hypothyroidism.

Infants with congenital hypothyroid syndrome may also exhibit other neurological
deficits not directly related to hypothyroidism [112]. Appropriately treated children
with central hypothyroidism have an age of onset of puberty, age of first female
menstruation, and menstrual cycles similar to those of the normal population [113].
In adults, fertility does not differ from normal [114].

Women with hypothyroidism are at increased risk for adverse pregnancy out-
comes. Appropriately treated children have a better prognosis for physical develop-
ment and also have normal skeletal, metabolic, and cardiovascular health [115].
Long-term studies of patients with hypothyroidism have shown that patients who
begin appropriate treatment early have normal bone density, normal growth patterns,
and height in adulthood. Children and adults with hypothyroidism have a body mass
index comparable to that of the normal population [116]. Young patients have normal
blood pressure, glucose, and lipid metabolism, as well as normal carotid intima-media
thickness [117]. However, there is an increased risk of minor cardiovascular dysfunc-
tion in the presence of repeated undertreatment [118]. Examples include reduced
exercise capacity, impaired diastolic function, increased carotid intima-media thick-
ness, and mild endothelial dysfunction. Whether these minor abnormalities result in
impaired quality of life or lead to an increased risk of cardiovascular disease requires
further study [119].

Most children with congenital central hypothyroidism have a good prognosis
after early diagnosis and appropriate treatment [120]. Therefore, it is recommended
that enhanced patient education starts with the diagnosis of the disease, which could
improve patients’ and families’ understanding of congenital hypothyroidism, pro-
mote self-management, and help improve the clinical prognosis and quality of life in
patients with central hypothyroidism.
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Chapter 9

Immunotherapy-Related
Hypothyroidism: Mechanisms
and Management

Selin Cakmak Demir and Dilek Yazict

Abstract

Immunotherapy has recently emerged as an important tool in the treatment of
various malignancies. However, increased use of immune checkpoint inhibitors
(ICIs) has brought attention to the associated adverse events, with hypothyroidism
being a noteworthy complication. This review explores the mechanisms underlying
immunotherapy-induced hypothyroidism and its management. The importance of
distinguishing between primary and secondary hypothyroidism in the context of immu-
notherapy is emphasized, as timely intervention is critical in preventing adrenal crises.
Not all patients with immune-related hypothyroidism are treated with levothyroxine.
Additionally, only in severe toxicities, ICIs are hold. So, determining the management
strategy is important for endocrinologists and oncologists. Therefore, multidisciplinary
approach is crucial for immune-related adverse reactions (irAEs). In conclusion, this
review provides a comprehensive overview of immunotherapy-induced hypothyroidism,
encompassing its mechanisms, diagnostic considerations, and management strategies.
By enhancing our understanding of this adverse event, endocrinologists can manage
potential complications associated with immunotherapy.

Keywords: malignancy, immunotherapy, immune-related adverse events,
hypothyroidism, immunotherapy-induced hypothyroidism,
immune checkpoint inhibitors

1. Introduction

Immunotherapy-based regimens are widely used in solid organs and hematologi-
cal malignancies. By modulating immune mechanisms, immunotherapies increase
progression-free survival (PFS) and overall survival (OS) in aggressive cancers.
Immune check point inhibitors (ICIs) constitute an important group of immunother-
apy-based regimens [1, 2].

Extensively studied immune check point inhibitors (ICIs) include monoclonal
antibodies that target programmed death 1 (PD-1), its ligand-programmed death
ligand (PD-L1), and cytotoxic T-lymphocyte antigen-4 (CTLA-4). Lymphocyte
activation gene protein 3 (LAG-3) is a novel ICI, used mainly in combination with
other immunotherapies in the treatment of metastatic malign melanoma [1-3]. ICIs
are administered as monotherapy or in combination and aim to restore the inhibitory
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Immune-checkpoint Frequent immune-related endocrine adverse events
inhibitors

CTLA-4 inhibitors

Ipilimumab Hypophysitis, hypothyroidism, and hyperthyroidism

PD-1 inhibitors

Nivolumab Hypothyroidism and hyperthyroidism

Pembrolizumab Hypothyroidism, hyperthyroidism, type 1 diabetes mellitus, adrenal
Atezolizumab insufficiency, and hypophysitis

Cemiplimab

PD-L1 inhibitors

Avelumab Hypothyroidism
Durvalumab
Dostarlimab

LAG-3 inhibitors

Relatlimab

Table 1.
Immune-checkpoint inhibitors.

effects of T-regulatory cells. Table 1 outlines the most used ICIs and their most
frequent immune-related endocrine adverse events.

2. Mechanism of action

To comprehend the pathophysiology of immunotherapy-related hypothyroidism,
thorough exploration of immune system physiology is essential.

The journey of a T-cell is complicated but must be fully understood before getting into
the mechanisms of immunotherapies. Following selection in thymus, naive T cells get
into blood circulation and search for different foreign or mutated antigens. Getting past
through spleen and lymph nodes antigens are presented to T cells by professional antigen-
presenting cells. It is noteworthy that some T cells may identify self-antigens as foreign
and may result in the activation of immune process which results in autoimmunity.

Immune check point inhibitors play a crucial role in preventing aberrant response.
Key pathways in this regulation involve immune checkpoint inhibitors such as CTLA-4
(also known as CD152) and PD-1 (also known as CD279), which exert negative control
at distinct stages of the immune system. CTLA-4 regulates the early stages of T-cell
activation, immune priming phase especially in lymph nodes. On the other hand, PD-1
inhibits the activated T cells in peripheral tissues. Therefore, combination treatments are
preferred strategies to enhance the immune response on malignant cells.

CD28 is a molecule found on T cells and binds to T-cell co-stimulatory factors
(CD80/B7-1 and CD86/B7-2) on antigen-presenting cells (APCs). Proliferation and
activation of T cells result in interleukin-2 (IL-2) production which occurs after this
stimulatory signal.

CTLA-4 is also presented on CD4" and CD8" lymphocytes and competes with
CD28 to bind to CD80 or CD86. CTLA-4 inhibits this signaling pathway which
results in the inhibition of T cells. This competition decreases the immune response,
and anergy occurs. Figure 1 illustrates the pathways explained above and shows the
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T-cell inhibition

T-cell inhibition

Figure 1.
Immune checkpoint inhibitors mechanism of action (created by BioRender.com). APC: Antigen presenting cells.

dual mechanism that decides whether T cells are going to be activated or inhibited.
Although CTLA-4 is located intracellularly on most of the T cells, it is found on the
cell surface of T-regulatory (T-reg) cells. This gives the ability to routinely suppress
unwanted activation of the immune system [1].

PD-1 molecule is expressed on most of the immune cells such as T cells, B cells,
and NK cells. As seen in Figure 2, its ligands PD-L1 or PD-L2 are presented on periph-
eral tissues, like CTLA-4, and B7 signaling inhibits T cells. Different from the CTLA-4
pathway, PD-1 signals only act on activated T cells. This results in self-tolerance in
peripheral tissues [2].

LAG-3 is another checkpoint molecule found on T cells and contributes to T-cell
exhaustion as in other ICIs discussed before [3].

In the healthy immune system, perforin and granzyme, produced by natural
killer and cytotoxic CD8" T-cells along with interferon gamma secreting CD4" T cells,
promote cell death [4]. Escape mechanisms of tumor cells help them to get through
this elimination process. These mechanisms involve the loss of antigenicity and
immunogenicity, allowing tumor antigens to evade immune detection. Additionally,
overexpression of PDL-1 also induces the immunogenicity of the tumor cells [2, 4, 5].

Targeting these molecules enhances immune response and helps apoptosis and
necrosis of tumoral tissues. However, blockage of these signaling pathways by
monoclonal antibodies triggers the immune system leading to the elimination of
tumor cells causing immune system disbalance. Harnessing immune system with
ICIs leads to activation of pro-inflammatory conditions and self-tolerance trigger-
ing inflammatory-mediated adverse reactions [6, 7]. Studies show that patients with
irAEs have improved survival rates, and this may be used as a predictor of response to
the treatment [8].
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Destructive
Thyroiditis

Thyrocyte

T-cell activation

Figure 2.
Immunotherapy velated destructive thyroiditis mechanism of action (created by BioRender.com).

The main mechanism of irAEs is peripheral self-tolerance and accumulation of
cytotoxic CD8" T cells in tissues. In a single-center study, thyroid fine needle aspira-
tion was performed in patients with ICI-induced thyroiditis and intra-thyroidal
predominance of CD8" and CD4~ CD8" T lymphocytes were linked with thyroid dys-
function [8, 9]. In addition to the activation of CD4" and CD8" T cells, atypical B-cell
proliferation is enhanced with ICIs. B-cell changes occur as soon as the first cycle
and are shown to predict and correlate with irAEs [10]. Recently, PD-L1 and PD-L2
molecules have been identified in normal thyroid glands. ICIs, monoclonal antibod-
ies, can potentially bind directly to the thyroid cells, disrupting and infiltrating the
thyroid gland with autoreactive T and B lymphocytes, leading to thyroiditis [11, 12].

Increase in immune activity results in a wide range of clinical manifestation.
Adverse events (AEs) are potentially immune-mediated disorders due to activation
of the immune system response. Most common irAEs are skin abnormalities (e.g.,
rash and pruritus), gastrointestinal disturbances (e.g., colitis), and endocrinopathies
(e.g., thyroid function disturbances and hypophysitis), but all organs can be involved
[6]. These AEs may occur de novo or may exacerbate the underlying autoimmune or
inflammatory conditions [13].

Although all checkpoint inhibitors have adverse events, when compared, PD-1
inhibitors have less severe ones. This may be due to the restricted peripheral effects of
PD-1. As discussed before, CTLA-4 inhibits T-cell activation in early phases, whereas
PD-1 inhibits only activated T cells. Ipilimumab, a CTLA-4 inhibitor, accounts for
20% of all severe AEs compared to 10-13% with pembrolizumab, a PD-1 inhibi-
tor [14]. Increased T-cell response with dual immune check point inhibitors may
cause an increased adverse reaction. Postow et al. showed that the severe adverse
events were seen in 23.9% of the patients receiving ipilimumab treatment alone and
54.3% with nivolumab and ipilimumab combination group [15]. In another study
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by Arnaud-Coffin et al., 16,485 patients were analyzed, and severe AEs were seen
in 14.0% of patients treated with PD-L1 inhibitors, 34.0% of patients with CTLA-4
inhibitors, 55.0% of patients with immunotherapy combinations, and 46.0% of
patients with immunotherapy and chemotherapy combinations [16].

Among all endocrinopathies, the most commonly seen irAEs are hypothyroidism
and thyroiditis [17]. Although the irAEs are not predictable and may persist after the
cessation of the drugs, Patrizio et al. investigated the ICIs adverse effects and found
that thyroid disorders occurred mostly in female patients. In this study, the median
occurrence was 9 weeks after the initial treatment [16, 18]. In general, irAEs may
occur at any time during and after cessation of the treatment [19]. Still, the predictors
of risk factors are an ongoing investigation [20].

3. Primary hypothyroidism

Many endocrinopathies may be seen due to organ destruction by the activation of
immune system. The true incidence of immunotherapy-induced endocrinopathies
is not known, but it occurs approximately in up to 20.0% of patients; 3.0-8.0%
of patients receiving ICI monotherapy and in 15.0% of patients with combination
[16, 21]. The most common endocrinopathy is destructive thyroiditis, mostly result-
ing in hypothyroidism, with an incidence of 5.5-7.8% [22]. Thyrotoxicosis can initially
be seen in 4.0-5.0% of patients due to destructive thyroiditis, and in 90.0% of these
patients, the destruction and necrosis of thyroid follicles result in hypothyroidism
[23]. Immunotherapy-related thyroiditis is painless, and the thyrotoxicosis phase,
if occurs, is much shorter (approximately 3 months) compared to other thyroiditis
[8]. Thyroid toxicity especially hypothyroidism is much more common in patients
on PD-1 inhibitors than CTLA-4 and PD-L1 monotherapies [23-26]. Osorio et al.
included 35 clinical trials in a meta-analysis, with a total of 7318 patients, and the inci-
dence of thyroid dysfunction was significantly higher in melanoma patients treated
with anti-PD-1 (7.5%) than in those treated with anti-CTLA-4 antibody (3.6%), while
no thyroid dysfunction was observed with anti-PD-L1 agents [22].

Regarding the risk factors for hypothyroidism in patients on immunotherapy,
data about the association of age and gender are inconsistent. In a small cohort, the
male-to-female ratio of hypothyroidism is 6/9, incidences being 4.0 to 10.0% respec-
tively [21]. Lee et al. demonstrated similar incidence of hypothyroidism in 45 patients
treated with ICI. Median age was 58 in patients treated with both PD-1 and CTLA-4
inhibitors and 55 in those receiving monotherapy with no statistically significant
difference between them [27]. Storm et al. observed irAEs in older patients, but no
difference was noted between different age groups [28]. In a multi-ethnic cohort,
Caucasian and Hispanic races were found to have increased incidence of hypothyroid-
ism [29]. Recent studies have assessed the heightened risk of obesity with immune-
related adverse events (irAEs). In two studies conducted by Pollack et al. an increase
in body mass index was found to be associated with thyroid dysfunction [30, 31].
However, the increased risk was specifically linked to thyrotoxicosis rather than
hypothyroidism.

Many studies have investigated the time of occurrence of hypothyroidism, and it is
observed as early as 3.4 weeks or be delayed until 48.71 weeks [28]. The onset time of
biphasic thyroiditis, starting with thyrotoxicosis and then conversion to hypothyroid-
ism, occurs earlier than hypothyroidism alone, with a median of 3.4 weeks. Sabbagh
et al. demonstrated an earlier incidence in patients on combination treatments [23].
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Primary hypothyroidism usually appears after 10 or 20 weeks of ICI treatment

[11, 12]. In the study where 822 patients treated by ICIs were investigated, de novo
hypothyroidism occurred as early as 2 weeks [24-26, 32]. The need for change in

the levothyroxine replacements dose in patients with pre-existing hypothyroidism
occurred later in the course, approximately in the 6th week. Patients with pre-existing
hypothyroidism may develop transient hyperthyroidism during ICI treatment [27].
Although most of these patients require an increase in levothyroxine dosage, prophy-
lactic increase is not suggested.

Most patients with hypothyroidism are asymptomatic but may present with
nonspecific symptoms like fatigue and weight gain which can be overlapped by the
progressing symptoms of the underlying disease [33]. Regularly checking thyroid
function tests allow the clinician to detect and treat irAEs in early phases. While there
are different recommendations, all involve monitoring thyroid function tests before
starting the treatment, before each cycle and continue monitoring after cessation.
Existing guidelines recommend checking thyroid function tests every 4-6 weeks dur-
ing ICI treatment and continuing testing every 6-12 months following the cessation
of ICIs [34]. As after the cessation of the treatment, the immune reactivation starts
to resolve, but new occurrences of thyroid dysfunction can be observed even after
36 months. Additionally, in patients with thyroid antibodies, the dysfunction may
persist [17, 21]. Anti-thyroid peroxidase (anti-TPO) antibody and to a lesser degree
anti-thyroglobulin (anti-Tg) positivity were linked with persistent thyroid dysfunc-
tion at rates of 11.6 and 8.0%, respectively [28].

Primary hypothyroidism is defined as low free thyroxine (fT4), regardless of
thyrotropin (TSH), which may be seen in resolution phases of thyroiditis, or a high
TSH, with a low or normal fT4 [23]. In patients with normal fT4 and elevated TSH,
cortisol deficiency must be excluded to exclude concurrent adrenal insufficiency
and avoid adrenal crisis [22]. Checking autoantibodies, such as anti-TPO and
anti-Tg, prior to the treatment is still controversial. Some recommend checking
antibodies only in patients with a family or self-history of autoimmunity, while
the others suggest checking in all patients prior to immunotherapies [6]. Elevated
baseline antibodies may pose a potential risk, but further studies are required to
confirm this. In patients with immune-related hypothyroidism, antibody positivity
was observed in 80.0%, whereas in patients without thyroid dysfunction, antibody
positivity was only 8.0% [35]. Maekura et al. demonstrated that hypothyroidism
developed in 44.0% of the patients with antibody positivity at baseline but in
only 2.0% of the patients with negative antibody levels [36]. Studies suggest that
pre-existing antibodies are risk factors for thyroid dysfunction [24-26, 32]. Not all
studies correlate antibodies with ICI-related hypothyroidism and not all patients
with antibodies develop hypothyroidism. Anti-TPO positivity was higher than
anti-Tg positivity in general.

Thyroid ultrasound can reveal the underlying thyroid disease and help to
distinguish diffuse or localized thyroiditis. The use of thyroid scintigraphy and
PET scan is useful in hyperthyroidism but have minimal contribution in hypothy-
roidism [17].

It is also found that the median survival of patients with endocrinologic irAEs is
longer [28]. This has been attributed to the increased immune system stimulation,
which strengthens the fight against cancer cells by activating the immune response.

Autoimmune thyroid disorders tend to be seen along with other autoimmune
diseases [37]. Lee et al. examined this hypothesis in patients with ICI-related hypo-
thyroidism. Among 27 patients receiving combination treatment, 10 patients with
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thyroid dysfunction had either hypophysitis or secondary adrenal insufficiency.
Additionally, 22.0% of patients on anti-PD-1 monotherapy presented with meta-
chronous endocrine toxicities (hypophysitis, secondary adrenal insufficiency, and
diabetes mellitus) [27].

4. Secondary hypothyroidism

Secondary hypothyroidism can manifest as a component of hypophysitis. In
hypophysitis, reduced production of one or more hormones in the pituitary gland
leads to hypopituitarism. Adrenocorticotropic hormone (ACTH), TSH, follicle-
stimulating hormone (FSH), luteinizing hormone (LH), growth hormone (GH), and
prolactin are the affected hormones. It is important to distinguish primary hypo-
thyroidism from secondary hypothyroidism because when levothyroxine is initiated
before the evaluation of secondary adrenal insufficiency, adrenal crisis may develop.
Primary hypothyroidism generally is asymptomatic, but in secondary hypothyroidism
due to panhypopituitarism, patients tend to be more symptomatic; fatigue, muscle
weakness, headache, anorexia, nausea, weight loss, visual changes, intolerance of
temperatures, arthralgias, and electrolyte disturbances may be observed [38].

As seen in primary hypothyroidism, hypophysitis is more common with combina-
tion treatments. A study involving 6472 patients reported the incidence of hypophy-
sitis as 6.4% with combination therapies, 3.2% with CTL4 inhibitors, 0.4% with
PD-1 inhibitors, and 0.1% PD-L1 inhibitors [39]. While primary hypothyroidism is
common in PD-1 inhibitor monotherapies, hypophysitis is more frequently observed
in CTLA-4 inhibitor monotherapy [38]. Risk factors are still debatable for second-
ary hypothyroidism. Cumulative dose, gender, and age data are controversial, and
new studies are needed to clarify this [40]. ICI-related hypophysitis tends to be more
prevalent in old male patients, whereas hypophysitis is more commonly observed in
young female patients [38].

Time of onset is 2-3 months after initiation of ICIs, but the duration may be as
long as 19 months. It is observed earlier with CTLA-4 inhibitors and in combination
with PD-1 inhibitors, than with PD-1 inhibitors alone, with durations of 12.5 weeks,
9.3 weeks, and 25.8 weeks, respectively [40].

In secondary hypothyroidism, TSH levels are low or normal with low fT4. Morning
assessment of ACTH and cortisol levels are necessary to rule out coexisting ACTH
insufficiency. Increased heterogenicity and enlarged hypophyseal gland are the
radiological findings that support hypophysitis in magnetic resonance imaging.

5. Management

The treatment of irAEs must be multidisciplinary, and patients should be evaluated
thoroughly by endocrinologists. The severity of toxicity is crucial for the treatment and
determining whether to continue ICIs. The degree of elevation in TSH and patients’
symptoms must be carefully evaluated before deciding on the treatment [41]. Table 2
summarizes the definitions of grading and management of hypothyroidism induced by
ICIs. The treatment of hypothyroidism induced by immunotherapies typically involves
levothyroxine. Common Terminology Criteria for Adverse Events (CTCAE) points
out that Grade 4 toxicity entails life-threatening consequences which requires urgent
investigation, and Grade 5 toxicity denotes death resulting from AEs [42].
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Grade of Toxicity Evaluation Management
Grade1l Asymptomatic patient ¢ ICIs may be continued
TSH > 4,5 mIU/L but * Thyroxine replacement is controversial
<10 mIU/L
* Monitoring TSH (+ fT4) every 4-6 weeks
Grade 2 Moderate symptoms * Endocrine evaluation

TSH > 10 mIU/L o Adrenal insufficiency should be excluded

ICIs may be stopped until recovery or continued

Initiation of thyroxine treatment
o Monitoring TSH (+ fT4) every 4-6 weeks

o Aim TSH in the reference range

Grade 3 - Grade 4 Severe symptoms,
cannot perform daily
activities

Endocrine evaluation is necessary

ICIs should be discontinued until recovery

Initiation of thyroxine treatment
oMonitoring TSH (+ fT4) every 4-6 weeks

o Aim TSH in the reference range

If central hypothyroidism or adrenal insufficiency
suspected hydrocortisone should be given

Myxedema coma (bradycardia, hypothermia, and
altered mental status)

o Life-threatening condition
o Follow-up in ICU setting

oIV thyroxine treatment should be evaluated

Table 2.
Management of ICIs-induced hypothyroidism.

Grade 1 and 2 toxicities are mild and self-limiting. Patients with subclinical hypo-
thyroidism, where thyroid hormones are normal, but TSH is elevated (<10 mU/L) and
evaluated as having Grade 1 toxicity, and thyroid hormone supplementation is not
crucial [43]. Toxicities greater than grade 2 should be evaluated by endocrinologists,
and levothyroxine treatment should be initiated. Depending on the age and comor-
bidities of the patient, suggested replacement dose is 1-1.5mcg/kg/day. Preferred
starting dose is 75 mcg/day in otherwise healthy patients and in old (>65 years) and
frail patients. The starting dosage should be 25-50 mcg/day and titrated slowly [33].
Iyer et al. calculated the median levothyroxine dose in patients treated with ICIs to be
1.2 mcg/kg, which is lower than the usual replacement dose for non-malignant total
thyroidectomy cases, which is 1.6 mcg/kg daily [23, 44]. ICIs can be continued in mild
settings, whereas in Grade 3 and 4 toxicities, where severe and symptomatic hypothy-
roidism and myxedema coma ensue, they may be indications for discontinuation [33].

In patients with altered mental status, bradycardia, generalized edema, and
hypotension, the life-threatening condition “myxedema coma,” should be taken into
consideration [22]. Patients should be admitted to intensive care units and monitored
closely for requirement of intravenous levothyroxine treatment [41].

Patients must be followed up throughout and after cessation of the treatment. TSH
must be monitored every 4-6 weeks and low TSH levels, while taking levothyroxine
supplement may suggest recovery or overtreatment. American Society of Clinical
Oncology (ASCO) 2018 guidelines suggest continuing monitorization of TSH levels
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annually after cessation of ICIs. ASCO recommends titrating the levothyroxine dose
every 6-8 weeks by monitoring TSH levels until TSH reaches the normal range. For
patients with overt hypothyroidism, free T4 may be monitored every 2 weeks to assess
short-term responses. The European Society for Medical Oncology (ESMO) 2017
guidelines differentiate hormonal screening for patients using CTLA-4 inhibitors and
PD-1/PD-L1 inhibitors. It is recommended that patients treated with CTLA-4 inhibi-
tors should undergo monitoring after each cycle and every 4 weeks after the fourth
cycle. For patients receiving PD-1/PD-L1 inhibitors, screening should occur after
every cycle for the first 3 months and subsequently every second cycle. As mentioned
earlier, some guidelines do not recommend screening for antibodies before initiating
treatment. The French Society of Endocrinology (SFE) 2018 advocates against screen-
ing for antibodies before initiating treatment. Their recommendation is to monitor
thyroid function every cycle for the first 6 months and then every 2 months for a

year. Following the first year, routine monitoring of TSH levels is not recommended.
However, in the presence of symptomatic hypothyroidism, they suggest checking
thyroid function tests [41].

The importance of anti-thyroid peroxidase antibodies (anti-TPO) and anti-thy-
roglobulin antibodies (anti-Tg) in the pathogenesis is not fully understood. However,
levothyroxine dose requirement during treatment seemed to be increased in patients
with pre-treatment antibody positivity [23, 34, 44].

Treatment of ICIs-induced hypophysitis (secondary hypothyroidism) resembles
that for any other cause of hypopituitarism. Hydrocortisone replacement is the initial
step. TSH levels are not reliable for central hypothyroidism and cannot be used as
a guide. Thus, thyroid hormone replacement is based on fT4 levels. The treatment
objective is maintaining fT4 being in the mid to upper half of the reference range
and with a suggested dose of 1.6 mcg/kg/day [30]. In the study by Kristan et al. the
required dose was 0.9 mcg/kg/day [34]. The study emphasized that the patients with
secondary hypothyroidism tend to be older, and lower doses of replacement therapy
were administered due to comorbidities. In older patients with multiple comorbidities
such as coronary heart disease, the starting dose should be 25-50 mcg/day, and the
dose should be titrated slowly [40].

In conclusion, primary hypothyroidism can be observed during the treatment
with immunocheckpoint inhibitors. This may be due to an immune destruction of
the thyroid tissue and is usually seen as a consequence of thyroiditis. Secondary
hypothyroidism is another thyroid problem seen due to hypophysitis induced by these
agents. For both conditions, there is no consensus on which individuals are at risk of
developing thyroid toxicity. Nevertheless, routine monitorization of thyroid func-
tion tests during and even after cessation of therapies are recommended. Although
discrepancies exist between guidelines, checking thyroid antibody levels before
immunotherapy commencement may be of help in predicting the development of
immunotherapy-induced hypothyroidism. Management by treatment with levothy-
roxine according to severity of hypothyroidism and referral to endocrinology are
advocated.
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Chapter 10

Hashimoto Thyroiditis and Type 2
Diabetes Mellitus: Risk Factors
Involved in the Association

of These Pathologies

Oana-Andreea Parliteanu, Octavian Alexe,
Corina Risca (Popazu), Dan Mircea Cheta
and Cristiana Voineag

Abstract

This is a retrospective study that has had the objective to establish if there are any
risk factors for developing Hashimoto thyroiditis (HT) in a type 2 diabetes (T2DM)
population and also to determine if the prevalence of HT is higher in the population
of T2DM, comparing with the European population. In the beginning, 5064 patients
were evaluated and after that three groups were analysed, one of patients having only
type 2 diabetes, one having only Hashimoto thyroiditis and one in which the patients
had both of this diseases; each group had 50 patients in it. All patients were analysed
using the same clinical and biological parameters. Results showed an increased preva-
lence of Hashimoto thyroiditis among the type 2 diabetes population, three times
higher than in the European population (789.89/10° per year versus 259.12/10° per
year). The second part of the study established that female gender, insulin resistance,
overweight, high value of glycaemia, hepatic steatosis, cardiac ischemic disease,
hypothyroidism, smoking and alcohol intake are risk factors for the onset of HT in
T2DM population.

Keywords: Hashimoto thyroiditis (HT), type 2 diabetes mellitus (T2DM), insulin
resistance, obesity, risk factors

1. Introduction

Our goal with this research was to demonstrate if the association between type
2 diabetes mellitus (T2DM) and Hashimoto’s autoimmune thyroiditis (HT) is a real
or just it was just a random coincidence. In our practice, we noticed an increased
prevalence of chronic lymphocytic thyroiditis in patients with T2DM. After searching
the literature, we noticed that this association had not been studied and only type 1
diabetes mellitus (T1DM) and HT were known to associate, both of which are autoim-
mune diseases and the association between them was logical.
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We designed an observational, retrospective study on patients from “Sanamed
Hospital” clinic in Bucharest; this clinic mainly treats diabetes patients, both type 1
and type 2 diabetes.

Using the data from the patient database, we analysed firstly the incidence of the
association of the two diseases, comparing it with the European dates, and we proved
that our incidences were significantly and statistically higher, showing that our initial
hypothesis was right, and there is an association between T2DM and HT.

The second phase of our research was focused on clinical and paraclinical elements
that can explain the abovementioned association, risk factors involved and finding
the population at risk for developing both this diseases.

2. Research methodology

We used the data collected from the database of the clinic “Sanamed Hospital”
based in Bucharest during 01 January 2016-2031 December 2018 to identify the pos-
sible correlations in patients with T2DM and thyroid impairment.

First, we evaluated 5064 patients with T2DM that were examined during that
period of time; this patients were used in an initial study that was called Study 1
Determining the incidence of chronic autoimmune lymphocytic thyroiditis in the
population of patients diagnosed with T2DM.

Second, we designed another study—Study 2: Clinicometabolic and therapeutic
features in patients with T2DM and HT, in which we evaluated 150 patients divided
into three groups: 50 patients had only T2DM, 50 patients had only HT and 50
patients had both T2DM and HT (referred to as Lot 1, Lot 2 and Lot 3).

The database and processing of own data was performed in Microsoft Office Excel
2010 and SPSS.

2.1 Purpose of the research
2.1.1 Main objectives
* to determine the incidence of HT in a population with T2DM,

* to determine the existence of independent predictors of the association, if any,
between the two pathologies.

As secondary objectives we proposed:

* to determine if insulin resistance (IR) is in any way involved in this association
by determining by surrogate indices of IR;

* to determine if the presence or absence of obesity is correlated with the associa-
tion of T2DM and HT;

* to determine if the presence or absence of dyslipidaemia is correlated with the
association of T2DM and HT;

* to determine if the presence or absence of metabolic syndrome is correlated with
the association of T2DM and HT;
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* to determine if the existence of clinicometabolic features of micro- and macro-
vascular complications of T2DM in patients are a risk factor for developing HT.

2.1.2 Criteria for inclusion in study 1
* age over 16 years,
* previous diagnosis of T2DM established according to the criteria listed below:

* previous diagnosis of HT established according to the criteria listed below for
patients in Group 2,

* previous diagnosis of HT established during the follow-up period of the study
established according to the criteria listed below for patients in Group 3,

* patients who have agreed to the processing of their personal data by signing the
informed consent form of the clinic in which they were investigated.

2.1.3 Exclusion criteria in study 1
* diagnosis of T1IDM,
* presence of anti-GAD antibodies in patients’ serum.
2.1.4 Inclusion criteria in study 2
* age over 16 years,
* previous diagnosis of T2DM established according to the criteria listed below,

* previous diagnosis of HT established according to the criteria listed below for
patients in Group 2,

* diagnosis established during the follow-up period of the HT study established
according to the criteria listed below for patients in Group 3,

* patients who agreed to the processing of their personal data by signing the
informed consent form of the clinic where they were investigated.

2.1.5 Exclusion criteria in study 2

* patients with other associated autoimmune pathologies (Graves-Basedow dis-
ease, rheumatoid polyarthritis, Lupus, inflammatory bowel disorders, multiple
sclerosis, psoriasis, vitiligo, Guillain-Barre syndrome, vasculitis, Sjogren’s syn-
drome, celiac disease, autoimmune hepatitis, spondyloarthropathies, antiphos-
pholipid syndrome, etc.)

* presence of anti-TPO antibodies in the serum of patients in Group 1,

* pregnant or breastfeeding patients,
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* patients with severe psychiatric pathologies that prevent from discerning,

* patients with physical disabilities or severe cognitive impairment that may affect
their mobility and therefore their ability to move for further investigations
necessary to complete the database in this study,

* patients who have refused to sign the clinic’s informed consent to the processing
of personal data,

* patients who refused to continue further investigations necessary to collect data

for this study.

Patients included in the study were additionally analysed for the following clinical
and paraclinical parameters: total cholesterol, triglycerides, serum creatinine, esti-
mated glomerular filtration rate (eGFR), uric acid, oxalacetic transaminase (TGO),
pyruvic transaminase (TGP), height, weight, abdominal circumference, body mass
index (BMI) and blood pressure. These parameters were used to identify possible
correlations and possible risk factors.

Patients were also clinically assessed; the presence or absence of the following
conditions was sought: obesity, dyslipidaemia, atrial hypertension, chronic micro-
and/or macrovascular complications of DM, ischemic heart disease, congestive
heart failure, metabolic syndrome, hepatic steatosis, hyperuricemia/gout, cataracts,
glaucoma, depression and pre-existing thyroid pathology, each was defined according
to international diagnostic criteria.

We calculated surrogate markers for the determination of IR. We used the value
of Triglycerides and Glucose Index (TyG Index), Visceral Adiposity Index (VAI),
Lipid Accumulation Product (LAP) and Triglycerides Ratio on HDL Cholesterol (TG/
HDL). We also calculated variants of TyG, more exactly TyG in relation to BMI (TyG-
BMI) and in relation to abdominal circumference (TyG-WC) [1, 2].

2.1.6 Research hypotheses
In this regard, we formulated the following hypotheses:

* Patients diagnosed with T2DM have a higher risk of developing HT compared to
the general population;

* Patients with a certain degree of high risk for T2DM and HT will have a high
degree of association with medical laboratory values in relation to the associated
thyroid disfunction and metabolic syndrome.

2.2 Study 1: determination of the incidence of chronic autoimmune lymphocytic
thyroiditis in a population of patients diagnosed with type 2 diabetes mellitus

2.2.1 Introduction

Based on a finding from our daily practice with patients, we aimed to assess the
incidence of HT in patients with T2DM. Among patients diagnosed with T2DM,
we observed a large number of new cases of HT. Previously in the literature, only
the association between TIDM and HT was described in terms of the underlying
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autoimmune pathophysiological mechanism of the two pathologies; thus, our find-
ings were either mere coincidences or there is a link between T2DM and HT.

2.2.2 Objectives of study 1

In the first phase of our research, we aimed to assess the incidence of HT in
patients with T2DM, to determine what we had previously found, namely an
increased proportion of thyroiditis in patients with T2DM, was confirmed or was just
a chance finding without clinical significance.

2.2.3 Purpose

The main purpose of this first study was to determine the incidence of HT in
the population with T2DM from “Sanamed Hospital” clinic in Bucharest, through
aretrospective observational study for over 3 years, between 1 January 2016 and 31
December 2018.

2.2.4 Materials and methods

A total number of 5064 patients with T2DM were evaluated using patient details
from “Sanamed Hospital” clinic, which were collected over 3 years, between 1 January
2016 and 31 December 2018. Subsequently, the incidence per 100,000 inhabitants was
calculated and the data were compared with those found in the European population;
at the national level such data are not available, so the comparison with the Romanian
population was not possible.

2.2.5 Results of study 1

Of the 5064 subjects analysed in the initial phase of our study, 2383 were men,
representing 47.05%, and 2681 (52.94%) were female. We can say that the initial sample
was divided into almost two equal parts which did not create a research bias (Figure 1).

Regarding the mean age in the initial group, we had 67.545 + 11.701 years,
with an older age for the patients evaluated in the Diabetes Mellitus section
(68.508 + 10.653 years) compared to those evaluated in the Endocrinology ward
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Figure 1.
Average age in the initial lot.
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Total Incidence Incidence
Total incidence inmen inwomen
subjects Men Women peryear peryear peryear
(n=5064) (n=2383) (n=2681) 10° 10° 10°
With HT acquired
after the diagnosis
of T2DM in the
present study 80 1 69 789.89 230.80 1286.83
Incidence of HT
in the general
population of
Europe* 25912 85.36 419.72
Table 1.

Incidence of patients diagnosed with HT after acquisition of T2DM in the study group and incidence at European
level [3].

(57.058 + 16.432 years). This was natural, given that the average age at the onset of
patients with T2DM is older.

During the three-year period of the study, the incidence of HT in the group of
5064 patients diagnosed with T2DM was 789.89/10° per year, with an incidence
of 230.80/10° per year among diabetic men and an incidence of 1286.83/10° per
year among women. Comparing European wide reports of HT incidence in the
general European population [3] (259.12/10° per year, 85.36/10° per year in men and
419.72/10° per year in women), there is a highly significant difference between the
incidence in the general population and the incidence among patients diagnosed with
T2DM (Table 1). This confirms the original hypothesis of the study. Remarkably, a
patient with T2DM has a threefold higher risk of developing chronic lymphocytic
thyroiditis (HT), and also, female patients with T2DM have an almost sixfold higher
prevalence of Hashimoto’s thyroiditis than men diagnosed with T2DM.

2.2.6 Analytical discussions: Study 1

Comparing our incidence studies of HT in a population with T2DM with incidence
studies of HT in the general population published in the literature, we found similari-
ties. A study conducted by Wiersinga et al. showed a prevalence of HT of 10-12% in
the general population, making it the most common autoimmune disease encoun-
tered. The higher prevalence was observed in women, increasing with age and being
higher in the white versus black population worldwide [4].

In terms of incidence worldwide, this study showed an incidence of 350 per 10°
per year in women and 60 per 10° per year in men in non-iodine-deficient areas
and 44 per 10 per year in women and 12 per 10° per year in men in iodine-deficient
areas. [4] In our study, the incidence was 789.89 per 10°, which allows us to con-
clude that T2DM may be a risk factor involved in the occurrence of HT, since the
incidence in the population with T2DM is much higher than the incidence in the
general population. Also in our study, the incidence was higher in women than in
men, which is in agreement with the results of the study previously mentioned. The
population in our study, the initial sample of 5064 patients, were mainly patients
from Bucharest and from vicinity of the country’s capital, so from areas without
iodine deficiency, also the patients were white (Caucasian). Comparing with the
results of the aforesaid study, in which the highest incidence was in white patients
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from areas without iodine deficiency, we can say that the results of our study are
in agreement with those described in the study by Wiersinga et al. In our study, the
highest incidence was in females, almost six times higher than in males; in females,
it was 1286.83 per 10° per year, while in males, it was 230.80 per 10 per year, and
these data agree with the previously mentioned results, where a higher incidence
was shown in females versus males.

Another study led by Lee et al. showed an HT incidence in the US population of
350 per 10° per year in women and 80 per 10° per year in men, with an incidence of
nearly 600 per 10° from the Appalachian Mountain region. In this study, a global
incidence of HT was estimated at 30150 per 10°, 10-15 times higher in women than
in men, occurring most frequently in the 30-50 age group in women, with a peak
incidence in men 10-15 years later [5]. The results of our study agree with those of
this study, with a higher incidence among women than men of six times higher. The
age group in which occurred most frequently in our study HT in the population with
T2DM studied was in women between 60 and 70 years, and for men it was the same
age category. These results are not in agreement with those of the study conducted by
Lee et al., with the peak incidence in that study being at age of 30-50 years for women
and 45-60 years for men. We can say that our population being composed of patients
with T2DM had an older age than the general population studied in that study of
HT incidence; thus, these results are in agreement with the average age of the people
studied by us. We notice, however, that the proportion in relation to the predominant
gender, female, is preserved.

In another study conducted by Dong et al. in the US army, on 20.270688 soldiers,
predominantly male 85.8%, an incidence of HT of 758 cases in females and 548 cases
in males was described. This study showed that the highest incidence was in the
white Caucasian population, and the lowest incidence was in black females (IRR,
0.33; 95% Cl, 0.21-0.51) and black males (IRR, 0.22; 95% Cl, 0.11-0.47), in Asian
Pacific Islander females (IRR, 0.31; 95% Cl, 0.17-0.56) and in Asian Pacific Islander
males (IRR, 0.23; 95% CI, 0.07-0.72) [6]. The results of this study are mainly deter-
mined by the preponderantly male gender of the study participants (85.8% were
male), but even so we can observe that the number of HT cases in females is higher,
758, than in males, 548. Considering that the female population of the study was
14.2%, we can say that the incidence in the female population is much higher than
in the male population. These results were also obtained by us in our study, a much
higher incidence in women. Our study evaluated only white, Caucasian popula-
tion, which, by comparison to the increased incidence in the study conducted by
Dong et al. in the white population, could explain a high incidence rate in our study
population as well.

2.2.7 Conclusions of study 1

As a conclusion of Study 1 “Determining the incidence of chronic autoimmune
lymphocytic thyroiditis in a population of patients diagnosed with Type 2 Diabetes
Mellitus,” we can state that we have demonstrated our main objective: we have shown
that T2DM is a risk factor for the development of autoimmune thyroiditis through
a higher incidence of HT among patients with T2DM versus the general European
population (789.89/10° per year, with an incidence of 230.80/10° per year among
diabetic men respectively an incidence of 1286.83/10° per year among women versus
259.12/10° per year, 85.36/10° per year among men and 419.72/10° per year among
women in the general European population).
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2.3 Study 2: clinicometabolic and therapeutic features in patients with type 2
diabetes mellitus and Hashimoto’s autoimmune thyroiditis

2.3.1 Introduction

After demonstrating the main objective of this research thesis, proving the statisti-
cally significant association between T2DM and HT, by means of Study 1, through
determining the incidence of chronic autoimmune lymphocytic thyroiditis in a
population of patients diagnosed with type 2 diabetes mellitus, we set out to evaluate
the possible causes for this association: we aimed to detect the clinicometabolic and
therapeutic features in patients with type 2 diabetes mellitus and Hashimoto’s autoim-
mune thyroiditis.

2.3.2 Objectives of study 2
The objectives of Study 2 are as follows:

* to determine the weights of associated pathologies impacting the two studied
pathologies in the three groups,

* to determine the implications of IR assessed by surrogate indices of IR, that is,
whether it correlates with the presence or absence of the studied association,

* to determine the correlation of obesity with the presence or absence of HT in the
group of patients with T2DM,

* to determine the correlation of dyslipidaemia with the presence or absence of HT
in the T2DM group of patients,

* to determine whether metabolic syndrome correlates with the presence of
absence of HT in the T2DM group of patients,

* to determine the existence of clinicometabolic features of micro- and macrovas-
cular complications of T2DM in patients with HT.

2.3.3 Purpose
We aimed to:

* evaluate the relationship between the clinicometabolic factors in the groups of
patients with T2DM, HT, T2DM and HT,

* determine independent predictors of the association of the two pathologies
studied,

* evaluate the risk factors or the protection factors involved in the occurrence of
HT in patients with T2DM.

After evaluating the 5064 patients diagnosed with T2DM and determining
the incidence of HT in the study population, we developed a new study, Study
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INITIAL LOT 5064 PATIENTS WITH T2DM

69 WOMEN(86.25%)

+50 PATIENTS 80 PATIENTS WITH T2DM AND TH
WITH TH-LOT 2 11 MEN (13.75%)
30 PATIENTS EXCLUDED
FROMTHE STUDY
50
PATIENTS
WITH
50 PATIENTS WITH T2DMAND
T2DM-LOT1 TH-LOT3
Figure 2.
Design of Study 2.

2—Clinicometabolic and therapeutic features in patients with type 2 diabetes mel-
litus and Hashimoto’s autoimmune thyroiditis study, to try to better understand the
association between the two pathologies. We selected from the group of patients with
T2DM and HT a number of 50 patients who were eligible to participate in our study.
Of the initial 80 patients diagnosed with HT, 11 also suffered from other autoimmune
diseases (Graves Basedow disease—5, rheumatoid polyarthritis—4, vitiligo—1 and
ankylosing spondylitis—1), 7 had advanced chronic diseases or physical disabilities
that prevented them from continuing the investigations needed to complete the study
database, 3 had severe mental illnesses that prevented them from making judgements
and 9 refused to continue the investigations needed to complete the study database.
Thus, out of the total of 80 patients diagnosed with HT, only 50 were eligible after
applying the exclusion criteria for the study, thus forming Group 3. Group 1 was made
up of patients with only T2DM, also from the initial group followed in Study 1, out of
5064 patients with T2DM of the clinic, this being the control group. Group 2 included
50 patients with HT from the Endocrinology department’s records, also a control
group. The selection of patients was consecutive; initially, patients were selected from
Group 3, subsequently, from the same time period; consecutively, as they presented to
the clinic, patients were selected for groups 1 and 2.

2.3.4 Materials and methods
See Figure 2.
2.3.5 Results of study 2
The mean age of the patients in the three groups was 58.1 years.

The study sample consisted predominantly of 122 (81.3%) female and (18.7%)
male patients [7].
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We found statistically significant differences between groups 1 and 2 and
between groups 2 and 3 for the parameters: abdominal circumference, weight,
BMI, obesity, dyslipidaemia and SM; and between groups 1 and 3 for TAD, cho-
lesterol, macro- and microvascular complications, depression, visceral adiposity
index (VAI), trigliceride glucose index (TyG), trigliceride glucose-body mass index
(TyGBMI), trigliceride glucose-waist circumference index (TyGWC) and lipid
accumulation product (LAP).

Univariate analysis revealed the following risks factors for HT in patients with
T2DM: weight over 83.5 kg, BMI over 29.6 kg/m”, HbA1lc over 5.85%, blood glucose
over 122 mg/dl, thyroid-stimulating hormone (TSH) over 1.1 pmol/L, TyG over 4.7,
TyG BMI over 140.8, and TyGWC, female gender, alcohol consumption, smoking,
BCI, hypothyroidism, goitre, microvascular complications of T2DM, depression and
insulin treatment.

After multivariate analysis, it was found that the protective factor TAD was
retained and BMI, blood glucose and surrogate index of insulin resistance TyG,
female gender, alcohol, smoking, hepatic steatosis, BCI, hypothyroidism and insulin
treatment remained as risk factors.

Table 2 Values obtained in all three groups for surrogate markers: Group 1,
Group 2 and Group 3.

See (Table 3).

In the three groups studied, a TyG value of more than 4.7 was observed, but the
highest value was detected in the combined group 5.02 (standard deviation 0.32335).

2.3.6 Analytical discussions: Study 2
2.3.6.1 Insulin vesistance in patients with Hashimoto’s thyroiditis and euthyroidism

The relationship between IR and clinical and subclinical hypothyroidism is
well-documented. Hashimoto’s thyroiditis (HT) is the most common cause of
hypothyroidism.

Hashimoto’ thyroiditis is a chronic autoimmune inflammatory disease and the
most common cause of hypothyroidism in adults. It is characterised by histological
infiltration of T- and B-cells in the thyroid gland. Autoimmune diseases detect the
body’s own tissue as foreign and work to destroy it. Therefore, the immune system
starts producing anti-thyroid antibodies (anti-TPO) and anti-thyroglobulin anti-
bodies (anti-Tg) to destroy the thyroid gland. It is not known why the body starts
behaving this way. Perioxidase thyroid antibodies are positive in 95% of Hashimoto’s
thyroiditis and 85% of Graves’ disease [8].

2.3.6.2 Personal discussion

In order to try to demonstrate a definitive link between IR and the association of
the two pathologies studied in the present study, we used surrogate indices of IR,

TyG TyGBMI TyGWC LAP VAI TG/HDL
4.8886 149.6063 449.84 5711 1.8315 3.0914
Table 2.

Results of surogate markers for insulin resistance.
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Group TyG TyGBMI TyGWC LAP VAI TG/HDL
Group 1T2DM Average 4.9461 157.3483 496.8141 673173 2.2955 3.2615
N 50 50 50 50 50 50

Standard Dev. .23133 25.43355 96.40244 3751971 1.71620 1.55994

Median 49766 1538312 4806573 656570 21656 29156

Group 3T2DM Average 50245 1618517 4797390 69.9242 16783 34651
+HT N 50 50 50 50 50 50

Standard Dev.  .32335  34.00789  114.08299 5219408 127814 199627

Median 49746 1582189 4631977 616378 1.5874 3.0291

Group 2HT Average 46951 1296190 3729825 34.1159 1.5208 25476
N 50 50 50 50 50 50

Standard Dev. 25271 2841573 7698818 2870756 155027 156256

Median 46625 1248493 3788840 245896 11877 2.0793

TotalGroups Average 4.8886 149.6063 449.8452 571191 1.8315 3.0914
L2and3 N 150 150 150 150 150 150

Standard Dev. 30473 3260511 11094231 4355847 155201 175201

Median 48828 1493270 4288168 478244 1.5352 26170

Table 3.

Surrogate indices of IR for each group, group 1, group 2 and group 3.

indices that have demonstrated their accuracy and precision in establishing the pres-
ence of IR in many other studies [9-13].

According to the study by Kim et al., the surrogate IR marker TyG was a better
predictor for T2DM than Homa-IR, and VAI and LAP also had prediction for T2DM,
but a more modest one than TyG. The conclusion of this study was that this TyG
marker may be a useful additional tool to determine which patients are at risk of IR
and T2DM [1].

The results of this study for the surrogate markers were TyG 4.7 +/— 0.2, VAI 2.5
+/—1.9 and LAP 38.5 +/-31.9. In our study, we obtained similar values TyG 4.88, VAI
1.83 and LAP 57.11, values for the whole group of 150 patients cumulated from groups
1,2and 3.

The cut-off values from the study by Kim et al. were 4.69 for TyG, 2.54 for VAI and
36.6 for LAP. In our study, we obtained cut-off values of 4.7 for TyG, 1.4 for VAI and
2719 for LAP.

In the study by Guerrero-Romano et al., a cut-off value for the IR determination of
TyG of 4.68 was established [14]. Considering that the results of the two mentioned
studies were similar to the results of our study, we can conclude that a TyG of 4.7,
obtained by us, is diagnostic for IR.

Correlating the results obtained in the two studies conducted by Kimm et al. and
Guerrero-Romano et al. with the results obtained in our study, we can state that the
values obtained by us were diagnostic for IR.

In the study conducted by Kim et al., a strong relationship was established
between the surrogate marker of IR, TyG and the occurrence of T2DM, which was
found to be a better predictor of T2DM than HOMA-IR [1].
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In a meta-analysis conducted by Song et al., obesity was shown to be a risk factor for
HT occurrence, with odds ratio (OR) of 1.91 (C1 95% 1.10-3.32) and p = 0.022 [15]. In
our study, after risk analysis, obesity was not retained as a risk factor, but an increased
BMI at the upper limit of overweight, 29.6 kg/m”, close to the limit of obesity, with
p = 0.008 and an odds ratio of 1.230 (CL 95% 1.056-1.432), was found to be a risk factor
in the occurrence of HT in patients with T2DM. Thus, our data are in agreement with
those stated by Song et al.

We also found similar results to our study in the publication by Du et al., where it
was shown that in diabetic patients, a high blood glucose was a risk factor involved
in the occurrence of thyroid pathologies, with OR of 2.653 (Cl 95% 1.18-5.9) and
p = 0.019 [16]. Our results were also in agreement with what Du et al. presented, and
a blood glucose value over 122 mg/dL was also in our case an independent predictor
of HT occurrence in diabetic patients, with OR of 1.023 (Cl 95% 1.007-1.040) and
p = 0.004.

The study led by Choi et al. was the first to indicate TyG as a surrogate marker of
IR in its evaluation in relation to thyroid dysfunction. It showed higher predictive
values for the thyroid pathology including HOMA-IR, with OR of 1.81 and p = 0.031
[17]. Our study showed that at a TyG over 4.7, the risk of developing HT among
patients with T2DM is 65-fold higher, with OR of 65.344 (C15.067-842.607) and
p = 0.001. We can state as a conclusion that our study is the second to demonstrate the
predictive value of TyG for thyroid pathologies and the first that demostrates this in
regards to Hashimoto’s autoimmune thyoriditis.

In the study led by Lee et al. [5], a 10-15-fold higher incidence of HT among
females was shown, and similar results were also found in our study, which allows us
to comment the result obtained that the female gender is at a risk factor of occurrence
of HT in the patients with T2DM. For female gender, we obtained OR of 23.176 (CI
4.530-118.572) and p = 0.0001 after multivariate analysis performed comparing the
groups of patients with T2DM and with HT and T2DM. This result is not surprising in
the context of the high incidence of HT among the female population.

Another risk factor for developing HT in patients with T2DM, comparing groups
1and 3, is that our study found was alcohol consumption, with OR of 7.048 (C1 95%
2.187-22.720) and p < 0.001. From our results, we can state that alcohol increases
risk of developing HT, among the diabetic patients by 7 times, which is statistically
significant. Comparing with the literature, we did not find another study attesting the
risk; therefore, we can state that our study is the first to certify the causal relationship
between the two. Moreover, a study conducted by Efferaimidis et al. showed that there
is no association between alcohol consumption and de novo development of TPO anti-
bodies. The results of this study are not in agreement with the results of our study [18].

Univariate analysis between groups 1 and 3 showed that BCI is also a risk factor for
developing HT in patients with T2DM, with OR of 5.318 (Cl 95% 2.214-12.774) and
p < 0.001. We found no other studies in the literature that addressed this relationship,
but we did find one study that addressed the inverse relationship, and it described
a twofold increased risk in HT patients to develop BCI, with OR of 2.06 (Cl 95%
1.46-2.92) [19]. Interpreting the results inversely, we can say that BCI may also be a
risk factor involved in the development of HT, even with a higher prediction value,
the risk being in this case five times higher in the population with T2DM. The higher
result is somewhat normal, given that the population we studied was composed of
diabetics, who have a higher proportion of associated BCI. Again our study is the first
to demonstrate a positive independent predictor relationship for BCI in terms of the
occurrence of HT in patients with T2DM.
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The study conducted by Ogbonna et al. [20] showed a higher risk of patients with
thyroid pathologies to develop diabetic nephropathy, with OR of 4.8 and p = 0.001.
Considering diabetic nephropathy a part of microvascular complications of diabetes
we can say that the results of our study are so similar to those of the above-mentioned
study. In our case, after analysis of the comparison between groups 1 and 3, it was
shown that there is a four times higher risk of developing HT among patients with
microvascular complications among the population with T2DM; in other words, the
presence of microvascular complications is a risk factor for the development of the
association between the two pathologies, with OR of 4.571 (Cl 95% 1.963-10.646) and
p < 0.001.

Another parameter that had statistical significance as a risk factor for the associa-
tion between HT and T2DM was depression, this time in the comparison between
the groups 2 and 3, with OR of 9.333 (Cl 1.121-77.204) and p < 0.001. In the study
conducted by Bode et al., a positive predictive value for hypothyroidism was demon-
strated for depression, with OR 1.30 (C1 95% 1.08-1.57), while for autoimmune thy-
roid pathologies the results were inconclusive, with OR 1.24 (C1 95% 0.89-1.74) [21].
Unfortunately, this situation is also confirmed by us, and the depression parameter
maintains statistical significance for the other groups and not even after multivariate
analysis of the data.

2.3.7 Conclusions of study 2

The univariate analysis revealed the following risk factors for developing HT in
patients with T2DM: weight over 83.5 kg, BMI over 29.6 kg/m?, HbA1lc over 5.85%,
blood glucose over 122 mg/dl, TSH over 1.1 pmol/L, TyG over 4.7, TyG BMI over
140.8, and TyGWC, female gender, alcohol consumption, smoking, BCI, hypo-
thyroidism, Goitre, microvascular complications of T2DM, depression and insulin
treatment.

After multivariate analysis, it was found that the protective factor TAD was
retained and BMI, glycaemia and surrogate index of insulin resistance TyG, female
gender, alcohol, smoking, hepatic steatosis, BCI, hypothyroidism and insulin treat-
ment remained as risk factors.

3. General conclusions

1.T2DM is a risk factor for the development of autoimmune thyroiditis through
a higher incidence of HT among patients with T2DM versus general European
population.

2.Female gender was found to be a risk factor involved in the occurrence of HT
in patients with T2DM, probably determined by the high incidence of thyroid
pathology in female population.

3.Insulin resistance seems to be the vector linking HT and T2DM. A value of TyG,
a calculated insulin resistance surrogate index, above 4.7 was found to be a risk
factor involved in the occurrence of HT in patients with T2DM, and TyG in-
creased the risk of occurrence of HT in the T2DM population by 65-fold.

4.Insulin resistance seems to be the vector linking HT and T2DM.
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5.Overweight is a risk factor involved in the association of HT in patients with
T2DM most likely through a week metabolic control, since it is known that over-
weight and obesity is a cause of glycaemic imbalance.

6. Abdominal obesity, above 88,5 cm, increases the risk of HT association with
T2DM 6-fold, and this is caused also by a metabolic imbalance.

7.Blood glucose above 122 mg/dl was found to be an independent predictor of as-
sociation of HT with T2DM, proving once more that a week metabolic control is
the probable cause of the association between the two studied pathologies.

8.Insulin treatment increased the risk of developing HT in patients with T2DM
over seven times, showing once again the involvement of the metabolic control
in this association.

9.The correlation between elevated HbAlc, metabolic syndrome and elevated
ATPO values was shown with increased statistical significance (p < .001) to be
the pathophysiological link between T2DM and HT.

10. High systolic blood pressure increases the risk of HT in patients with T2DM al-

most threefold, and this is explained through the pathophysiological mechanism
of cerebral insulin resistance involved in the pathology of arterial hypertension,
mechanism which was proven by high values of insulin resistance markers; this
allows us to conclude that insulin resistance is the real risk factor.

11. Diastolic blood pressure below 77.5 mmHg seems to have a protective effect on

the occurrence of HT in patients with T2DM, because the normal or low values
of diastolic blood pressure do not associate with insulin resistance, and this does
not only elevate the risk, but gives a protective effect against the association of
the two pathologies.

12. Hepatic steatosis is a risk factor for HT association in patients with T2DM, due to

the high level of insulin resistance that low metabolic control patients have, as we
have shown already.

13. The presence of ischemic heart disease increased the risk of HT association with

T2DM twice, the pathophysiological mechanism to blame for this looks to be insu-
lin resistance, especially the cardiac one, correlated with a low metabolic control.

14. Hypothyroidism was found to be risk factor for the association of HT with

T2DM, and an association of high values of TSH in patients with type 2 diabetes
can lead to a metabolic disorder, which seems to be the real risk factor for the as-
sociation of Hashimoto thyroiditis with type 2 diabetes.

15. Smoking increased T2DM patient’s risk of developing HT sevenfold, it is known

that smoking is a risk factor for autoimmune thyroid disorders, and in our study,
it was also confirmed to be a risk factor for developing HT.

16. Alcohol consumption increased T2DM patient’s rick of developing HT by almost
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toxicity associated with alcohol intake, this being probably followed by an auto-
immune destruction.

17. This is the first study to demonstrate the predictive value of TyG for Hashimoto’s
autoimmune thyroiditis.

18. Our study is the first to certify the causal relationship between alcohol consump-
tion and the occurrence of HT in patients with T2DM.

19. Again our study is the first to demonstrate a positive independent predictive
factor relationship for BCI with respect to the occurrence of HT in patients with

T2DM.

20. The results of our study attest the need to introduce screening for the autoim-
mune thyroid pathologies among patients with T2DM.
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Thyroid Nodules and Biopsy

Mugzaffer Serdar Deniz

Abstract

The present chapter provides an in-depth review of the prevalence, diagnostic
challenges, and management strategies for thyroid nodules, emphasizing the integra-
tion of various diagnostic modalities to enhance precision and guide therapeutic
decisions. Thyroid nodules are frequently encountered in clinical settings, with a
significant proportion detected incidentally. While most are benign, the potential for
malignancy necessitates careful evaluation, primarily through ultrasound-guided
fine-needle aspiration (FNA). However, FNA has limitations, including unsatisfac-
tory and indeterminate results, which may lead to unnecessary interventions. The
chapter discusses the evolution of diagnostic techniques, including the role of ultraso-
nography, molecular diagnostics, and core needle biopsy, alongside traditional FNA.
It highlights recent clinical experiences and studies that address diagnostic ambigui-
ties, aiming to optimize patient outcomes by reducing unnecessary surgeries and
improving diagnostic accuracy. The impact of external factors, such as the COVID-19
pandemic on thyroid nodule diagnostics, is explored. Through a comprehensive
analysis, the chapter seeks to provide clinicians with updated strategies and insights
into managing thyroid nodules effectively in diverse clinical contexts.

Keywords: thyroid nodules, fine-needle aspiration biopsy, thyroid cancer, Bethesda
system, TIRADS, thyroid function tests, thyroid ultrasonography

1. Introduction

Thyroid nodules are commonly detected in clinical practice, with their prevalence
reported to be over 60% in radiological examinations [1-3]. Although most thyroid
nodules are benign, thyroid cancer remains the most prevalent endocrine malig-
nancy, with a relatively low rate of malignancy [3-5]. Recent data indicate a rise in
the incidence of thyroid cancer, making it the thirteenth most commonly diagnosed
cancer globally and the sixth most common among women [6]. The primary diag-
nostic method for assessing thyroid nodules preoperatively is ultrasound-guided
fine-needle aspiration (FNA) biopsy [7]. However, the limitations of FNA, including
unsatisfactory results in up to 20% of cases, indeterminate findings in up to 30%,
and significant rates of false positives and false negatives, complicate the diagnostic
process [8-10]. High concordance rates among pathologists are typically seen in
clearly benign or malignant cases, but variability arises in interpreting indeterminate
cytology [11-13]. Moreover, there is no consensus among pathologists regarding the
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precise definition of indeterminate cytology, which may include atypia of undeter-
mined significance and follicular lesion of uncertain significance, as well as follicular
neoplasm or suspicious for a follicular neoplasm, or suspicious for malignancy [14].
Due to the diagnostic uncertainties, FNA may lead to unnecessary thyroidectomies in
patients where the procedure could have been avoided [15].

In light of these challenges, there has been a growing emphasis on integrat-
ing ultrasonography, molecular diagnostics, and core needle biopsy with FNA to
enhance diagnostic precision and guide appropriate therapeutic decisions. This
chapter assesses FNA's efficacy and explores the role of supplementary diagnostic
biopsy techniques in the preoperative management of thyroid nodules. Through this
comprehensive analysis, we shared our clinical experience and reviewed the current
strategies employed to mitigate diagnostic ambiguities and optimize patient outcomes
in the context of thyroid nodule management.

2. Thyroid nodules
2.1 Diagnosis

Globally, iodine deficiency is the primary cause of goiter and thyroid nodule
formation [16]. The prevalence of this deficiency varies significantly based on dietary
iodine intake, gender, and age [17]. In regions where iodine consumption is sufficient,
the prevalence of thyroid nodules is relatively low [18]. Notably, women are four
times more likely to develop thyroid nodules than men, with prevalence increasing
in both genders after the age of 40 [19, 20]. Thyroid nodules are typically detected
during routine physical examinations by healthcare providers or when patients seek
medical advice due to noticeable swelling in the neck or through elective thyroid
ultrasonography (USG) [21, 22]. Incidental findings of thyroid nodules can also occur
during imaging studies that do not specifically target the thyroid [23, 24]. Palpation
tends to identify nodules larger than 1 cm in diameter; palpation detects thyroid nod-
ules in about 6% of women and 1.5% of men in iodine-sufficient regions. Conversely,
imaging techniques have discovered thyroid nodules in up to 70% of otherwise
healthy individuals [25-27].

Thyroid nodules are often multiple, although solitary nodules can occur [28]. In
studies, approximately 50% of individuals with a palpably solitary nodule were found
to have multiple nodules upon USG examination [29]. Most patients with thyroid
nodules are euthyroid, showing normal thyroid function without other symptomatic
manifestations, though signs of hyperthyroidism or hypothyroidism can occasionally
be observed [30]. Recent nonsurgical data indicate that 4-6.5% of all thyroid nodules
are malignant. Upon detecting a thyroid nodule, the initial diagnostic test should
involve assessing thyroid status via a TSH measurement [31, 32]. Subsequently, all
patients with a suspected nodule or nodules should undergo a thyroid USG to conduct
a sonographic risk assessment [33, 34]. The primary objective must be to evaluate the
risk of malignancy within these nodules [35].

2.2 Clinical evaluation

When assessing a thyroid nodule, clinicians should address three critical ques-
tions: What is the functional status of the nodule (is it hyperfunctioning) ? What is
the risk of malignancy? Are there any compressive symptoms or signs associated with
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the nodule? To effectively respond to these queries, a series of diagnostic procedures
should be implemented. These include a detailed patient history and physical exami-
nation, thyroid-stimulating hormone (TSH) level measurement, ultrasound imag-
ing, and FNA for nodules presenting a higher risk of malignancy [36]. Additionally,
thyroid scintigraphy is advised only for nodules that suppress TSH and are more
significant than 1.5 cm in diameter [32].

As previously outlined, the etiological causes of thyroid nodules are summarized
in Table 1. This table serves as a reference for understanding thyroid nodules’ poten-
tial origins and nature, guiding the diagnostic and management strategies.

2.2.1 History and physical examination

The initial step after detecting a thyroid nodule is a comprehensive patient his-
tory collection [37]. Nodules are often incidentally discovered and are predominantly
asymptomatic [38]. Rarely, a nodule may bleed internally or undergo sudden enlarge-
ment, stretching the thyroid capsule and skin, leading to pain and sensitivity [19, 39].
Rapid and painful growth should raise concerns for aggressive conditions such as
anaplastic thyroid cancer, Riedel’s thyroiditis, or primary thyroid lymphoma [40, 41].
The patient history should include age, gender, body mass index (BMI), presence of
metabolic syndrome, personal or family history of thyroid disease or cancer, associated
syndromes such as Familial medullary thyroid cancer, endocrine neoplasia, Cowden
syndrome, Carney complex, Werner syndrome, Familial adenomatous polyposis,
DICERI1 syndrome, previous imaging and biopsies, history of acromegaly, exposure to
head or neck radiation, the growth rate of the neck mass, anterior neck pain, symptoms
of dysphonia, dysphagia or dyspnea, signs of hyperthyroidism or hypothyroidism, use of
iodine-containing medications or supplements, tobacco use, and stress [42].

The presence of certain risk factors may increase the potential for malignancy
in thyroid nodules, summarized in Table 2. The prevalence of nodules increases
with age, making them less common in children; however, the likelihood of
malignancy in pediatric cases is twice that of adults [43]. Thyroid cancer rates in
nodular patients, when viewed by gender, are found to be twice as high in men
(8%) compared to women (4%). Additionally, the incidence of thyroid cancer is
more common in adults under 30 or over 60 years compared to those between the
ages of 30 and 60 [44]. Those with a history of head and neck radiation therapy or
who have undergone bone marrow or solid organ transplantation have an increased
incidence of cancer [45, 46].

Benign nodular goiter Medullary carcinoma

Simple or hemorrhagic cysts Anaplastic carcinoma

Follicular adenoma Primary thyroid lymphoma

Focal thyroiditis areas Rare primary malignancies (sarcoma, i.e.)
Papillary carcinoma Metastatic tumors

Follicular carcinoma Poorly differentiated carcinoma

Hurtle cell carcinoma

Table 1.
Etiological causes of thyroid nodules.
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Risk factors

Children

Adults under 30 and over 60 years

Male gender

History of head and neck radiation

Family history of medullary thyroid carcinoma, multiple endocrine neoplasia type 2, or papillary thyroid
carcinoma

The rapid growth of the nodule

Hard and fixed nodule on palpation

Presence of cervical lymphadenopathy

Persistent dysphonia, dysphagia, or dyspnea

Table 2.
Risk factors increasing the potential for malignancy in thyroid nodules.

The physical examination of the thyroid is the simplest and most cost-effective
method for detecting nodules, though its sensitivity is relatively low depending on the
examiner’s experience and the size of the palpable nodule [47]. If the thyroid gland
is palpable, its size, the presence and number of nodules, irregularities in nodule
borders, and consistency should be assessed [48]. Generally, nodules larger than 1 cm
and anteriorly in the thyroid are palpable. During the examination, the cervical and
supraclavicular lymphadenopathy should be assessed [30]. Rigid, fixed, palpable
thyroid nodules, cervical lymphadenopathy, or symptoms such as hoarseness indicate
malignancy. Physical findings, such as mucosal neuromas and a Marfanoid habitus,
should raise suspicion for MEN 2B [49].

The most common and suitable method for grading goiter during a thyroid
examination is the Pan American Health Organization (PAHO) grading system. This
expanded section offers a comprehensive overview of the clinical assessment neces-
sary for the management of thyroid nodules, detailing both the history to be gathered
and the physical examination protocols:

* Grade 0. No goiter was detected visually or through palpation

* Grade 1a. No visible goiter, but palpable

* Grade 1b. Goiter is visible when the neck is slightly extended and palpable

* Grade 2. Goiter visible when the neck is in a normal position

* Grade 3. Goiter is visible from a distance and easily palpable
2.2.2 Laboratory assessment

In all patients diagnosed with a thyroid nodule, serum thyroid-stimulating
hormone (TSH) levels must be measured without exception [37]. If the TSH level

is low, particularly if the nodule exceeds 1.5 cm, a radionuclide thyroid scan should
be conducted to determine the functionality of the nodule [29]. In cases where the
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nodule is identified as “hot,” it can be assumed that the risk associated with these nod-
ules is negligible; hence, FNAB is unnecessary [50]. In patients with high TSH levels,
the thyroid nodule evaluation is similar to that in euthyroid patients, and assessments
should be carried out accordingly [51]. Clinicians should consider the following
algorithm when evaluating patients with thyroid nodules (Figure 1).

Thyroglobulin (Tg) should not be used as a tumor marker in evaluating thyroid
nodules [50]. However, its utility becomes apparent in cases where suspicious lymph-
adenopathy is detected through neck ultrasound in the presence of a nodule [52].
High thyroglobulin washout values in FNAB washout fluids from lymph nodes are
beneficial for detecting lymph node metastases of differentiated thyroid cancers [53].
Furthermore, preoperative Tg measurement may be prudent in patients scheduled
for thyroid cancer surgery. In managing thyroid nodules, measuring calcitonin (CT)
can be helpful in suspicious biopsies, repeatedly insufficient biopsies, or when the
cytological diagnosis is unknown before thyroid surgery [54]. If there is suspicion of
medullary thyroid carcinoma (MTC) or multiple endocrine neoplasia type 2, calcito-
nin measurement is imperative and should be repeated if initially found to be elevated
[55, 56]. Elevated CT levels in the presence of symptoms such as diarrhea, lymph node
metastasis, or flushing warrant further investigation [56]. Significantly high calcito-
nin levels are diagnostic of MTC, particularly when basal CT levels exceed 100 pg/ml,
suggesting a high probability of MTC [57]. For CT levels between 10 and 100 pg/ml, a
pentagastrin stimulation test is recommended after ruling out renal insufficiency and

[ Detection of Thyroid Nodule by Ultrasound J

| I

I Normal or High [
| [

Measurement of FT3-FT4 I Doesit meet the FNAB criteria? l

Radioisotope Thyroid Scintigraphy I

| | Yes

] Nodule Active ] l Nodule Inactive ]
I

| l I FNAB I I Follow-up ]

FT3 [ FTa FTa/ FTa
High Normal
| l
Overt Subclinical

Hyperthyroidism Hyperthyroidism
I |
[ Treatment J |0bs¢tutinnot Treatment

Figure 1.
Algorithm of thyroid nodule assessment.
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using proton pump inhibitors [58]. Due to the difficulty of obtaining pentagastrin,
some centers utilize long/short calcium stimulation tests as alternatives [59, 60].

2.2.3 Thyroid USG

Diagnostic thyroid ultrasound should be performed in patients suspected of
having a thyroid nodule, those diagnosed with nodular goiter, or those with radiologi-
cal findings indicating incidental nodules (detected in CT, MRI, or 18FDG-PET).
High-resolution ultrasound is a noninvasive, cost-effective, universally applicable and
repeatable imaging tool that provides a high accuracy rate with quality equipment
and experienced operation [61]. Currently, it is critically essential in diagnosing and
monitoring thyroid nodules [62]. Thyroid ultrasound offers the ability to confirm
whether a palpable anomaly is indeed a nodule and assess its size, location, benign
or suspicious characteristics, composition, and the presence of cervical lymph
nodes [63]. When evaluating a thyroid nodule via ultrasound, the recommended
reporting system includes:

* Nodule size (reported in three dimensions in millimeters) and its localization
within the thyroid gland must always be specified.

* Nodule composition (solid, cystic, or mixed, i.e., complex)
* Nodule echogenicity (hyperechoic, isoechoic, hypoechoic, markedly hypoechoic)
* Nodule margin (well-defined and regular, indistinct and irregular)

* Calcifications (no calcifications, microcalcifications, macrocalcifications, linear,
eggshell calcifications)

* Halo (a discernible rim around the nodule, either absent, thick or thin, continu-
ous, or interrupted)

* Doppler findings (vascularity of the nodule) (Avascular—Type 1; Noticeable
peripheral with minimal intra-nodular increase—Type 2; Prominent intra-
nodular with minimal peripheral increase—Type 3)

The primary reason for evaluating a nodule with ultrasound is to investigate
features that might predict the malignancy risk. General ultrasound characteristics of
benign and malignant nodules are specified in Table 3. Additionally, certain cancer
types may present characteristic features that can guide diagnosis.

For instance, papillary thyroid carcinoma (PTC) typically appears solid or
predominantly solid and hypoechoic, often with infiltrative irregular margins and
microcalcifications [64]. In contrast, follicular thyroid carcinoma (FTC) is gener-
ally isoechoic, rarely hyperechoic, features a thick and irregular halo, and lacks
microcalcifications [65]. Certain sonographic appearances can be highly diagnostic
for benign nodules. For example, a purely cystic nodule (less than 2% of all nodules)
or a spongiform nodule—described as having more than half of its volume filled with
multiple microcystic components—indicates a 99.7% likelihood of a benign thyroid
nodule.
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Malignant features Benign features

Hypoechoicity Hyper/Isoechoicity

Microcalcifications or interrupted rim Continuous edge integrity with eggshell calcifications
calcifications

Irregular margins Spongy (spongiform) nodule

Absence of halo or incomplete halo The presence of a halo or smooth border

Increased intra-nodular vascularity Absence of vascularity (Type 1) or peripheral (Type 2)
(Type 3) vascularity

Height greater than width (in transverse Purely cystic nodule

section)

Invasion into the anterior neck muscles Decrease in nodule size over time, multiple coalescent nodules

(merged nodules)

Presence of pathological cervical LAP Reactive features in cervical LAP

Table 3.
Malignancy based on the USG characteristics of thyroid nodules.

The American College of Radiology (ACR) recently published a guide for man-
aging thyroid nodules based on USG findings [66]. This guide introduces the ACR
Thyroid Imaging Reporting and Data System (ACR-TIRADS), a five-tiered classifica-
tion system [67]. ACR-TIRADS serves as a structured framework to standardize the
reporting of thyroid ultrasound studies [68]. This system facilitates clear communica-
tion among healthcare providers by categorizing nodules according to their likeli-
hood of malignancy, thereby assisting clinicians in making decisions about the need
for biopsy or ongoing surveillance. The classification system ranges from TIRADS
1, suggesting no nodules are present, to TIRADS 5, indicating a high suspicion of
malignancy [69]. Each level corresponds to a set of specific ultrasound characteris-
tics, such as echogenicity, presence of microcalcifications, and nodule borders, among
others, which collectively contribute to an overall risk score [70]. This score then
guides the recommended clinical actions, balancing the benefits of early detection of
thyroid cancer against the risks of unnecessary procedures [71]. It stratifies the risk of
cancer within a thyroid nodule based on its ultrasonographic characteristics and size
and also outlines the management of thyroid nodules—whether through FNAB or
USG monitoring—dependent on these USG features (Tables 4 and 5).

While the EU-TIRADS, developed by the European Thyroid Association (ETA), is
similar to the ACR-TIRADS, it is somewhat simpler [61, 68]. The EU-TIRADS system
designates irregular shapes, margins, microcalcification, and marked hypoechoicity
as high-risk criteria [61]. The recommendations are summarized in Table 6.

2.2.4 Thyroid fine-needle aspiration biopsy

Thyroid fine-needle aspiration biopsy is the decision-making tool in patients with
nodules, guided by ultrasonographic and clinical findings [72]. It is the gold standard
for distinguishing between benign and malignant thyroid nodules [73]. Sampling for
cytological or histological examination from thyroid nodules can be performed using
several techniques, including thick or fine-needle aspiration, Tru-cut biopsy needle,
or fine-needle capillary sampling [74]. It is mandatory to obtain signed informed con-
sent after providing the patient with the necessary information before the procedure.
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TIRADS category Total points Malignancy risk (%)
TR1 0 0.3
TR2 2 15
TR3 3 4.8
TR4 4-6 91
TR5 7+ 35

Abbreviations. TIRADS: Thyvoid Imaging Reporting and Data System.

Tables.
Risk stratification based on total points.

EU-TIRADS Sonographic Ultrasound characteristics
category pattern
EU-TIRADS 1 Normal No nodule
EU-TIRADS 2 Benign Pure cystic or completely spongiform
EU-TIRADS 3 Low risk Oval, well-defined isoechoic/hyperechoic, no high-risk features
EU-TIRADS 4 Intermediate Oval, well-defined, hypoechoic, no high-risk features
risk
EU-TIRADS 5 High risk At least one of the following: non-oval shape, irregular margins,

microcalcifications, marked hypoechogenicity (and solid)

Table 6.
EU-TIRADS classification.

The patient lies supine on a standard examination table with a pillow under the shoul-
ders to increase neck extension. Patients are instructed not to swallow or speak during
the procedure. The biopsy is usually performed with a 25-gauge needle (ranging from
23 to 27 gauge), with or without the use of local anesthesia (such as lidocaine cream
or ajet injector). The skin over the nodule is cleansed with alcohol. The nodule is then
identified under ultrasound guidance, and the needle is inserted parallel or at a slight
angle to the skin, following visualization of the needle shaft on the ultrasound screen.
The needle tip appears brightly on the ultrasound and is advanced and monitored as
it enters the nodule. The needle is moved back and forth within the nodule 4-5 times,
and if necessary, aspiration is performed using a 10 ml syringe. The aspirate from
the nodule is then gently and swiftly spread onto microscope slides. Each nodule is
accessed once or several times, depending on its size. Experienced physicians can
achieve adequate sampling from solid nodules in 90-97% [75].

The risk of obtaining bloody cell aspirate increases in patients on anticoagulant
or antiplatelet therapy due to the heightened risk of bleeding within the nodule [76].
Accordingly, the possibility of reporting the nodule as non-diagnostic increases as
not enough cells will be found in the examination. There are views suggesting that
in patients taking antiplatelet agents, the medication should ideally be discontinued
5-7 days before to be in a safe range, although there are also opinions that the proce-
dure can be performed without stopping the medication. Some clinicians recommend
performing biopsies on patients with an INR < 2 or within the normal range. After the
procedure, applying pressure to the nodule for 5-10 minutes is reccommended, and
performing an ultrasound for bleeding control 15-30 minutes later. Discontinuing
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Diagnostic category Risk Clinical approach

I. Nondiagnostic or unsatisfactory 5-10% Repeat FNA under ultrasound
guidance

I1. Benign 0-3% Follow-up with clinical and

ultrasound assessment

III. Atypia of undetermined significance (AUS) or follicular 10-30% Repeat FNA, molecular testing, or

lesion of undetermined significance (FLUS) lobectomy

IV. Follicular neoplasm or suspicion of follicular neoplasm 25-40% Molecular testing, lobectomy

V. Suspicious for malignancy 50-75% Near-total thyroidectomy or
lobectomy

VI. Malignant 97-99% Near-total thyroidectomy or
lobectomy

Table7.

Bethesda diagnostic categories, malignancy risk, and clinical approach.

new-generation anticoagulants, such as rivaroxaban, apixaban, and dabigatran, is not
recommended before the procedure [76, 77].

In the presence of multinodular goiter, rather than biopsy the dominant nodule,
each nodule should be independently evaluated, and TFNAB should be performed
on each nodule were indicated based on risk factors [37]. It is recommended that the
TFNAB decision be based on the EU-TIRADS score. EU-TIRADS 3 nodules >20 mm
(very low risk, malignancy risk 2-4%); EU-TIRADS 4 nodules >15 mm (low-medium
risk, malignancy risk 6-17%); EU-TIRADS 5 nodules >10 mm (medium-high risk,
malignancy risk 26-87%) should undergo TFNAB [36, 65]. The cytology of the
thyroid nodule should be reported according to the diagnostic groups stated in the
Bethesda system. Since its definition for reporting thyroid cytopathology in 2007,
the Bethesda system has been applied extensively and yielded consistent results [78].
Practitioners must use a common language, which plays a significant role in standard-
izing follow-up and treatment. The Bethesda diagnostic categories, malignancy risk,
and clinical approach are summarized in Table 7.

3. Clinical experience on thyroid nodules

We have performed two comprehensive published studies of thyroid nodules and
their evaluation and management. One of these studies was about low-risk thyroid
neoplasms. This study titled “investigation of preoperative demographic, biochemi-
cal, sonographic and cytopathological findings in low-risk thyroid neoplasms”
explored various preoperative factors in low-risk thyroid neoplasms (LRTNs) [79].
Our research included a retrospective analysis of 2453 cases, narrowing down to 99
cases diagnosed as LRTNs. These were further divided into four subgroups, providing
arich analysis dataset. Most LRTNs were identified as noninvasive follicular thyroid
neoplasm with papillary-like nuclear features, constituting 69.7% of the cases. The
volume of the index nodule was significantly different among the subgroups, serving
as a potential discriminative factor in sonographic evaluations. Well-differentiated
carcinoma, which was not otherwise specified, had the smallest average volume,
whereas follicular tumors of uncertain malignant potential displayed the largest.

168



Thyroid Nodules and Biopsy
DOI: http://dx.doi.org/10.5772/intechopen.1005675

Despite variations in nodule volume and other sonographic features, prognostic
scores suggested similar outcomes across the groups, underscoring the complexity of
predicting disease progression based solely on initial sonographic assessments. These
observations suggest that while certain sonographic features like volume can aid in
subgroup differentiation, the prognostic outcomes remain uncertain across different
types of LRTNs.

The second study, “examining the impact of several factors including COVID-19
on thyroid fine-needle aspiration biopsy,” focused on how the pandemic might have
influenced the outcomes of thyroid fine-needle aspiration biopsies (TFNAB) [80].
This retrospective observational study involved 482 thyroid nodules and examined
various factors, including COVID-19 history and vaccination status. The longi-
tudinal diameter of thyroid nodules was significantly larger in nodules, yielding
diagnostic results compared to nondiagnostic ones. This point suggests that smaller
nodules are more challenging to diagnose accurately. No differences were observed
concerning COVID-19 history or vaccination status. It indicates that, within the
study’s timeframe, these factors did not markedly affect the diagnostic yield of
TFNAB.

These studies underscore the intricate balance required in thyroid nodule manage-
ment, highlighting the challenges and the advancements in diagnostic techniques.
The findings from the low-risk thyroid neoplasms study emphasize the nuanced
differences in sonographic evaluations and the need for careful interpretation of such
imaging results to guide clinical decisions. Meanwhile, the research on the impact
of COVID-19 on thyroid fine-needle aspiration biopsy offers a reassuring indication
that the pandemic has not significantly compromised the diagnostic effectiveness of
TFNAB despite concerns to the contrary. Both strands of research collectively advance
our understanding of thyroid pathology and the effects of external factors on medical
diagnostics. As we continue to integrate these insights into clinical practice, they will
improve the precision of diagnostic processes and enrich our strategies for managing
thyroid conditions in a world where medical and societal variables are constantly
evolving. This knowledge is invaluable in refining our approaches and ensuring that
patient care remains informed and adaptable.

4, Conclusion

In addressing the complexities of thyroid nodule management, this chapter has
illuminated the strides made in refining diagnostic procedures and therapeutic
approaches. Using FNA, supplemented by advanced USG and molecular diagnostics,
has dramatically enhanced our capacity to discern between benign and malignant
thyroid nodules, thereby steering clinical decision-making toward more targeted and
conservative treatments even though the challenges posed by indeterminate cytology
and the inherent limitations of FNA, innovations in diagnostic techniques such as
integrating core needle biopsy and applying refined cytological classification sys-
tems such as the Bethesda system have facilitated a more precise characterization of
thyroid nodules. Moreover, the development of imaging protocols, such as ACR and
EU-TIRADS, has standardized the assessment and management of thyroid nodules,
contributing to a more uniform approach across clinical settings.

Our clinical experience, supported by studies on the demographic, biochemical,
and sonographic variables influencing the prognosis of low-risk thyroid neoplasms
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as well as the resilience of thyroid diagnostics in the face of global challenges, such
as the COVID-19 pandemic, emphasizes the evolving landscape of thyroid nodule
management. These insights highlight the critical importance of individualized
patient care and the need for continuous refinement of diagnostic and therapeutic
strategies. We must continue to harness these diagnostic advancements while focus-
ing on patient outcomes. As the field of thyroidology progresses, integrating emerg-
ing technologies and interdisciplinary approaches will be essential in addressing the
nuanced needs of patients with thyroid nodules, thereby enhancing both the efficacy
and safety of thyroid nodule management. This holistic and adaptive approach will
undoubtedly contribute to better clinical outcomes and optimize patient care in the
dynamic context of modern medicine.
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Nomenclature

Thyroid-stimulating hormone (TSH) A hormone produced by the pituitary gland
that regulates the production of hormones
by the thyroid gland.

Fine-needle aspiration biopsy (FNA) A diagnostic procedure for investigating
lumps or masses. In this context, it is used
to sample cells from thyroid nodules.

Sonographic risk assessment Using ultrasound features to estimate the
risk of a thyroid nodule being malignant.

Medullary thyroid carcinoma (MTC) A type of thyroid cancer that originates
from the parafollicular cells (C cells) that
produce the hormone calcitonin.

Thyroglobulin (Tg) A protein produced by the thyroid gland,
used as a tumor marker for certain types of
thyroid cancers.

Calcitonin (CT) A hormone produced by the thyroid gland
that helps regulate calcium levels in the
blood.

Pentagastrin stimulation test A diagnostic test used to measure calcito-

nin levels to screen for medullary thyroid
carcinoma, particularly when basal levels
are moderately elevated.

ACR-TIRADS Thyroid Imaging Reporting and Data
System developed by the American College
of Radiology to standardize the reporting
and diagnosis of thyroid nodules based on
ultrasound characteristics.

EU-TIRADS A similar system developed by the
European Thyroid Association for the same
purpose as ACR-TIRADS, using slightly
different criteria.
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Appendix A: diagnostic imaging and ultrasound characteristics

This appendix provides detailed information on diagnostic imaging techniques,
particularly ultrasound characteristics crucial in assessing thyroid nodules. It includes
areference guide for ultrasound markers associated with benign and malignant
thyroid nodules, as in Table 3 of the main text.

Appendix B: bethesda diagnostic categories

This appendix elaborates on the Bethesda system for reporting thyroid cytopathol-
ogy. It provides a comprehensive breakdown of each diagnostic category, associated
malignancy risk, and recommended clinical approaches as outlined in Table 7 of the
main text.
Appendix C: ACR and EU-TIRADS classification systems

Comparison and detailed descriptions of the American College of Radiology
(ACR) Thyroid Imaging Reporting and Data System and the European Thyroid

Association (EU-TIRADS). This appendix helps clinicians understand both systems’
specific criteria and risk stratification methodologies.
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Chapter12

The Role of Nuclear Medicine in
Congenital Hypothyroidism

Aisyah Elliyanti

Abstract

Nuclear medicine imaging techniques are known as molecular functional
radioisotope imaging. It has been used for decades in endocrinology and pediatric
clinical practice. Thyroid scintigraphy (TS) results in many cases of congenital
hypothyroidism (CH) may not affect the management immediately. However, TS,
either Technetium-99 m Pertechnetate (**™Tc-04) or Iodine-123 (**}I), can help
establish an etiology for hypothyroidism, including CH that may affect treatment
decisions, prognosis, and counseling. Congenital hypothyroidism has potentially
devastating neurologic consequences when delayed to manage. Screening CH by
measuring Thyroid-Stimulating Hormone (TSH) and or thyroxine hormone (T4)
using Radioimmunoassay (RIA) technique will detect CH rapidly, and the case
can be treated as soon as possible. This review discusses iz vivo and in vitro nuclear
medicine techniques and the benefits and limitations of nuclear medicine techniques
in evaluating hypothyroidism.

Keywords: agenesis, dyshormonogenesis, radioimmunoassay, scintigraphy, iodine-123,
thyroid-stimulating hormone

1. Introduction

The inadequate concentration of thyroid hormones present at birth may lead to
hypothyroidism, which is known as congenital hypothyroidism (CH) [1]. The condi-
tion causes mental retardation and growth failure in newborns [2, 3]. Universal new-
born screening has been highly effective in reducing the incidence of CH. However,
in regions where prompt diagnosis or treatment may not be readily available, CH
still poses a risk for preventable intellectual disability. It is crucial to ensure that all
newborns are screened for CH, regardless of geographical location, to facilitate early
diagnosis and treatment [4]. With prompt diagnosis and treatment, children with CH
can lead healthy everyday lives.

The various forms of CH, including primary (permanent or transient) and
secondary, have different etiologies and implications, which can significantly impact
treatment planning. Accurate diagnosis and differentiation between the subtypes of
CH are crucial for effective treatment planning [5]. Primary CH is caused by thyroid
dysgenesis (agenesis, ectopic, hypoplasia), which is present at birth. Another poten-
tial cause of primary CH is thyroid dyshormonogenesis, which is a genetic disorder
that disrupts the thyroid gland’s ability to produce hormones. Secondary CH is a rare
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condition due to a deficiency in thyroid-stimulating hormone (TSH) production

or secretion by the pituitary gland or hypothalamus. This condition can cause an
underactive thyroid gland, leading to symptoms of hypothyroidism, which is known
as central hypothyroidism. It is essential to identify the causes of primary congenital
hypothyroidism to determine the appropriate treatment and management plan for
affected individuals.

Newborn screening tests are commonly used to detect congenital hypothyroidism.
The screening measures the levels of TSH in the blood. If TSH levels are elevated,
additional testing, such as thyroxine (T4) or T4 initial and secondary TSH tests, is
needed. Both screening strategies have similar accuracy in detecting severe primary
hypothyroidism [6]. Moreover, thyroid scintigraphy (TS) s a gold standard diagnostic
test for determining the etiology of CH, providing a more specific diagnosis [1, 7].
The etiology of CH may play a vital role in determining the disease severity at diag-
nosis, management therapy, and parents’ counsel on the certainty of lifetime therapy
and prognosis [8, 9]. Clinically, CH is divided into distinctive forms: primary (perma-
nent or transient) and secondary. The exact diagnosis and differentiation between the
CH subtypes are crucial to effective treatment planning [3, 5]. Thyroid scintigraphy is
helpful for re-evaluation to uncover transient or permanent hypothyroidism and the
decision to continue or discontinue thyroxine therapy replacement [10]. Additionally,
re-evaluation, including thyroid hormone levels and functional thyroid imaging, is
vital for those who are born prematurely due to the frequency of transient hypothy-
roidism to avoid unnecessary extended thyroxine therapy. This review elaborates on
nuclear medicine’ role in the screening and diagnosis of congenital hypothyroidism.

2. Incidence

The incidence of CH mostly depends on the newborn screening program [1]. Initially,
the incidence was between 3000 and 4000 births when newborn screening was intro-
duced in the 1970s [1, 4]. The incidence of congenital hypothyroidism has nearly doubled
in the last decade, with 2000 births [4, 11, 12]. The elevation in the incidence is due
primarily to increasing newborn screening and lowering the TSH threshold for diagnosis,
which leads to an increasing number of mild cases [11, 13]. However, the incidence of
severe congenital hypothyroidism has remained unchanged [4]. Changing demographics
may also influence the apparent incidence of this disorder by increasing birth rates [4, 5].

3. Etiologies

Congenital hypothyroidism is a serious condition that demands immediate
attention and treatment. An effective treatment should be based on the root cause.
It is interesting to note that thyroid gland abnormalities are the most common
culprit behind CH. Congenital hypothyroidism (80%) is due to thyroid abnormali-
ties (dysgenesis 85-90%), which include agenesis (35-40%), ectopic (60-65%),
or hypoplastic gland [11, 13-15]. Additionally, if the thyroid gland visualizes but
does not function properly (15%), it can also lead to congenital hypothyroidism
(dyshormonogenesis 10%) [3, 14, 15]. Interestingly, several studies reported that
30-40% of CH had an ectopic thyroid gland that showed consistency with a form of
dyshormonogenesis [14, 16-18]. However, pathophysiologically, hypothyroidism can
be caused by impaired thyroid gland function (primary hypothyroidism) and also
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be affected by hypothalamic and pituitary control of the thyroid (central/secondary
hypothyroidism).

Thyroid dysgenesis is a relatively common condition that can hinder the thyroid
gland’s ability to produce sufficient thyroid hormones. Despite its incidence, the
underlying mechanisms of this sporadic disease remain poorly understood [1, 14].
However, it is significant to acknowledge the possibility of a familial component, and
genetic mutations or other factors may play a role in its development [14]. Several
genes are involved in thyroid development and have been linked to thyroid dysgen-
esis in some cases [1, 4, 14, 19]. Atleast 12 genes involved in thyroid dysgenesis and
the defects in the biosynthesis of thyroid hormones have been described. However,
genetic causes of CH were identified to be only between 2 and 5% [1, 14]. On the
other hand, the progressive development of molecular techniques such as next-gener-
ation sequencing (NGS) has recently increased the genetic defects associated with CH
in the range from 33 to 61.5% [20].

The TSH receptor (TSHR) mutation can result in resistance to TSH and a spec-
trum of thyroid dysfunctions ranging from elevated TSH levels and normal thyroid
hormone levels to congenital hypothyroidism with thyroid hypoplasia, that leads
to either sub-clinical congenital hypothyroidism (SCH) or congenital hypothyroid-
ism [21]. Mutations in (TSHR) or genes encoding transcription factors involved in
thyroid development (TTF1/NKX2.1, PAX8, FOXE1, NKX2-5, and GLIS3) [1, 20].
Moreover, dyshormonogenesis frequently is caused by defects in the cellular signaling
of thyroid hormone synthesis, mutations of thyroglobulin (TG), thyroid peroxidase
(TPO), dual oxidase 2 (DUOX2) which associated protein (DUOXA?2), the Sodium-
Iodide Symporter (NIS) SLC5AS5, the apical iodide transporter pendrin (SLC26A4),
and iodotyrosine deiodinase (IYD) DEHALI1 [1, 3, 4, 14, 20]. A molecular study
using NGS reported severe CH variants in dyshormonogenesis genes in 84.8%, and
cases associated with thyroid dysgenesis genes were reported in 13.1% [20]. It con-
tradicts the previously expected distribution of etiological forms. The other study
has reported more frequent mutations in dyshormonogenesis genes than in thyroid
dysgenesis genes [20]. Additionally, the condition due to the pituitary gland’s inability
to produce enough TSH, related to the IGSF1 gene, which is involved in regulating
TSH production, and mutations in the IGSF1 gene leading to a deficiency of TSH and
subsequent central hypothyroidism [22].

Thyroid hemi-agenesis is a rare clinical condition that entails the absence of one
lobe of the thyroid gland while the other remains in a normal position. Research
suggests that a unilateral growth defect causes this condition [19]. An early asym-
metrical growth defect causes hemi-agenesis and not by regression of the lobe once
formed [19]. Notably, the amount of thyroid tissue in hemi-agenesis cases is sufficient
to produce normal TH levels, similar to those after a hemi-thyroidectomy. Therefore,
this condition may go undiagnosed until the thyroid is examined morphologically for
other reasons. Interestingly, the hypoplastic thyroid in the animal study reported that
Nkx2-1/Pax8 double-heterozygous-null mice are mostly normal-shaped, but 30% of
mutant embryos develop hemi-agenesis almost identical to that seen in the patients.
However, functional modification of this gene contributes to asymmetrical thyroid
growth in Nkx2-1, and Pax8 mouse embryos has not been elucidated [19].

Several extrinsic factors can cause hypothyroidism in newborns. Transplacental
passage of antithyroid drugs for hyperthyroidism therapy can be the underlying cause
of transient congenital hypothyroidism [4, 14]. Pregnancy-related complications such
as hypo and hyperthyroidism during pregnancy, placental abruption, or insufficiency
have been identified as related to thyroid disorders [5]. Iodine deficiency during
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pregnancy remains a common cause of neonatal hypothyroidism worldwide, even
though iodized salt programs have been implemented. lodine excess can also cause
hypothyroidism, particularly in preterm infants. Additionally, amiodarone for treat-
ing maternal and fetal dysrhythmias, including iodinated contrast media, may cause
adverse thyroid effects [5, 14]. An understanding of the pathophysiology of congeni-
tal hypothyroidism and the condition that affects newborn screening is required to
identify, evaluate, and treat this condition in the early stage appropriately.

4. Diagnosis

Rapid detection and immediate management of hypothyroidism are essential for
treatment and prevention of long-term health complications. Transient hypothyroid-
ism is around 30% in newborns with the thyroid gland in place [7]. Additionally,
determining CH’s etiology at the time of diagnosis is vital. Thyroid scintigraphy and
ultrasound tests provide an accurate etiologic diagnosis of differentiated dysgenesis
or dyshormonogenesis [2, 7, 11].

Hypothyroidism is diagnosed by measuring the concentration of TSH and total
or free thyroxine (T4) [1]. Thyroid hormones circulate and bind to plasma proteins,
and their biological action is exerted only by the unbound fraction of the hormone
(0.02-0.1%) [14]. The free T4 concentration can be assayed directly or estimated free
T4 index [14, 23]. The direct free T4 assay is generally reliable in healthy ambulatory
patients. However, it may be inaccurate in patients with severe systemic illness or
abnormalities of protein binding, so caution is needed when interpreting such tests in
this setting [14].

In the primary hypothyroid case, increasing TSH level is the first detectable
abnormality. The free T4 levels fall when severe hypothyroidism occurs [14]. Thyroid
stimulating hormone measurement is the most sensitive test for diagnosing primary
hypothyroidism and monitoring the treatment. Central hypothyroidism should be
suspected when free T4 is low and TSH is in the low or normal range (TSH level is an
inappropriate increase in response to low free T4) [14, 23]. During hypothyroidism, T3
is maintained at normal levels until the late stages of the disease. So, measurement of
serum T3 or free T3 is generally not helpful in the evaluation of hypothyroidism [14].

The normal TSH and free T4 levels in infants and children differ by age.
Therefore, it is essential to use appropriate age-specific reference ranges in inter-
preting thyroid function tests [14]. However, sometimes, physiologic variations
in thyroid hormone production in newborns lead to CH, which typically resolves
when the endocrine system matures by age 2-3 years. For this reason, it is common
for patients to be taken off treatment whose CH status is not clear at 3 years of age
[14]. Moreover, evaluation of a patient’s thyroid status may be affected by numerous
medications and by nonthyroidal illness (“euthyroid sick syndrome”) that can mimic
true thyroid dysfunction [24].

Some newborns may have false-negative results during initial screening or have
arisk for CH, such as preterm, low birth weight, and illness, and need a second
screening at 10-14 days of age. Newborns with Down’s syndrome are recommended
for level TSH test at the end of the neonatal period [1]. On the other hand, primary
T4-algorithms are often at the cost of false-positive referrals due to low T4 caused by
nonthyroidal illness or T4-binding globulin (TBG) deficiency [23]. A complete his-
tory and physical examination are needed to identify potential confounding factors
that influence the level of TSH or T4.
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5. Radioimmunoassay

Radioimmunoassay (RIA) is a laboratory technique widely used in the medical field
to measure the concentration of various substances in biological samples. The technique
uses a mixture of radioisotopes of the measured substance and a specific antibody [25].
Radioimmunoassay has several advantages over other immunoassay techniques, and it
is susceptible and specific [25]. The technique can measure various analytes, including
hormones, enzymes, and drugs, and provide accurate and precise results. In diagnosing
and monitoring CH, RIA can measure TSH and T4 levels. The disadvantage of RIA is
the use of radioactive material, which requires special handling and disposal procedures
to ensure the safety of laboratory workers and the environment. Additionally, the
technique may only be readily available in some laboratory settings.

Shifting in screening methods for CH has occurred over time; it is reasonable to
evaluate whether such changes might be associated with CH’s observed increasing
rate [26]. There was a trend to change the T4-screening method from RIA to the
enzyme immunoradiometric assay (EIA) or fluoroimmunoassay (FIA). The change
in the laboratory had the most significant impact on the incidence rate of CH because
of variations in the sensitivity and specificity of the screening test. However, labo-
ratories that used RIA or either FIA or EIA still increased the CH-incidence rate,
indicating that factors other than the T4-screening method also contributed to the
CH-incidence rate [26]. Moreover, screening for TSH by FIA resulted in a 20% higher
CH-incidence rate than radiochemical methods (RIA/IRMA), and screening for T4 by
EIA or FIA methods led to a 38 and 24% higher CH-incidence rate, respectively, than
the RIA method [26].

5.1 Thyroid stimulating hormone

Universal newborn screening for congenital hypothyroidism generally begins with
measuring TSH and/or T4 in a dried blood spot collected from each infant within a
few days after birth [4, 14]. The elevation of TSH with or without low free T4 indicates
the presence of congenital primary hypothyroidism. In the case of free T4, it is low,
and TSH is normal or low, secondary/central hypothyroidism may be present, and the
condition can be challenging to diagnose, particularly in ill or preterm infants [14].

Many variables influence newborn screening results, such as patients’ character-
istics and sample collection timing. Blood samples obtained within 24 hours after
birth may give false positives due to the surge in TSH secretion (up to 60-80 mIU/L).
Preterm Newborns with low birth weight or ill may have altered patterns of thyroid
function that may affect newborn screening results, including low free T4 with
normal or low TSH that mimics central hypothyroidism or primary hypothyroidism
with a delayed rise in TSH that may be missed in early screening [14].

Preterm newborns (<37 weeks) and/or with low birth weight (<2500 g) have
a distinct pattern of postnatal thyroid function from the standard weight of term
newborns. In this condition, the TSH levels increase slightly and lower free T4 con-
centrations that may decrease during the first days of life. These conditions are due to
multiple factors, including immaturity of the hypothalamic-pituitary-thyroid axis;
loss of maternal T4 that would typically be transferred to the fetus in the third tri-
mester; changes in thyroid hormone metabolism; frequent and often severe illness in
these newborns; and exposure to medications that may affect thyroid function (such
as dopamine, glucocorticoids, and iodine-contained antiseptics) [14]. Naturally, pre-
term infants frequently result in a state of low T4 (or free T4) without increasing TSH,
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which resembles central hypothyroidism or nonthyroidal illness [14]. It suggested
that hypothyroidism screening is performed by measuring TSH on the second and
fifth post-birth to avoid the initial physiological elevation of this hormone after birth
[13, 15]. Moreover, the potential presence of TSH receptor-blocking antibodies should
be considered in patients with an ectopic thyroid gland, even if there is no history of
autoimmune thyroid disease. If TSH receptor antibodies are detected in maternal or
newborn serum, they portend a transient condition of hypothyroidism that resolves
within 3-4 months [14].

5.2 Thyroxine hormone

North American Newborn Screening (NBS) strategy programs have measured T4
as the initial screening, whereas other countries often measured the concentration of
TSH [26]. Elevations in TSH level are a better predictor for CH. However, T4 levels are
more stable to physiological variations shortly after birth. Therefore, the T4 measure-
ment was more popular in the initial screening strategy in North American systems
affected by early hospital discharge [26]. Initial T4 screening is usually accompanied
by second-tier TSH screening to improve screening sensitivity and specificity.

The proportion of specimens with abnormal T4 results was around 10%, followed
by retesting to determine the TSH concentrations, and the combined T4 and TSH
results were used together to determine the need for early management. The strategies
(TSH screening alone or T4 screening with second-tier TSH screening) have provided
equivalent case detection [26]. On the other hand, laboratory results from 1991 to
2000 showed that the TSH assay as a newborn screening reported an incidence rate of
CH 24% higher than that of laboratories that used a T4 assay [26].

6. Thyroid scintigraphy

Thyroid scintigraphy and Radioiodine uptake (RAIU) tests are functional imag-
ing and widely used methods to evaluate morpho-functional aspects of the thyroid
gland. The imaging can quantify the tracer’ spatial distribution and measure thyroid
glands’ RAIU and the image results are correlated to the TSH, which shows whether
the function is adapted to the physiological stimulus (normal status) or not (hyper- or
hypo-function). The advantage of functional imaging is that it reports signals from
structures that reflect the functional status of thyroid glands [27]. Therefore, TS
remains an essential procedure to identify the etiology of congenital hypothyroidism
and is the gold standard diagnostic test for determining the etiology of CH [1, 7].

Determining CH’s etiology does not alter initial management, but it provides a
prognosis, avoids unnecessary therapy, and optimizes thyroxine therapy [1, 3, 7].
However, it can help distinguish between thyroid agenesis, ectopia, hemigenesis,
hypoplasia, and dyshormonogenesis [1, 2, 7, 15]. Visualization of the thyroid gland by
scintigraphy depends on the presence and thickness of the functional thyroid tissue
[27]. In CH cases, TS should be done under high levels of TSH, and the best time was
done before or during the first week of thyroxine therapy [2, 7]. Suppose TS is not
performed before the therapy; in that case, the scintigraphy should be done after
3 years, when treatment interruption no longer poses a risk (the critical period of
neurocognitive development has passed), or using recombinant TSH to avoid replace-
ment hormone therapy withdrawal [7]. Moreover, TS should never be allowed to
delay treatment initiation.
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Thyroid scintigraphy generally uses radionuclides such as Technetium-99 m-sodium
pertechnetate (**™Tc-0,) and Iodine-123 (**)). The *™Tc-0, is taken up by follicular
cells but is not organified, and it has a six-hour half-life, is a pure gamma emitter, and
is cheaper than "I [27]. Normal TS image using **™Tc-O,, as shown in Figure 1. The
false positive is caused by the salivary glands’ uptake of **™Tc-O,, which may give a
falsely positive image for ectopic thyroid (Figure1A) [2, 3, 8]. On the other hand,
Iodine transport via sodium-iodine symporter (NIS) forms extracellular to inside fol-
licular thyroid cells and can be organified [28]. Therefore, '’I can diagnose dysgenesis
and dyshormonogenesis and identify organification defects [27]. Iodine-123 has higher
accuracy, especially for diagnosing the ectopic thyroid gland [2, 3]. However, it is more
expensive and available only in specific clinics, and requires pre-order [2].

6.1 Thyroid dysgenesis

Hypothyroidism due to dysgenesis includes agenesis (35-40%), ectopic (60-65%),
or hypoplastic gland [11, 13-15]. Thyroid agenesis should be considered when no
significant uptake of radionuclide appears on the scintigraphy, and the field of view
includes the neck and the head, with elevated TSH level as shown in Figure 1B, and
it confirmed with the ultrasound image [3]. Dysgenesis with agenesis is permanent
hypothyroid. However, about 35% of patients with dysgenesis with a eutopic thyroid
gland have transient disease and will not require lifelong therapy [4, 15].

Ectopic thyroid tissue may lie between the tongue, the thyroid bed, or the medias-
tinum [3, 29]. The relationship between thyroid ectopic and its dysfunction is poorly
understood. In some cases, an ectopic thyroid may produce thyroid hormone, but in other
cases, the condition may be dysgenic or show diminished thyroid function. The ectopic
thyroid gland mainly causes dyshormonogenesis, and in most cases, the thyroid gland is
enlarged due to an over-stimulation by increasing TSH levels [2, 3]. Thyroid scintigraphy
shows an increasing uptake [2]. Both **™Tc-O, and "I of TS can detect ectopic glands,
but when the ectopic tissue is 51tuated near the mouth, it can be hidden or impeded by
oral activity when using *™Tc-Oj. To accurately pinpoint the molecular defect’s location,
identifying eutopic tissue and dyshormonogenesis is best achieved using "I [3].

Thyroid hypoplasia cases are considered relatively uncommon, and their diagnosis
requires a combination of scintigraphy and ultrasound imaging. Scintigraphy results typi-
cally indicate a low uptake of radionuclides and a smaller thyroid gland. At the same time,
ultrasound imaging can reveal a modified shape, such as round-shaped lobes, unilobed,
or asymmetry in the location of the lobes, as well as a reduction in glandular volume. It
is important to note that hypoplasia in permanent hypothyroid cases may present with a
customarily located gland in 15% of cases. However, relying on a single imaging technique
can result in false-positive or false-negative results. Therefore, a comprehensive approach
using complementary techniques is recommended for a more accurate diagnosis [3].

6.2 Dyshormonogenesis

Dyshormonogenesis accounts for about 10% of cases of CH and reflects a defect in
any of the steps in thyroid hormone synthesis [3]. The non-visualized thyroid gland
inTS, but displayed in ultrasound, maybe a dyshormonogenesis due to the presence
of thyroid-blocking antibodies (maternal autoimmune thyroid disease), a genetic
change in the TSH-gene and loss of NIS function that caused a defect of iodide uptake
(Figure 2) [1, 13, 15, 30]. Other causes of iodine defect uptake can be thyroid gland
prematurity, prior medication of thyroid hormone, or a central type of congenital
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(B)

Figure 1.

A 17-month-old givl with a history of growth vetardation. (A) Thyroid scintigraphy (*"Tc-O,) showed a normal
thyroid gland and the uptake of *™Tc-O, by salivary glands (white arrow). (B) Thyroid agenesis, non-visualized
TS, and it confirmed ultrasound image.
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(B)

Figure 2.
A 10-year-old boy was diagnosed with dyshormonogenesis with an elevation of TSH level (>100 uIU/mL) and a

low level of FT4 (0.4 ng/dL). (A) Thyroid scintigraphy is non-visualized of the thyroid gland. (B) The image of
ultrasonography showed normal thyroid glands in the thyroid bed.
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hypothyroidism in addition to thyroid aplasia [11]. The thyroid may be eutopic in cases
of a partial block of thyroid hormonogenesis, and auditory evoked potentials may be
needed to diagnose some forms of thyroid dyshormonogenesis (Pendred syndrome,
Hollander syndrome), especially when there is a family history of hearing loss [15].
The scintigraphy thyroid in dyshormonogenesis can be classified into three types
of defects. Type 1 defects are characterized by impaired function at the basal mem-
brane/loss of NIS expression, resulting in low to blunted radionuclide uptake despite
high TSH plasma levels. Late '’ images are more often positive than *™Tc-O, images.
The defective thyrotropin receptor (R-TSH) is often associated with thyroid hypopla-
sia or reflects maternal autoantibodies’ transient blockade of the thyrotropin receptor.
Defective (R-TSH) or abnormal NIS expression yields no radionuclide uptake at the
thyroid and stomach level. Type 2 defects are characterized by impaired function at
the apical membrane, responsible for reduced iodide organification. Both scintig-
raphy and uptake are high and rise quickly in an enlarged thyroid. The perchlorate
discharge test is positive with a washout value >10% (partial) and > 50% (complete)
organification defect [3, 31]. Total organification defects are most often due to a
mutation in the TPO gene. Partial defects occur in minor thyroid peroxidase (TPO)
abnormalities and Pendred syndrome (abnormal pendrin) [3, 31]. Type 3 defects are
post-organification defects, including a goiter with pre-served uptake and a normal
organification process (negative per-chlorate discharge test). Indeed, iodide, which
has entered the organification process, cannot be chemically displaced by perchlorate.
Mutations in the thyroglobulin (Tg) gene are more common than other abnormalities,
such as defective pinocytic resorption of the Tg. Finally, DEHAL1 produces a second-
ary iodine-deficient state due to excessive renal losses of Iodine in MIT and DIT [3].

6.3 Radiopharmaceutical administration and image acquisition

Scintigraphy images provide the function of thyroid glands by using **"Tc-0,
or "I [1, 7]. The image acquisition was 15 minutes after administration of **™Tc-0,
intravenous. It is inexpensive and well tolerated; no complications have been reported
[7,10]. Other centers preferred to use '»I, a more physiologic agent that addresses the
thyroid gland’s global function and can be administered intravenously or orally. The
image acquisition can occur within 0.5-24 hours after '*’I administration [3, 7, 10]. We
should not use **™Tc-04 for uptake measurement because it is not organified. So, it is
not suitable to quantify the radionuclide uptake.

It is essential to determine the appropriate radiopharmaceutical dose examina-
tions. High doses may lead to increased radiation exposure without improving
diagnostic sensitivity or accuracy, while low doses may not allow for adequate exami-
nation. In that case, the minimum amount of activity necessary for a satisfactory
diagnosis is administered in the shortest possible time. Adhering to this principle will
avoid unnecessary radiation exposure in newborns/infants. The activity dose radio-
nuclides for thyroid examination are 1.1 MBq (0.03 mCi)/kg, with a minimum dose
of 7.5 MBq (0.2 mCi) for 9mTc-04, and 0.025-0.03 mCi (0.9-1.1 MBq) for '»I. The
average thyroid dose is less than 5 mSv/MBq (18.5 rem/mCi) [7, 29].

The image acquisition is taken in an immobilized supine position with head exten-
sion, which can use a particular design mattress or the newborn/infant in sleep [29].
A low-energy, high-resolution for **"Tc-O, and a high- or medium-energy collimator
are available for imaging "I [7, 10, 29]. A medium-energy collimator produces a
superior image quality than the high-sensitivity or ultra-high-resolution collimators
for I [29]. The best image is obtained with a pinhole collimator [29].
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7. Perchlorate discharge test

Iodine is captured at the basal pole by active transport using NIS as a co-transporter,
and then transported to the apical pole of thyrocytes, where it is fixed (organified)
to thyroglobulin tyrosine residues, leaving no free iodide in the thyrocyte [28]. Iodide
accumulates in the thyrocytes if organification is defective. In this case, sodium perchlo-
rate, which is also captured by thyroid cells but not organified, competes with iodide
and chases it out of the cells [2, 7]. Perchlorate discharge tests and genetic mutation
studies might be helpful for the identification of the type of dyshormonogenesis [2, 3].

The effect of sodium perchlorate is evaluated before and 1 hour after its admin-
istration. Perchlorate does not alter iodine uptake in the normal newborn; therefore,
the test is negative. The test is positive when iodine uptake is reduced by defective
organification. Iodine uptake is measured before and after perchlorate. A 10% iodine
uptake change is considered significant [7]. It can reach 98% in children with no
iodide or ganification. Defective organification is usually permanent because of a
defect in a gene involved in organification (the TPO and DUOX2/DUOXA?2 genes in
470% of cases) [7]. However, it can also be transient following iodine overload due to
povidone-iodine disinfection before maternal surgery (e.g., cesarean). Monitoring of
thyroid function and thyroxine dose adjustment is recommended in all forms of hypo-
thyroidism associated with an ectopic thyroid gland. In a French study of 71 neonates
with CH with a positive result for the perchlorate test, CH was transient in 11 cases.
Only one of the 11 children had a discharge showing a change exceeding 90% [7].

8. Ultrasonography

Thyroid scintigraphy and ultrasound are complementary for the evaluation of
CH. Thyroid scintigraphy is highly sensitive for detecting ectopic thyroid tissue, and
ultrasound helps assess gland size and morphology. Ultrasound may be beneficial for
confirming the presence of non-functioning thyroid tissue [29]. Detecting the causes
of thyroid dysgenesis and differentiating them from dyshormonogenesis can be effec-
tively achieved through "I scintigraphy and ultrasonography [13, 29]. The absence of
radionuclide uptake and ultrasound result confirms thyroid aplasia.

Meanwhile, ultrasound may help ensure the presence of non-functioning thyroid
tissue due to TSHb gene mutations, TSH receptor inactivating mutation, defected
iodide trapping, or maternal TRB-Ab [13, 29]. An abnormal positioning and larger-
than-normal thyroid gland in ultrasound may indicate dyshormonogenesis [2, 13].
Additionally, a study reported that utilizing thyroid ultrasound with color Doppler
flow can identify up to 90% of cases of ectopic thyroid [32].

9. Conclusion

Nuclear medicine offers a range of advantages, such as in-vitro and in-vivo
diagnostic tools. However, using radionuclides can be limiting as they are only
sometimes widely available. RIA for newborn screening is a relatively simple and
susceptible method. Additionally, TS can assist in identifying the cause of congenital
hypothyroidism and differentiating types of dyshormonogenesis. This safe and clini-
cally meaningful procedure maximizes the information available for accurate diag-
nosis and optimal treatment. The scintigraphy provides insight into the relationship
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between clinical and genetic factors in CH, and it can help clinicians determine the
certainty of lifetime therapy for children with a dysplastic thyroid or the possibility of
later discontinuing therapy for children with an ectopic thyroid. If the thyroid gland
is absent or ectopic, parents can be advised that the newborn will require lifetime
thyroid therapy. However, suppose the thyroid gland is in the normal position. In

that case, permanent treatment may not be necessary if the condition is transient, as
demonstrated by controlled withdrawal of the thyroid at an older age.
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Chapter 13
Congenital Hypothyroidism

Adina Mariana Ghemigian and Nicoleta Dumitru

Abstract

Congenital hypothyroidism is considered the most common neonatal endocrine
disorder, with an incidence of 1/3000-1/4000 newborns. It is defined by insufficient
synthesis of thyroid hormones from the newborn thyroid. The hormonal deficiency
can vary from a slightly low level to a severe deficiency, also called myxedema. It is
often a chronic condition caused mainly by thyroid dysgenesis or a defect in the thy-
roid hormones synthesis (dyshormonogenesis). Less often, it is secondary to abnor-
mal pituitary or hypothalamic control of thyroid function. Considering the major role
played by thyroid hormones in the early development of the central nervous system,
congenital hypothyroidism is considered the most common condition involved in the
etiology of mental retardation in children. Thus, early detection through neonatal
screening programs and initiation the earliest possible of thyroid hormone replace-
ment treatment prevent irreversible neurodevelopmental delay and optimize develop-
mental outcome of affected newborns.

Keywords: congenital hypothyroidism, myxedema, central hypothyroidism, newborn
screening, hormone therapy

1. Introduction

Congenital hypothyroidism (CH) is defined as dysfunction of the hypothalamic-
pituitary-thyroid (HPT) axis present at birth, which will generate an insufficient
production of thyroid hormones (TH). Axis dysfunction can be of varying degrees,
as a result of which the hormonal deficit can vary from mild to severe [1]. It is con-
sidered the most common endocrine disorders, reported to occur in 1in 3000-4000
newborns worldwide [2, 3].

Thyroid hormones play a crucial role in neuronal differentiation, myelination, and
synapsis development in the prenatal and newborn periods, regulating early central
nervous system development [2, 4, 5]. Thereby, severe undiagnosed and untreated
CH is associated with neurological and psychiatric deficits, intellectual disability,
spasticity, and impaired gait and coordination [2, 4]. Thyroid hormones are also
important for growth during childhood and for normal metabolic functions through-
out life [5]. These negative effects of thyroid hormone deficiency on metabolism and
growth are reversible by therapy, regardless of when it is initiated. The situation is not
the same in the case of cerebral tissue; if the treatment is not initiated as early as pos-
sible, the brain damage becomes irreversible [5]. There are studies that have shown
the inverse relationship between age at the initiation of treatment (before 3 months)
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and the intelligence quotient (IQ) level later in life [6]. Despite all that, CH is one of
the most common preventable causes of mental retardation [4].

2. Epidemiology

The overall incidence of CH ranges from 1 in 3000 to 1 in 4000 live births, with
variation worldwide by geographic location or ethnicity [2, 7]. Before the 1970s, prior to
the onset of newborn screening programs, when the diagnosis of CH was made based
on clinical manifestations, the incidence ranges between 1;7000 and 1:10,000 [7, 8].

Among racial groups, the incidence is higher in Hispanic, Native American, and
Asian population and lower in White and Black infants [2, 7, 8]. Besides, almost all
screening programs report a female preponderance, of nearly 1.5 or 2 to 1 female to
male ratio, and is also higher in twin births, multiple births, and preterm infants [2, 7].

Over the past few decades, a trend of increasing incidence is observed based on
newborn screening programs, with an incidence reported of 1:2000 in ~2000 [2, 8].
The reasons for this rise in the overall incidence of CH are multifactorial: lowering
of TSH screening cutoffs in TSH-based screening programs, leading to increased
detection of milder cases; earlier discharge from the hospital with screening specimen
obtained earlier, closer to the TSH surge after birth; changes in the population demo-
graphics (increased births of Asians and Hispanic babies); or increased screening of
preterm or low-birth weight infants by improvements in neonatal medicine [2, 8].

3. Etiopathogeny

The HPT axis is a complex neuroendocrine regulatory loop involved in tight
regulation of the thyroid function for maintaining a stable level of circulating TH
(T4—thyroxine and T3—triiodothyronine) and thus the euthyroid state [9]. At the
central level, hypothalamic thyrotropin-releasing hormone (TRH) stimulates the
synthesis and secretion of pituitary thyrotropin (thyroid-stimulating hormone, TSH).
The latter acts at the thyroid level to stimulate all steps of TH biosynthesis and secretion
[9]. Conversely, TH controls the TRH and TSH secretion by negative feedback, maintain-
ing physiological levels of central hormones of the HPT axis. In conclusion, reduction of
circulating TH levels results in increased TRH and TSH production, whereas the opposite
occurs when circulating TH are in excess. It is considered that serum thyroid parameters
show substantial interindividual variability and thus that every individual has a unique
hypothalamus-pituitary-thyroid axis set point, mainly determined by genetic factors [9].

As we mentioned in the introduction, CH represents a condition characterized by
dysfunction of the HPT axis. CH is classified based on [2, 4, 7]:

* Origin—in primary or central/secondary hypothyroidism.

* Severity—in compensated (FT4 levels within the normal range for age) or
decompensated (subnormal FT4 levels).

* Duration—in permanent and transient congenital hypothyroidism. In contrast to
the permanent form, the transient CH is characterized by a temporary deficiency
of thyroid hormones diagnosed at birth, with the possibility of recovery and
restoration of euthyroidism in the first months or years of life [7].
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Primary CH is caused by damage of the thyroid gland, thereby is characterized
biochemical by low TH levels with elevated TSH concentrations [5, 9]. Instead, in
central CH, the cause for inadequate TH production is located at the central level
(hypothalamus or pituitary) and is defined biochemically by low thyroid hormone
concentrations, while TSH is normal, low, or slightly elevated [5, 9]. The slightly
elevated TSH concentrations observed in central hypothyroidism can be partly
explained by intact immunoactivity but decreased bioactivity [9].

With these in mind, we can conclude that diagnosis of primary hypothyroidism is
based on finding of an elevated TSH concentration [9]. Instead, central hypothyroid-
ism may be more difficult to diagnose. It relies on correct interpretation of FT4 concen-
tration using age-specific reference intervals and to recognize when FT4 is too low [9].

3.1 Primary congenital hypothyroidism

Primary CH is caused by a defect in thyroid gland and is the most common form
of CH [2, 4, 5]. The majority of primary CH is due to thyroid dysgenesis, summing
approximately 80-85% of cases [2, 3, 5]. The remaining 15-20% of cases are due to
inborn errors of thyroid hormones biosynthesis, the so-called thyroid dyshormono-
genesis [3, 5].

Thyroid dysgenesis encompasses a group of entities including thyroid agenesis
(absence of the gland), thyroid ectopy (misplacement of the gland), and thyroid
hypoplasia (underdevelopment of the thyroid gland) [2, 3, 5]. Thyroid dysgenesis is
almost always sporadic or nonhereditary [2, 10]. However, in 2-5% of cases, mutations
in a variety of genes responsible for thyroid gland development have been described
[3, 5, 10]. Thus, thyroid dysgenesis can be associated with PAX8 (paired box 8),
NKZX2-1 (thyroid transcription factor-1), FOXE1 (thyroid transcription factor-2),
NKX2-5 (NK2 homeobox 5), HHEX (hematopoietically expressed homeobox), and
TSHR (thyroid-stimulating hormone receptor) mutations [2, 3, 5]. Some of these
patients have extrathyroidal complications like benign chorea for those with an
NKX2-1 variant or urogenital tract malformations in those with a PAX8 variant [7, 10].

Thyroid dyshormonogenesis can also be associated with multiple genetic defects
interfering with encoding components of the thyroid hormone biosynthesis machin-
ery like SLC5A5 (sodium/iodide symporter—NIS), TPO (thyroid peroxidase), DUOX2
(Dual oxidase 2), DUOXA?2 (Dual oxidase maturation factor 2), SLC26A4 (Pendrin),
Tg (Thyroglobulin), and DEHALI1 (Iodotyrosine dehalogenase 1) [3, 5, 10]. These
variants cause loss of function, resulting in inadequate thyroid hormone synthesis
with or without compensatory goiter [10]. In most of these cases, the CH is isolated.
An exception to this in the Pendred syndrome (SLC26A4 variant), in which patients
experience sensorineural hearing loss [10]. The genetic defects are often transmitted
in an autosomal recessive manner in most cases, but autosomal dominant inheritance
has also been reported [3, 10].

Next-generation sequencing (NGS) has brought a major change in understanding
the molecular basis of CH, but it also allowed demonstrating a significant overlap in the
genetic etiologies in the thyroid dysgenesis and dyshormonogenesis subgroups [10].

While thyroid dysgenesis and dyshormonogenesis cause permanent CH, in a small
number of cases (5%), we can have a transient primary CH caused by extrinsic factors
[2, 5]. Thus, transplacental passage of maternal anti-thyroid medications (methima-
zole or propylthiouracil), maternal TSH receptor-blocking antibodies (from a mother
with autoimmune thyroid disease), or iodine deficiency or excess can be the causes
for transient primary CH factors [2, 5]. Of all these factors, an important role is
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attributed to iodine, a mineral essential for thyroid hormone biosynthesis [5, 11].

It is worth noting that iodine deficiency remains an important cause of congenital
hypothyroidism globally [2, 11]. Compared to an adult, the neonatal thyroid is much
more susceptible to iodine deficiency as thyroidal iodide content at birth is extremely
low and the daily neonatal iodide turnover is accelerated [11]. Although considerable
efforts have been made to reduce the number of iodine-deficient countries in the last
20-25 years, especially through salt iodization, there are still many iodine-deficient
areas, including in Europe [7, 11]. On the other hand, exposure of newborns to excess
iodine can also result in transient hypothyroidism by interfering with thyroid hor-
mone synthesis via the Wolff-Chaikoff effect [2, 11]. In general, a normofunctional
thyroid is capable to “escapes” from the Wolff-Chaikoff effect after around 2 weeks
by downregulation of its sodium-iodide symporter from the basolateral membrane
and so to decrease its intracellular iodide concentration [11]. Instead, both fetal and
neonatal thyroid, especially in preterm infants, cannot escape from the Wolf-Chaikoff
effect, making them extremely susceptible to iodine excess [10, 11]. Exposure to
excess iodine in this age group, through either iodine-containing antiseptics, radio-
graphic contrast agents, iodine-rich food products (seaweed), iodine-rich supple-
ments, or drugs like amiodarone, can result in blockade of thyroidal iodine transport
for weeks to months [2, 7, 10, 11].

Another rare form of transient CH can be found in infants with hepatic heman-
giomas [7, 12]. Congenital liver hemangiomas are benign vascular tumors affecting
5-10% of infants. These tumors, which can be unifocal, multifocal, or diffuse, can
generate a rare form of hypothyroidism also called consumptive hypothyroidism.
The pathogenic mechanism involved includes overexpression of deiodinase type 3 by
vascular endothelium, a thyroid hormone-inactivating enzyme that converts T4 to
reverse trilodothyronine (rT3) and T3 to diiodothyronine [7, 11, 12]. Medical treat-
ment and reduction in tumor burden lead to consumptive hypothyroidism resolution
in most cases [11, 12].

3.2 Central or secondary congenital hypothyroidism

This is a less frequently encountered cause of CH [4]. It is generated by insufficient
hypothalamic or pituitary stimulation of an otherwise normal thyroid gland, which
will result in secondary low serum level of thyroid hormones concentrations [4, 5].
Normally, thyrotropin-releasing hormone (TRH) from the hypothalamus stimulates
anterior pituitary thyrotropes cells to secrete TSH. Congenital defects in this system,
either from abnormal hypothalamic or pituitary development or from genetic altera-
tions that impair TRH or TSH function, will lead to central congenital hypothyroid-
ism [13]. Based on this, it is classified as central hypothyroidism with isolated TSH
deficiency (one-third of cases), or more commonly TSH deficiency associated with
other pituitary hormone deficiencies [4, 5, 9, 13]. Through combination of basal
and dynamic endocrine investigation, genetic testing, and high-resolution magnetic
resonance imaging, it was possible to obtain increasing knowledge about the etiology
of central CH [9].

3.2.1 Central congenital hypothyroidism as part of multiple pituitary hormone
deficiency

The anterior pituitary lobe or adenohypophysis consists of five specialized
cell types involved in secreting of six hormones: thyrotrophs producing TSH,
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somatotrophs producing growth hormone (GH), corticotrophs producing adre-
nocorticotropic hormone (ACTH), gonadotrophs producing luteinizing hormone
(LH) and follicle-stimulating hormone (FSH), and lactotrophs producing prolactin
(PRL) [5, 9]. Multiple pituitary hormone deficiency is an inborn shortage of at least
two anterior pituitary hormones, so beside central congenital hypothyroidism,

we can meet GH deficiency or ACTH deficiency or central hypogonadism, or all
together [5, 14].

Developmental or structural anomalies of the hypothalamus and/or pituitary
usually lead to multiple deficits in pituitary hormones [13]. Some of these cases have
a genetic basis being attributed to mutations in one of several genes critical for the
normal early development of these structures like HESX1, LHX3, LHX4, SOX3, and
OTX2 [13, 14]. These genes encodes a series of transcription factors essential for early
embryonic brain development [9, 13]. Mutation of these genes are responsible for
syndromic features that combine multiple pituitary hormone deficiency with cerebral
and extra-cerebral abnormalities [9, 13, 14]. The cerebral structures interested in
these conditions are midline brain, eye, inner ear, and the craniofacial structures.

So, the newborn can present with holoprosencephaly, septo-optic dysplasia (SOD),
absence of corpus callosum, cerebellar malformations, Arnold Chiari malformation,
pituitary stalk interruption syndrome (PSIS), cleft lip, or palate and dental malforma-
tions [9]. The extra-cerebral structures involved are heart, urinary or gastrointestinal
tract, and axial skeleton [9]. When the genetic defects affect transcription factors
involved in the final steps of pituitary cellular differentiation, like POU1F1, PROP1,
the child will have milder combined pituitary hormone deficiency without other
syndromic malformation [9, 13].

Obvious neurological and developmental birth defects will usually lead to an early
diagnosis of syndromic multiple pituitary hormone deficiency [9]. In their absence,
other neonatal signs that can lead to the diagnosis are hypoglycemia, lethargy, feeding
problems, poor weight gain, persistent jaundice, as well as potentially life-threatening
adrenal crises due to ACTH deficiency [5]. Also, the male neonates can present with
undescended testicles or a micropenis in case of central hypogonadism [5]. It should
be mentioned that not all these symptoms are present from birth. So, without screen-
ing for central CH, the diagnosis is often delayed until childhood when developmental
delay from thyroid hormones deficiency, poor growth secondary to GH deficiency, and
delayed pubertal development due to LH/FSH deficiency triggers the diagnosis [5, 9, 14].

3.2.2 Isolated central congenital hypothyroidism

This form is characterized by the presence of an isolated TSH deficiency that leads
to the appearance of central congenital hypothyroidism, with an estimated frequency
of 1in 40,000 newborns [5, 9, 15].

Until 2012, only TSH p-subunit (TSHB) and TRH receptor (TRHR) gene variants
were reported as causes of isolated central CH [4, 5, 15]. In the last decade, with the
help of NGS techniques, three new X-linked genetic causes of isolated central CH
were discovered: Immuno Globulin Super-Family member 1 (IGSF1 in 2012), trans-
ducing-beta-like 1 gene (TBL1X in 2016), and insulin receptor substrate-4 gene (IRS4
in2018) [4, 5, 9, 15]. Of these last three genetic defects identified, IGSF1 gene variants
seem to be the most frequent cause of isolated central CH followed by variants in
TBL1X and IRS4 [5, 13].

It is considered that this pure form of congenital isolated TSH deficiency has
a variant type, namely, combined TSH/prolactin (PRL) deficiency, because TRH

201



Hypothyroidism — Causes, Screening and Therapeutic Approaches

receptor signaling affects not only TSH secretion but also PRL secretion in both physi-
ological and pathological conditions [15].

3.2.2.1 TSH p-subunit gene (TSHB)

Thyroid-stimulating hormone or TSH is a glycoprotein hormone consisting of two
chains: an alpha and a beta chain. Its structure is very similar to the other glycoprotein
hormones produced by the anterior pituitary, LH and FSH, and to human chorionic
gonadotropin (hCG), all sharing the same alpha subunit. The p subunit is different for
all these hormones, being the one who confers them the biological specificity. TSHB
encodes the p subunit of TSH and its mutations cause severe central CH with neonatal
onset [5, 9]. Patients shows an elevated a-subunit concentrations, an impaired TSH
response to TRH, a normal or high PRL level, and a hyperplastic pituitary gland on
MRI [5, 15].

3.2.2.2 TRH receptor gene (TRHR)

A far less common genetic cause of central CH with isolated TSH deficiency is
mutations in the TRHR gene. Despite the absence of TRH signaling in the pituitary,
patients with mutations in the TRHR gene have normal TSH concentrations but low
PRL circulating levels and a blunted TSH/PRL responses to exogenous TRH [5, 14, 15].

3.2.2.3 IGSF1 gene

The IGSF1 gene lies on the X chromosome and encodes a hypothalamic plasma
membrane glycoprotein whose functions are not fully known [5]. IGSF1 is expressed
at high levels in testes and the pituitary, specifically in thyrotrophs, somatotrophs,
and lactotrophs [9]. Mutations in IGSF1 gene are considered the most common
genetic cause of isolated central CH [5, 9]. Numerous studies, both iz vivo and in
vitro, support that IGSF1 deficiency causes central hypothyroidism by impairing
expression and downstream signaling of the TRH receptor in pituitary thyrotropes
[13]. For this reason, the affected individuals will have a blunted response to exog-
enous TRH stimulation [13, 14].

The boys with inactivating mutation of IGSF1 will have delayed pubertal rise in
testosterone levels, besides central hypothyroidism. As adults, the plasma testoster-
one levels will remain in the low-normal range and will also have macroorchidism
(although testicular enlargement can begin before the onset of puberty), variable
hypoprolactinemia and transient growth hormone deficiency [5, 13, 14]. Even if the
IGSF 1 deficiency is X-linked, women carrying the mutation can also present with
central hypothyroidism and prolactin deficiency but with an apparently normal lacta-
tion and late menarche in a minority of cases [13, 14].

3.2.2.4 Neonatal screening

Because thyroid hormone deficiency early in life is harmful to brain, growth, and
development and in many cases difficult to recognize shortly after birth, newborn
screening (NBS) programs for CH were implemented in many countries worldwide
since the 1970s [1, 9]. The introduction of neonatal screening was justified by the fact
that the costs of screening and diagnosis are much lower than those necessary for the
care of children with intellectual disabilities, during their lifetime [4]. In addition,
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neonatal screening programs allow early diagnosis, soon after birth, much faster
than the moment when signs and symptoms of hypothyroidism become clinically
evident [4]. In this way, NBS for CH should be performed in all infants [16]. Prompt
diagnosis by NBS leads to an early and adequate treatment, preventing hypothyroid-
ism morbidity and ensuring a grossly normal neurocognitive outcomes in adulthood
[4, 16]. Nevertheless, it is estimated that only 25% of the worldwide birth population
undergoes screening for CH [7, 8]. A significant percentage of infants worldwide are
born in areas that do not have access to neonatal screening, and so, the diagnosis will
be made after development of clinical manifestations of hypothyroidism [1, 7, 8, 16].
Furthermore, many of these infants are born in areas of iodine deficiency, increasing
their risk of thyroid hormone deficiency [1].

There are different screening strategies for CH worldwide [17], and these are
based on [8]:

* Primary determination of TSH, followed by subsequent dosing of T4, when TSH
exceeds certain values.

* Initial determination of blood thyroxine (T4) concentrations, with subsequent
TSH dosing, when T4 is below certain limits (usually less than the 10th percentile
for a given day).

¢ Simultaneous determination of TSH and T4 values (combined method), this
represents the ideal screening approach but involves higher costs.

Each program must develop its own T4 and TSH cutoff for recall of infants with
abnormal test results and to use age-related cutoffs, considering rapid changes in TSH
and T4 in the first few days of life [7].

The strategy for selecting neonatal screening tests focuses on detecting all forms
of primary CH, mild, moderate, and severe, as early as possible because disability due
to primary CH is greatest in patients not treated before 3 months of age [1, 4].

Early in the neonatal screening, when radioimmunoassays developed and made
possible measurement of T4 levels from dried blood spots, most programs undertook
an initial T4 test, with a follow-up TSH test on infants below a specified T4 cutoff
[4, 5, 7]. Unfortunately, T4-based screening is not very specific in detecting central
CH and some mild cases of primary CH [4, 5]. Low blood T4 concentrations are also
found in premature and sick neonates, as well as in thyroxine-binding globulin (TBG)
deficiency [5]. TBG deficiency is an X-linked recessive disorder that occurs in approx-
imately 1:4000 infants, primarily males [7]. It is considered a harmless condition. The
infants are usually euthyroid, and treatment is not necessary but can generate a high
number of false-positive NBS results [5, 7].

With increasing accuracy of TSH measurement, most countries worldwide
changed their screening program from initial T4 test to primarily TSH-based NBS for
CH [5, 7]. Nowadays, many screening programs carry out an initial TSH test to detect
congenital hypothyroidism [7]. For this reason, TSH levels are determined from blood
collected after the first 24 hours and should be the single most important test in any
screening program [4]. More accurate and the best “window” for TSH testing for full-
term infants is 48-72 hours of age [4, 16]. Blood is spotted onto filter paper after heel
prick, allowed to dry, and sent to a centralized laboratory for TSH analysis [4]. The
report result may vary according to the NBS program. Thus, some programs report
TSH value in serum units while others in whole blood units. TSH results in whole
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blood unit are approximately one-half of the corresponding serum value. Thereby,
the infant whose TSH is >30 mU/L serum (>15 mU/L whole blood) will be recalled for
clinical evaluation and serum testing [7]. The reason that the filter paper screening
test cutoff is approximately 30 mU/L is because of the TSH surge that occurs shortly
after birth [7]. Later, after the first to 2 weeks of life, the TSH range falls to approxi-
mately 10 mU/L [7].

There are some programs that use an upper percentile TSH cutoff, for instance, >
97th percentile [7].

As we already mentioned, it is important to use a TSH cutoff adjusted for the
infant’s age to avoid false-negative results in those with mild hypothyroidism [16].
And this is important to know especially if a screening sample is collected after the 4
days of life, since TSH decreases sharply during the first week of life [7].

There is a category of neonates, namely, preterm neonates (less than 37 weeks
of gestational age); low birth weight (LBW) and very low birth weight, under 1500
grams (VLBW) neonates; infants with Down syndrome; ill neonates admitted to
neonatal intensive care; and multiple births, particularly in case of monozygotic
twins, that are at risk of transient or permanent CH [4, 16]. The initial screening tests
in these newborns may be inappropriate, providing false-negative or false-positive
results due to [4]:

* suppression of TSH caused by drug administration,

* hypothalamic-pituitary immaturity,

fetal blood mixing in multiple births,
« other effects of serious neonatal illnesses

In many centers, for this category, a second screening strategy will be applied,
with remeasurement of dried blood spot TSH at about 2-4 weeks of age or as they
approach discharge from hospital [4, 7, 16].

It should also be emphasized that while TSH-based NBS effectively detects
primary CH, it does not detect central CH [5, 13]. Even though it is a less common
condition than primary CH, there are enough evidence to support that neonatal
screening for central CH fulfills the criteria for disease screening:

* Central CH is a relatively frequent disease, with an incidence similar to phe-
nylketonuria, condition for which newborn screening was introduced since the

1960s [4, 13].

* Central CH is unlikely to be diagnosed during the neonatal period, without a
neonatal screening [5].

* Most central CH patients have moderate-to-severe hypothyroidism instead of
mild, based on pre-treatment serum FT4 concentrations [5].

* Screening tests and treatment are available, inexpensive, and effective [4].

* Therisks in cases of delayed diagnosis are in for an unfavorable outcome [4, 5].
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According to European Society of Pediatric Endocrinology (ESPE) guidelines, the
screening strategies for central CH detection are based on two approaches [4]:

* acombination of primary T4 and TSH screening or

* a combination of primary T4 screening with secondary TSH testing followed by
thyroxine binding globulin (TBG) determination.

The three-step T4-reflex TSH-reflex TBG NBS program, currently used by the
Dutch national health system as a diagnostic strategy, led to an improved detection
of central CH with an approximate incidence of 1:16,000, which is much higher than
reported in countries with T4-reflex TSH or TSH-based strategies [5, 14].

4. Diagnosis

Diagnosis and treatment should not be based on screening test results alone. That
is why all newborns with an abnormal NBS result must be referred to an expert center
for immediate measurement of TSH and FT4 in a serum sample, to confirm the diag-
nosis of CH as soon as possible, preferably within 24 hours [1, 7, 16]. Besides TSH and
FT4, it can also measure total T4 and triiodothyronine (T3) uptake to determine the
type of hypothyroidism and establish the management approach. Measuring a TBG
concentration when T4 is low but FT4 is normal may assist in distinguishing central
hypothyroidism from TBG deficiency [16].

If the NBS TSH is >40 mIU/L, levothyroxine (L-T4) treatment should be initi-
ated immediately after drawing the confirmatory serum sample, without waiting
for the results [1, 16]. Such a value is highly suggestive of moderate-to-severe
primary CH [1]. CH severity can be also assessed clinically (symptomatic hypo-
thyroidism), biologically, respectively, based on knee X-ray and thyroid imaging
results [4].

The infant with abnormal NBS result should be evaluated by a physician (primary
care provider or pediatric endocrinologist) that should [16]:

* Obtain a complete history, including prenatal maternal thyroid status, maternal
medications, and family history

* Perform a complete physical examination of the newborn.

The clinical symptoms and signs of symptomatic CH include sleepiness and
not waking for feeds, poor and slow feeding, cold extremities, prolonged neonatal
jaundice, lethargy, hypotonia, macroglossia, umbilical hernia, and dry skin with
or without a puffy face [4]. Persistence of the posterior fontanelle, a large anterior
fontanelle, and a wide sagittal suture all reflect delayed bone maturation, which can
be further documented by knee X-ray [4]. The absence of one or both knee epiphyses
is a reliable index for the severity of intrauterine hypothyroidism [1, 4]. Also, it has
been shown to be related to T4 concentration at diagnosis and neurodevelopmental
and IQ outcome [1, 4].

Biologically, based on plasma FT4 concentrations, it possible to construct a scale of
CH severity in [4]:
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* Severe—FT4 levels <5 pmol/l,
* Moderate—FT4 levels between 5 and < 10 pmol/l, or
* Mild—FT4 levels >10-15 pmol/l

Although it does not change initial treatment, it is recommended to determine the
etiology of CH at the time of diagnosis using thyroid radionuclide uptake and scan,
ultrasonography, serum thyroglobulin, and test for thyroid autoantibodies or urinary
iodine excretion [1]. However, this approach should never delay the start of treatment
in newborns with CH [1, 8, 16].

1. Thyroid scintigraphy—using Technetium-99 m (*>™Tc) or iodine-123 (**I) is
the most accurate diagnostic test for determining the etiology of CH, allowing to
define the size and location of any thyroid tissue [1, 8]. 131 delivers a higher dose
to the thyroid and total body and should not be used [7]. For an accurate scinti-
graphic examination, it should only be performed when the TSH is elevated and
thus before or within the first 2-3 days after initiating of L-T4 treatment [16].

9™Tc is more widely available, less expensive, faster in use (image acquisition after
15 minutes), and has a shorter half-live than "I but is not organified and the imag-
es are of lower quality than with "I [1]. The latter isotope adds more information
about organification process and exposes infants to a lower dose of whole-body
irradiation than *™Tc (3-10 uCi/ kg vs. 50-250 uCi/kg body weight) [1]. Radionu-
clide uptake and scanning identify thyroid aplasia, hypoplasia (decreased uptake,
small gland in a eutopic location), or an ectopic gland (small gland located some-
where between the foramen cecum and over the thyroid cartilage) [8].

A large gland with increased uptake is compatible with a dyshormonogenesis,
one of the inborn errors of thyroid hormone production beyond trapping of
iodide [7, 8]. In such cases, "I uptake can be followed by a perchlorate discharge
test [1, 7]. The test consists in administration of sodium perchlorate with thyroid
activity measured before and 1 hour afterward [1]. The perchlorate discharge
test is considered positive when discharge of '*I is more than 10% of the admin-
istered dose [1].

Absence of uptake can be seen in thyroid aplasia and also with TSHf gene muta-
tions, TSH receptor-inactivating mutations, iodide-trapping defects, or with
maternal thyrotropin receptor-blocking antibodies (TRB-Ab) [7].

2. Thyroid ultrasonography—it is an important diagnostic tool for determining the
presence of the thyroid gland, its location, size, and echotexture, but it is less
accurate than radionuclide scan for detection of an ectopic thyroid gland [1, 8].
Identifying a large gland on thyroid ultrasonography can guide the diagnostic
towards a case of dyshormonogenesis [7].

3.Serum Tg determination—it reflects the amount of thyroid tissue, and it is

generally elevated with increased thyroid activity [7]. It can be helpful in further
evaluation of infants with absent radionuclide uptake [7, 8]. In cases of true
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thyroid aplasia, serum thyroglobulin levels are absent [7]. Together with the per-
chlorate discharge test, it provides useful information for targeted genetic testing
to diagnose the various forms of CH caused by dyshormonogenesis [1].

4.Serum TRB-Ab determination—it may be useful in case of absent radionuclide
uptake and a small or normal eutopic gland determined by ultrasonography, in
an infant born to a mother with autoimmune thyroid disease [8]. TRB-Ab can
cross the placenta and block TSH binding, inhibiting fetal thyroid gland develop-
ment and function [7].

5.Urinary iodine determination—it a measure that approximates iodine intake [7].
It can be useful in an infant with CH born in an area of endemic iodine deficien-
cy or if there is a history of excess iodine exposure [7, 8].

5. Management

Aswe mentioned in the introduction, CH is one of the most common treatable
causes of mental retardation [2, 7]. Also, there are studies that have shown that the
timing of therapy is crucial to neurologic outcome [6, 7]. But even when it is diag-
nosed early, neurologic development may suffer if treatment is not optimized in the
first 3 years of life [7].

According to the ESPE consensus guidelines, treatment of infants with severe
primary CH should be with L-T4 in dose of 10-15 pg/kg per day [4]. Treatment should
be started as soon as possible, no later than the first 2 weeks of life or immediately
after confirmatory serum test results [1, 4]. The goal of L-T4 treatment is to obtain a
rapid normalization of serum FT4 and TSH levels, preferably within 2-4 weeks from
initiation, to improve neurocognitive outcomes [16]. Infants with moderate primary
CH should be treated with an initial dose of ~10 pg/kg per day, and for infants with
mild form, we can use even a lower starting dose (5-10 pg/kg) [1].

Oral L-T4 administration is preferred, either in the form of tablets that are crushed
and suspended in 2-5 milliliters of water, breast milk/nonsoy-containing formula or
as an oral solution [4, 16]. It can be taken in the morning or evening, either before
feeding or with food, and it should be administered in the same way every day [4, 16].
The bioavailability of oral L-T4 is about 50-80% [1, 4]. It is mainly absorbed in the
proximal small intestine, and this process can be influenced by food presence (soy,
fiber) or minerals (calcium, iron). For this reason, simultaneously administration
should be avoided [1, 4, 16]. In cases where oral administration is not an option, L-T4
can be administered intravenously in a smaller dose, approx. 75-80% of the enteral
dose [4, 16].

The newborn’s family must receive verbal and written instructions from the
endocrinologist or their primary care provider regarding appropriate method for
administering L-T4, the substances that can interfere with L-T4 absorption, and the
importance of adherence to the treatment plan, including regular follow-up, to ensure
a normal neurocognitive development and growth [1, 4, 16].

The follow-up evaluation (clinical evaluation and TSH, FT4 measurements)
should take place 1-2 weeks after the start of L-T4 treatment with subsequent evalu-
ation every 2 weeks until complete normalization of serum TSH [1]. Thereafter, the
evaluations can be made [1]:
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* Every 1-3 months until the age of 12 months.
* Every 2-4 months between 12 months and 3 years,
¢ Every 3-6 months until growth is completed.

Monitoring is important being useful in avoiding under or overdosing [1, 10, 16]. It
should be mentioned that the collection of TSH and FT4 must be performed before, or
at least 4 hours after the last L-T4 administration [1]. The therapeutic targets are [16]:

* Maintaining a serum TSH in the age-specific reference range, usually between
0.5 and 5 mIU/L after 3 months of life;

* Maintaining a serum FT4 levels in the upper half of the age-specific reference
range.

Regardless of the etiopathogenic form of CH (primary or central), the treatment
consists of hormone replacement with L-T4. The biggest differences between the two
forms are the L-T4 starting dose and how the treatment is monitored [1]. Although
central CH can be a severe condition, most cases are classified as mild to moderate
with an FT4 at diagnosis between 5 and 15 pmol/L [1, 5]. For this reason, the usual
recommended dose of L-T4 is 5-10 pg/kg, but it can be increased to 10-15 pg/kg
in severe cases [1, 17]. Once the replacement therapy is started, patients should be
monitored based on FT4 levels at the same intervals as done with primary hypothy-
roidism [1, 9], the goal being the maintenance of FT4 levels in the reference ranges for
age [1, 9, 14]. When FT4 is around the lower limit of the reference interval, especially
when is associated with a TSH >1.0 mU/L, undertreatment should be considered.
Inversely, when serum FT4 is around or above the upper limit of the reference
interval, particularly if associated with clinical signs of thyrotoxicosis, or a high T3
concentration then overtreatment should be considered, excluding the situation in
which L-T4 was administered just before blood withdrawal [1].

Considering that central HC is most often associated with other pituitary hor-
mone deficits, it must be taken into account that L-T4 initiation should be start
after exclusion of a concomitant cortisol deficit [14, 17]. In those with concomitant
adrenal insufficiency or when its presence cannot be excluded, L-T4 supplementa-
tion should be started after adequate glucocorticoid supplementation, to prevent
induction of an adrenal crisis [14]. Also, both estrogens and GH influence thyroid
hormone transport and metabolism; this is why sex steroid and GH deficiencies
can mask an underlying central CH, while the introduction of these replacement
therapies often requires an uptitration of L-T4 dose [14]. Taking all these data into
account, particular attention should be given to patients with central CH as part of
multiple pituitary hormone deficiency whenever new replacement therapies are
added or modified [14].

As we mentioned before, some patients with a positive NBS for CH have tran-
sient congenital hypothyroidism and will receive hormone replacement treatment.
Predictive factors that increase the likelihood of a transient or permanent disease are
listed in Table 1 [1, 17].

If the diagnosis has not been fully confirmed at the time of the initial evaluation of
the newborn, a trial of L-T4 therapy should be considered at 3 years of age, particularly
if the patient is adequately treated with a low dose of L-T4 (<2 mcg/kg/day) [16].
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Transient CH Permanent CH

Sex (more often in boys) Prematurity

Low birthweight Other congenital abnormalities

Neonatal morbidity requiring intensive care A family history of thyroid disease
Race/ethnicity (more often in nonwhite patients) Abnormal thyroid morphology (thyroid

Less severe CH at diagnosis (assessed by screening or hypoplasia at diagnosis)

diagnostic TSH or FT4) TSH elevation >10 mU/L after the age of 1 year

A higher L-T4 dose requirement

Table 1.
Predictive factors that increase the likelihood of a transient or permanent CH.

At that time, the serum levels of TSH and FT4 will be determined after 4 weeks of
stopping L-T4 treatment [1, 16, 17]:

* If TSH and FT4 levels remain in the age-specific reference range, then transient
CH is confirmed.

¢ If the TSH >10 mIU/L and/or FT4 is low, permanent CH is confirmed and L-T4
therapy should be reinstituted.

* If TSH is mildly elevated (greater than the age-specific reference range, but <10
mlU/L) and FT4 is normal, TSH and FT4 levels should be repeated in another
4-8 weeks.

According to the ESPE guide, it is considered that there is sufficient evidence to
support early treatment withdrawal to assess the necessity of further treatment and
this can be considered and done from the age of 6 months onward, particularly in
patients with a gland iz situ, a negative first-degree family history of CH, or in those
requiring a low L-T4 dose [1]. And thus, it will be an early identification of children
who do not require long-term treatment.

6. Prognosis

Most children with CH identified early and treated appropriately will have a
normal level of neurocognitive development and school performance, with a sig-
nificant reduction/even disappearance of intellectual disability (defined by an IQ
<70) [1]. However, subtle cognitive and motor deficits and low school performance
may persist in patients with severe CH despite early and appropriate treatment.
These may reflect prenatal brain damage caused by thyroid hormone deficiency in
utero, damage that is not fully recovered by postnatal treatment [1]. These children
may exhibit reduced hippocampal volume and abnormal cortical morphology,
which may account for subtle and specific deficits in memory, language, sensorim-
otor, and visuospatial function [1]. In addition, thyroid hormones play an impor-
tant role in the development of cochlear and auditory function; thus, subjects with
CH have a three times higher risk of developing a hearing deficit, compared to the
general population, a fact that can negatively affect the development of speech,
school performance, and quality of life [1]. So, it is estimated than 20-25% of
adolescents with CH will associate mild and subclinical hearing loss, despite early
and appropriate L-T4 treatment [1].
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It is also worth mentioning that poor socioeconomic status with poor adherence
to treatment or excessive treatment in the first months of life, considered a critical
period for brain development, may also affect cognitive outcome and can be associ-
ated with school-age attention deficit and lower IQ scores.

Children and adolescents with primary CH due to dyshormonogenesis may have
an increased risk of developing goiter and thyroid nodules and may even have an
increased risk of malignancy [1]. These cancers can develop at various ages but are
most common in middle-aged individuals and can be aggressive [10]. The mecha-
nisms implicated in the development of thyroid cancer in patients with thyroid
dyshormonogenesis are not fully understood; presumably, constant and prolonged
stimulation by TSH, a growth factor for thyroid epithelial cells, may result in goiter,
thyroid nodules, or thyroid cancer [10]. Thus, they will require periodic follow-up
with physical examination and ultrasound evaluation, especially in patients with
poorly controlled disease, to identify nodules that will require fine needle biopsy to
exclude thyroid carcinoma [1, 10].

We previously mentioned that patients with severe hypothyroidism associate
delayed skeletal maturation, however, in the first months of life, treatment with
L-T4 rapidly normalizes bone maturation. Nevertheless, excessive L-T4 treatment
can increase bone turnover with greater bone resorption than formation, resulting in
progressive bone loss [1].

Body mass index and composition are generally normal in children and adults
with CHj still about 40% of young adults have a tendency and increased risk of being
overweight or obese. Therefore, lifestyle interventions including diet and exercise and
good adherence to treatment should be encouraged to avoid metabolic abnormalities
and maintain an optimal cardiovascular health [1].

7. Conclusions

The neurodevelopmental outcome in children with CH is highly dependent on
early diagnosis and therapy. Newborn screening for CH has been a great success story,
and it is desirable it will continue to expand worldwide. And so, by its extension to a
larger birth population that undergoes comprehensive screening, it will be possible to
identify new mechanisms involved in the etiopathogenesis of this condition. Besides
an early identification, we should also keep in mind that compliance with hormonal
substitution and the therapeutic regimen can influence the long-term prognosis; this
is why the maintenance of treatment adherence should be promoted throughout life.
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Replacement in Primary Care
Practice
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Abstract

Individuals with hypothyroidism will require lifelong thyroxine replacement
therapy to alleviate symptoms and prevent long-term consequences. Levothyroxine
(LT4), a synthetic form of thyroxine (T4), is the standard and most prescribed
medication for managing hypothyroidism. Triiodothyronine (T3) is another thyroid
hormone that can be used in replacement therapy, but it is not typically used as a
first-line treatment. However, a combination of T4 and T3 may be considered in
uncommon situations when T4 to T3 conversions are reduced. Optimal replacement
therapy is individualized, and factors such as age, weight, etiology, comorbidities,
and medication interactions must be considered while determining LT4 dose. In
addition, individuals on LT4 replacement therapy (TRT) require regular monitoring
with thyroid function tests (TFT) and dose adjustments to maintain optimal thyroid
function. Individualizing LT4 dosing based on specific factors such as age, weight,
comorbidities, and concomitant medications is crucial to achieving optimal thyroid
hormone levels and improving patient outcomes. The chapter also explores potential
factors that can interfere with LT4 absorption and metabolism, including gastrointes-
tinal conditions, dietary supplements, and drug interactions. Various LT4 formula-
tions are discussed, highlighting differences in bioavailability and their impact on
treatment efficacy.

Keywords: levothyroxine, drug formulation, drug food interactions, liothyronine,
primary care

1. Introduction

Levothyroxine (LT4) has long been the established standard for treating hypothy-
roidism, demonstrating effective resolution of symptoms through daily oral adminis-
tration. Despite its overall efficacy, a subset of hypothyroid patients undergoing LT4
therapy experiences dissatisfaction with the treatment’s perceived ineffectiveness in
restoring optimal health. Furthermore, several studies show a risk of being over- and
under-replacement, ranging from 1.3-19.8% to 3.0-27.5%, respectively [1-6]. Factors
such as poor medication adherence and those interfering with thyroxine absorption
and bioavailability like gastrointestinal (GI) comorbidities or concurrent use of
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supplements like iron and calcium, may result in under-replaced thyroid function
[7-10]. Estimates from various literature indicate poor adherence to LT4 falls between
23.9 and 54.9% [11-14]. Furthermore, genetic variations in thyroid hormone trans-
porters are implicated in fatigue and despair among treated hypothyroid patients.
These revelations underscore the importance of recognizing individual variations in
thyroid function and genetic factors, urging a more personalized approach to hypo-
thyroidism management to attain optimal health outcomes.

2.LT4 replacement
2.1LT4 absorption and metabolism

Levothyroxine (LT4) has a narrow therapeutic index, indicating that even small
changes in dose or blood levels can affect therapeutic efficacy or cause adverse reactions
[15]. The intraluminal digestion of LT4 tablets involves disintegration and dissolution
in the presence of an acidic environment in the stomach and absorption primarily in the
small intestine [16]. In a fasting state, approximately 70-80% of orally administered
LT4 is absorbed, primarily in the jejunum and ileum with minimal uptake in the duo-
denum and none in the large intestine [17, 18]. Absorption involves transport via the
Organic Acid Transporting Polypeptide 2B1 (OATP2B1) transporter. In contrast, oral
T3 is almost entirely absorbed from intestine and disappears faster from serum than
intravenous T3 [19]. LT4 is metabolized to T3 by deiodinases DIO 1 and DIO 2, while
DIO 3 deactivates thyroid hormones. Polymorphisms in deiodinases may hinder this
conversion, explaining incomplete symptom resolution in some hypothyroid patients.
The elimination half-life of LT4 is close to 7.5 days in hypothyroid patients, slightly
lower in euthyroid subjects, whereas T3 has a shorter half-life of 1-1.4 days [17].

2.2 LT4 dose requirement

The primary goal of thyroxine replacement therapy (TRT) is to resolve symptoms
and signs of hypothyroidism, normalize biochemical abnormalities, and prevent both
undertreatment and overtreatment. Successful management relies on factors, such as
experience with LT4 efficacy, its favorable side effect profile, ease of administration,
and stable T3 levels it produces [16]. Upon diagnosis, lifelong LT4 therapy is usually
initiated, except in cases of transient thyroiditis or reversible causes like drug induced
where LT4 therapy can be discontinued after recovery [15].

The initial dose of LT4 depends on factors, such as residual endogenous thyroid
function and the patient’s weight, body mass index (BMI), or lean body mass [20].
For patients younger than 60 years, a starting dose of 1.5-1.8 pg/kg/day is recom-
mended, while for those 60 years or older or with known/suspected heart disease, a
lower starting dose of 12.5-50 pg/day is suggested [21]. The mean daily thyroxine dose
for adults with hypothyroidism varies globally, with Asian patients requiring lower
doses (1.1-1.2 pg/kg/day) compared to Western populations (1.36 pg/kg/day) [1, 5, 6].
The reason for the lower LT4 dose requirement compared to the American Academy
of Family Physician (AAFP) recommendations is because the guidelines rely on
the ideal body weight (weight for height) or lean body mass instead of actual body
weight, preventing over-replacement in overweight or obese individuals [20, 22].

The dosage requirement for LT4 in adults with hypothyroidism varies depending
on factors, such as TSH goal (normal versus suppression), degree of TSH elevation,
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pregnancy, and age [16]. The etiology of hypothyroidism also plays a role, likely
reflecting the amount of residual thyroid function [16]. Patients with thyroid malig-
nancies requiring TSH suppression typically need higher doses. Likewise, thyroid-
ectomized (athyreotic) patients require higher doses than those with Hashimoto’s
thyroiditis [23]. Radioiodine therapy for Graves’ hyperthyroidism may lead to vari-
able LT4 requirement, depending on the remaining functional autonomous thyroid
tissue [16, 24]. Pre-treatment serum TSH levels can also predict dosage requirements
accurately in four out of five patients with primary hypothyroidism [25].

2.3LT4 dose administration and monitoring

Oral LT4 should be taken once daily, preferably 30-60 minutes before food and at
least 4 hours before or after medications that might interfere with its absorption [21].
Switching between different LT4 products (such as generic or different brand names)
may lead to variations in administered doses and altered TSH values [16]. Therefore,
it is generally recommended to avoid such switches to maintain stability in thyroid
hormone levels.

For non-pregnant individuals, TSH levels should be monitored every 6-8 weeks
until they normalize, and subsequently every 6-12 months, unless there is a change
in clinical status [21]. In cases where TSH levels remain stable and symptoms are well
managed with a daily thyroxine dose below 75 g, extending monitoring interval
beyond 1 year is reasonable. Dosages are adjusted based on TSH levels; a decrease of
12.5-25 pg per day is recommended for low TSH levels indicating over-replacement,
while an increase of 12.5-25 pg per day is advised for high TSH levels indicating
under-replacement. If TSH levels or symptoms do not improve after two to three
cycles of dose adjustments, referral to an endocrinologist may be considered after
reassessing differential diagnoses, medication adherence, and potential interactions
with other drugs or food.

2.4 Factors influencing LT4 dose
2.4.1 Medication adherence and LT4 replacement

Inadequate adherence to LT4 replacement presents a significant global burden,
impacting the management of hypothyroidism, quality of life, and healthcare costs
worldwide. Globally, the prevalence of poor adherence to LT4 replacement ranges
from 23.9 to 54.9% [11-14]. Poor adherence to LT4 replacement therapy can result
from the combination of intentional and non-intentional actions. Understanding
these underlying factors is essential for healthcare providers to develop tailored
interventions and support strategies.

Intentional poor adherence can arise when individuals deliberately skip doses due
to fear or concerns regarding potential adverse effects of LT4. They may omit the TRT
because of inadequate comprehension about the relevance and importance of LT4
therapy stemming from limited health literacy. Additionally, some patients intention-
ally opt for alternative treatment over LT4 replacement.

Non-intentional poor adherence can result from failure to adhere to complex LT4
dosage regimens and forgetfulness due to aging and cognitive impairment.

Improving adherence to LT4 replacement involves educational programs, sim-
plifying medication regimens, implementing reminder systems, and addressing
patient concerns. Patient decision aids (PDA) facilitate shared decision-making by
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providing information about the treatment options and outcomes, and by clarifying
their concerns [26]. Integrating PDAs into clinical practice can effectively optimize
patient outcomes and improve adherence to LT4 replacement in the management of
hypothyroidism. PDAs have been shown to improve medication adherence across
different chronic diseases like osteoporosis and prevention of coronary heart diseases
with aspirin yet are lacking for hypothyroidism [27, 28]. Further research is required
to determine their effectiveness in improving adherence and outcomes in hypothy-
roidism management.

2.4.2 LT4-food interactions

Oral LT4 is absorbed within 20-30 minutes after ingestion, with complete absorp-
tion taking about 3 hours. Ingesting LT4 with food can delay absorption and decrease
peak absorption value by 15-40%. Lamson et al. and Seechurn et al. [29, 30]. demon-
strated significant reductions in LT4 absorption and efficacy when taken with food.
Coadministration with dietary fiber, soy products, and milk products has also been
shown to impair absorption [7, 16, 31-33]. However, the recent systematic review
by Otun et al. [34] concluded that soy supplementation had no effect on the thyroid
hormones, but it can lead to a slight increase in TSH levels, the clinical significance of
which remains unclear.

Food intake can interfere with LT4 absorption, underpinning the commonly
recommended practice of taking it on an empty stomach before breakfast. Alternative
dosing times such as at bedtime, has shown promise in some studies [32, 35-37]. The
GI tract’s circadian rhythms, like reduced bowel movement at night, can improve LT4
absorption by allowing more time for contact with the intestinal wall. Besides, the
basal gastric acid secretion is highest during the evening, which can help LT4 absorp-
tion [38]. It is recommended to consistently take LT4 either 60 minutes before break-
fast or at bedtime, as timing significantly influences serum TSH levels [16, 31]. On the
other hand, adherence and patient preference should also be considered in deciding
on the timing of LT4 dosing. While fasting LT4 may promote optimal absorption, it
might not be the most suitable for selected patients due to social factors such as shift
work or rushing to work in the morning. Balancing between adherence and absorp-
tion efficiency in TRT is part of the shared decision-making process between the
healthcare providers and their patients [16].

2.4.3 Coadministration with other drugs

Several medications and supplements can interfere with the absorption of LT4,
including calcium carbonate, ferrous sulfate, aluminum hydroxide, sucralfate, proton
pump inhibitors (PPIs), bile acid sequestrants, and some multivitamins [7, 16, 31-33].
Some antibiotics like ciprofloxacin also interrupt LT4 absorption, as their concomi-
tant administration is associated with a significantly lower area under the plasma T4
concentration-time curve [7, 38]. These interactions can lead to increased serum TSH
and decreased serum free thyroxine (fT4) levels, necessitating dose adjustments or
separation of administration by 2-4 hours. Switching to an oral liquid form of LT4
may be beneficial, as it bypasses potential absorption issues associated with tablet
formulations [33]. Nevertheless, liquid LT4 is not widely available in the community.
Patient education, monitoring thyroid function tests regularly, and titrating their
LT4 doses accordingly are essential to ensure optimal thyroid hormone levels in these
patients taking these medications or supplements concurrently.
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Vitamin C may enhance LT4 absorption by lowering gastric pH and can be consid-
ered in patients with impaired LT4 absorption [7, 38]. Rifampicin affects LT4 absorp-
tion differently depending on its duration of use. Long-term use of rifampicin induces
enzymes, decreasing LT4 effectiveness over time. Conversely, immediate inhibition
of enzymes upon single-dose administration may increase LT4 bioavailability [38].
Table 1 summarizes LT4 interactions with other medications through the mechanism
and recommended actions.

2.4.4 Concomitant diseases and genetic conditions

In patients requiring higher than expected doses of LT4, gastrointestinal disorders,
such as Helicobacter pylori-related gastritis, atrophic gastritis, or celiac disease should
be considered [16, 18]. Gastric disorders like H. pylori infection and autoimmune gas-
tritis reduce LT4 efficacy due to hypochlorhydria, while gastroparesis delays stomach
emptying, affecting LT4 absorption [16, 18, 32, 42]. Bariatric surgery, particularly
procedures involving gastric restriction, can also impact LT4 dosage due to changes in
gastric pH, impaired absorption due to concurrent medications use, and supplements
and altered anatomical absorption sites [42, 43]. In contrast, some evidence suggests

weight loss post-surgery may decrease the required LT4 dose due to improved drug
pharmacokinetics. A meta-analysis reported significant decrease in LT4 dose post-
bariatric surgery, particularly with longer follow-up periods [43].

Medication Effects on LT4 Mechanism Suggestion

Calcium 1inTSH; | in LT4 LT4 adsorbs to calcium Calcium supplements should

supplements absorption carbonate in an acidic be taken 6-8 hours after LT4 or
environment, which may switch to a liquid LT4 formulation
reduce its bioavailability [39]. can be considered.

Iron 1inTSH; 1 in LT4 Phenolic, carboxylate, and Screen for the use of iron or

supplements dose requirements amine functional groups of calcium supplements and a

to achieve
euthyroid state

LT4 can bind with ferrous
salts, potentially affecting
drug absorption.

switch to a liquid LT4 formulation
can be considered, similar to
calcium.

Antacids, H,

1inTSH; | in LT4

Alkalization of gastric

Consider switching from tablets

blockers and absorption environment impairs to liquid form/gel capsules and

PPIs dissolution of LT4 tablet; monitor thyroid parameters more
an optimum gastric acidic frequently.
environment is a prerequisite
for effective absorption.

Bile acid | in serum T4 LT4 malabsorption due to There should be a time interval

sequestrants binding with cholestyramine of 4-6 hours between these two
and colesevelam in the drugs [40].
intestine [38].

Ciprofloxacin { in plasma T4 Coadministration Consider increasing LT4 dose.
significantly reduced LT4
absorption [41].

Vitamin C 1inTSH; 1 in FT4 Vitamin C helps LT4 Vitamin C supplementation can

and TT3 absorption by lowering be considered in patients with
gastric pH. malabsorption.
Table1.

Concomitant medications interfering LT4 absorption and metabolism [7, 16, 31, 33, 37—41].
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In addition to gastric conditions, disorders affecting the intestinal mucosa, such as
celiac disease, lactose intolerance, and parasitic infestations like intestinal giardiasis,
can impair LT4 absorption [16, 42]. Short bowel syndrome, resulting from surgical
resection of the small intestine, can also lead to LT4 malabsorption due to reduced
absorptive surface and altered transit time [42]. Moreover, solid organ disorders like
cystic fibrosis, pancreatic insufficiency, and liver cirrhosis, affecting organs involved
in digestion, may also interfere with LT4 efficacy (Figure 1) [32, 42]. Treatment
approaches include addressing underlying diseases, switching to alternative LT4
formulations or administration routes, and adjusting LT4 dosage.

The intestinal absorption of LT4 involves the Organic Acid Transporting
Polypeptide 2B1 (OATP2B1) transporter, which transports T4 and T3. Variations
in OATP2B1 gene transcription and translation might alter the pharmacodynamics
of thyroid hormones including their tissue distribution [44]. Deiodinases (DIO 1
and DIO 2) are enzymes responsible for converting T4 into its more active form T3.
Genetic conditions affecting DIO 1 and DIO 2 genes show inconsistent associations
with thyroid hormone levels and treatment preferences. Additionally, indirect effects
on deiodinases, such as interleukin-6 induced inhibition of T3 and rT3 deiodination,
and genetic variations in enzymes and transporters like UGT1A and MCT10, also
contribute to the complexity. Furthermore, factors like selenium deficiency and oxi-
dative stress may influence deiodinase activity and thyroid hormone levels, although
their exact effects remain unclear [7].

2.5 Weekly LT4 replacement

One of the most common reasons for poor response to LT4 replacement is non-
compliance to the medication, due to the need to take the drug daily on an empty
stomach. Various strategies like bi-weekly, alternate day and once-weekly replace-
ment have been proposed to address poor compliance. Since LT4 has a longer elimina-
tion half-life (t;/,) of about 7 days, weekly dosing appears a feasible alternative [45].

Gastric factors
/7 \ * H.pylori-related
/-" b gastritis
/ +  Atrophic gastritis
+  Bariatric surgery
f +  Motility disorders |
* Proton pump |
inhibitors /
- + Calcium supplements

Intestinal factors > GSI facl‘:c:rs
* Celiac disease . 4 pergita
% |

Lactose intolerance ‘ * Alummym
hydroxide

*  Parasiticinfection bd & 4

*  Short bowel syndrome 1 { = Mik
Iron supplements 5

\ * Bile acid sequestrants 1 =

f Ciprofloxacin Y . |

+  Dietary fibres "\;' d )
+  Coffee of
. * Soyproducts Other solid organ
N e disorders
b *  Liver cirrhosis
= Cystic fibrosis

* Nephrotic syndrome
Pancreatic insufficiency

Figure 1.
LT4 Replacement: GI absorption interference.
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Weekly LT4 replacement is reported to be as effective as daily regimen though T3 and
T4 level decreases slightly with increased TSH before the next weekly dose [46-48].
A meta-analysis reported that weekly LT4 dosing led to a slightly higher TSH levels
than daily dosing, but still within the normal range and did not observe any cardiac
adverse events, symptoms of overtreatment, as well as symptoms of hypothyroidism
[48]. However, further research is needed to determine cardiac safety, especially in
the elderly, and to understand long-term effects.

2.6 Other LT4 formulations

Persistently high TSH despite a daily LT4 dose of more than 1.9 pg/kg/day indicates
refractory hypothyroidism [32]. Though LT4 tablets are most frequently prescribed,
various factors like concomitant medications and many conditions can undermine the
LT4 tablet’s effectiveness as mentioned above. In such circumstances, an LT4 absorp-
tion test helps to distinguish between malabsorption and pseudo-malabsorption
(treatment noncompliance) [49]. The LT4 absorption test is defined as the ingestion
of a high dose of LT4 (ranging from 600 to 1000 pg) in a fasted state followed by
hourly thyroid function monitoring for 2-5 h [32, 50, 51]. In cases where malabsorp-
tion is diagnosed through the LT4 absorption test, novel LT4 formulations including
liquid and soft gel capsules, as well as alternative routes like per rectum and intramus-
cular (IM) injection may be considered.

2.6.1 Liquid solutions

Liquid formulation is primarily made of ethanol, glycerol, and other ingredients.
Ethanol containing formulations should be used cautiously in certain patients like
pregnant and lactating women and patients with epilepsy and liver disease. It is also
forbidden in patients due to religious reasons. Some alternatives free from ethanol,
like propylene glycol exist for liquid formulations [52]. Lower doses of LT4 are gener-
ally required with liquid and soft gel formulations compared with traditional tablets.

Various studies underscore the potential use of liquid LT4 solution over tablets in
managing refractory hypothyroidism [32, 52-57]. Liquid formulations have shown
better absorption rates, rapid onset of action, and more stable TSH levels. These are
particularly beneficial in patients with malabsorption, including those with gastro-
intestinal conditions, or taking interfering medications like calcium supplements or
PPIs. Liquid LT4 also improves patient compliance, especially for those with difficulty
in swallowing like pediatric patients. Infants with congenital hypothyroidism showed
improved TSH levels with liquid LT4. The formulation also appeared effective and
easy to handle in patients fed by enteric tube [56]. The timing of liquid LT4 intake
with breakfast does not affect thyroid function. Despite these advantages, liquid
preparations are more expensive and may have taste issues for some patients which
prompt them to resume tablet intake [32].

2.6.2 Soft gel capsules

Soft gel capsules containing LT4 offer a convenient and effective alternative to tra-
ditional tablets and liquid solutions [32]. These capsules dissolve LT4 powder in glycer-
ine solvent, encased in a soft gelatin shell, demonstrating pharmacokinetic equivalence
with tablets in healthy volunteers [58]. Clinical studies show that soft gel capsules
effectively overcome malabsorption associated with concomitant ingestion of milk
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products and coffee, etc. [53]. These soft gel capsules result in a significant decrease in
mean TSH levels compared to tablets. The improved TSH levels after switching to soft
gel capsules suggest enhanced bioavailability, particularly in patients with impaired
gastric acidic output. Soft gel and liquid LT4 formulations prove to be beneficial to
patients with various conditions, such as hypo-achlorhydria, polypharmacy, bariatric
surgery, and gastroesophageal reflux disease, among others [53, 59-61].

Patients taking soft gel capsules experienced fewer dose adjustments and
improved symptoms compared to those taking tablets. Although liquid solutions
offer convenience, capsules are easier to administer and carry, making them a more
practical option. Despite being more expensive, soft gel LT4 may be more cost-saving
for patients requiring frequent dose adjustments. However, it is important to note that
some excipients in soft gel capsules may cause oral mucositis. Overall, soft gel cap-
sules are considered ideal second-line therapy for hypothyroidism, offering superior
efficacy and convenience compared to tablets.

2.6.3 Powder form

The powder formulation of LT4 presents a promising solution for patients with
lactose intolerance (LI), who experience treatment-resistant hypothyroidism. Despite
the minimal lactose content in L-T4 tablets, LI-induced malabsorption can compro-
mise therapeutic efficacy. Recent findings from a case study demonstrate that switch-
ing to the powder formulation of L-T4, which lacks lactose, successfully restored
euthyroidism in a patient with LI and severe hypothyroidism unresponsive to high
doses of tablets. This suggests improved absorption compared to tablets, as similar
responses were observed when tablets were crushed into powder before administra-
tion, a process known as pulverized [62]. Further research is needed to confirm its
effectiveness and safety in this patient population.

2.6.4 Injectable preparations

Injectable preparations of LT4 offer alternative routes of administration for
patients with specific needs or circumstances. Intravenous (IV) injection is reserved
for thyroid emergencies or instances where oral administration is not feasible, such as
myxoedema crisis or presurgical preparation [63]. The appropriate IV equivalent dose
of LT4 is estimated to be between 48 and 74% of a previously adequate oral LT4 dose
[64]. Consequently, the American Thyroid Association recommends administering an
IV LT4 dose equivalent to 75% of the oral dose [16]. However, parenteral administra-
tion is not recommended for routine use in primary care due to its rapid and potent
effects, which can lead to adverse events like cardiac arrest [32].

Intramuscular (IM) injection provides a sustained-release option, beneficial
for patients with myxoedema or swallowing difficulties [32]. IM injection has been
shown to maintain thyroid function in patients with athyreosis, with weekly doses
ranging from 400 to 1000 pg. Subcutaneous (SC) injection, similar to IM, offers
sustained release but with smaller fluctuations in TH levels and slower release into
circulation [32, 65]. SC injection may be suitable for patients with malabsorption
issues, with weekly doses of 500 pg reported to achieve euthyroidism.

Intra-amniotic (IA) injection is utilized in rare cases of fetal goiters induced by
maternal thyroid dysfunction, necessitating careful monitoring and individualized
dosing to prevent fetal complications [32, 66]. For IA injection, which is performed by
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trained specialists or obstetricians, a recommended dose ranging from 10 to 150 pg./
kg/day is suggested, with intervals between injections varying from 1 to 4 weeks. The
specific dose and frequency depend on factors such as the size of the goiter and fetal
serum thyroid hormone levels. It is important to note that fetal goiters induced by
mutations affecting T4 transport and metabolism may exhibit poorer responses to LT4
supplementation. Each injectable route offers unique advantages and considerations,
providing tailored options for patients with specific needs or conditions.

2.6.5 Suppositories

Rectal administration of LT4 suppositories serves as an alternative route for
treating hypothyroidism in patients unable to take oral formulations due to condi-
tions like short bowel syndrome or gastrointestinal tract obstruction. However, rectal
administration requires a higher dose of LT4, typically 100% or more, to achieve
normalization of plasma thyroid hormone levels [67, 68]. This increased demand may
be attributed to rectal pH impairing LT4 absorption and differences in TH transporter
expression between the small intestine and rectum. Despite its challenges, rectal
administration provides a viable option for patients with specific gastrointestinal
conditions, offering an alternative route for LT4 delivery [32].

2.6.6 Other routes of administration

In the oral cavity, liquid solutions administered sublingually can help manage
refractory hypothyroidism, with ethanol aiding permeation through the mucosal
epithelium [32]. The respiratory tract presents a potential avenue for noninvasive
delivery, with studies showing promising permeability of LT4 through the respiratory
mucosa cells, although further testing in animal models is necessary [32, 69]. External
application on the skin, particularly in creams, aims to reduce adipose tissue deposits,
but challenges like low transfer through the epidermis and enzymatic degradation in
the skin require refinement in sustained-release profiles, possibly through encapsula-
tion in nanoparticles or microemulsion systems [32, 70].

2.6.7 LT4 and nanomaterials

Nanomaterials offer a promising avenue for the development of sustained-release
systems for LT4 delivery. Nanomaterials are supposed to minimize the inconvenience
of daily administration and enhance patient compliance. Various approaches have been
explored, including subcutaneous (SC) implants, coated nanoparticles for oral solu-
tions, and injectable preparations with thermosensitive polymers [32]. For SC implants,
researchers have utilized porous silicon membranes and biodegradable polymers to
achieve controlled release profiles lasting up to several weeks or even years. Coating LT4
nanoparticles with materials like PEG stearate or chitosan aims to enhance intestinal
absorption and prolong release. Injectable preparations with thermosensitive polymers
form in situ implants in the SC space, offering gradual release over extended periods.
Microneedle patches have also been investigated for transdermal delivery, although cur-
rent doses show no superiority over oral preparations [32, 71]. While these approaches
hold potential, challenges such as burst release, low drug load, and chemical instability
need to be addressed before clinical application. Further research, including animal
and human studies, is essential to evaluate pharmacokinetics, biocompatibility, and
efficacy, paving the way for the clinical use of LT4-combined nanomaterials.
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Table 2 provides a comparison of various LT4 formulations, outlining their
absorption, dosing, and potential interactions.

2.6.8 Therapies other than LT4

A significant proportion of patients with LT4 replacement still experience residual
symptoms because of an imbalance in serum TH levels (high T4/lower T3). Studies
in thyroidectomized rats suggest that tissue euthyroid state requires normalization
of serum T3 levels [73]. While alternative treatments such as LT4/liothyronine (LT3)
combination therapy or thyroid extract therapy have been explored, no consistent
evidence supports their superiority over monotherapy with LT4 in improving health
outcomes, possibly due to concerns with LT3 preparations, including rapid absorption
and metabolism [74]. Trials investigating such therapies have produced varied results
regarding patient preference and perceived benefits.

The Thr92Ala D2 polymorphism has been suggested to influence the response to
combine LT4/LT3 therapy [75]. However, studies evaluating this polymorphism in
large population cohorts did not find associations with thyroid function, metabolic
syndrome, or quality of life [74]. Nevertheless, emerging findings in rodents suggest

LT4 formulations Absorption and Dosing factors Interaction with food and drugs
bioavailability
Tablet (Oral) Dissolution and LT4 dose varies with Certain foods and medications
disintegration — Abdomen; age: adults require (as mentioned above) can
Absorption- Small intestine ~ 1.5-1.8 pg/kg/day; interfere with absorption.
newborns require
10-15 pg/kg/day.
Liquid (Oral, No dissolution required; Liquid LT4 can be Liquid LT4 formulations offer
sublingual) Absorption- Small intestine.  given in slightly advantages in overcoming
No FT4 change after switch lower doses than impaired intestinal absorption
from tablet; however, LT4 tablets with an induced by drug or food
liquid has a greater TSH observed mean dose interference and gastrointestinal
lowering effect [54]. of 1.33 pg/kg/day diseases.
[72].
Soft gel capsule LT4 is pre-dissolved in Soft gel capsule Soft gel capsules overcome
(Oral) glycerol within the gelatin requires lower doses impaired absorption due to
shell which melts in gastric than tablets to reach food and drug interactions,
fluid; Absorption- Small the target TSH making them a more effective
intestine. levels, with better option than tablets in managing
A more pronounced TSH absorption. hypothyroidism.
lowering effect indicates
that soft gel capsules are
109.1% more bioavailable
than LT4 tablets [54].
Injectables (IM, 1V injection is primarily IV injection dose LT4 injections, bypass the
IV, SC) used for emergencies while typically being 75% digestive system and are directly
IM and SC injection, on of the oral dose. absorbed into the bloodstream.
the other hand, can be an Therefore, interactions with
alternative for sustained other medications that affect
release, administered once absorption are generally not a
or twice weekly. concern with injections.
Table 2.

Comparison of LT4 formulations: absorption, dosing, and interactions.
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that carriers of this polymorphism may exhibit diminished thyroid hormone signal-
ing, potentially impacting treatment response.

Controversies persist regarding the efficacy and preference for alternative treat-
ments beyond LT4 monotherapy, highlighting the need for continued research to
inform treatment decisions and improve patient outcomes.

2.6.9 Accessibility to LT4 formulations and T3 in primary care and tertiary cave

Accessibility of LT4 formulations, as well as triiodothyronine T3, varies signifi-
cantly between primary care and tertiary care settings globally. In primary care, LT4
is typically widely accessible, offering various oral formulations, including tablets,
liquid solutions, and soft gel capsules, making it convenient for most patients with
hypothyroidism. However, the availability of T3 formulations may be limited in
primary care settings, with some regions relying solely on LT4 therapy due to cost
considerations or healthcare provider preferences. In contrast, tertiary care centers
often has broader access to a range of LT4 formulations and T3 options, including
combination therapies, which may be utilized for more complex cases or patients
requiring specialized management.

Additionally, over-the-counter purchase of LT4 is regulated differently across
countries, with some allowing it under certain conditions, such as low-dose
formulations or with a prescription exemption, while others strictly restrict its
availability without a prescription. Primary care providers, including physicians,
pharmacists, nurses, and others, play integral roles in facilitating access to LT4
replacement, promoting adherence, and optimizing patient care across primary
and tertiary care settings.

2.7 Levothyroxine in specific subpopulations
2.7.1 Pregnancy and lactation

During pregnancy and lactation, maintaining adequate thyroid hormone levels
is crucial for both maternal health and fetal development. Hypothyroidism during
pregnancy has been associated with adverse outcomes such as miscarriage, pre-
term birth, low birth weight, and impaired cognitive development in the offspring
[76]. Therefore, ensuring optimal thyroid hormone levels is essential to minimize
these risks. LT4 is considered safe for use during pregnancy and lactation. Several
studies have demonstrated its effectiveness in improving maternal thyroid func-
tion and preventing adverse pregnancy outcomes when administered to pregnant
women with hypothyroidism [77, 78]. Research article by Maraka et al. [79]
showed that LT4 treatment in pregnant women with subclinical hypothyroidism
improved maternal thyroid function and reduced the risk of adverse pregnancy
outcomes.

LT4 monotherapy is the recommended treatment for hypothyroidism dur-
ing pregnancy due to the inability of triiodothyronine (T3) to cross the placenta.
Consequently, the use of T3, T3/T4 combination therapy, or desiccated thyroid may
result in insufficient thyroid hormone availability to the fetus despite normal mater-
nal thyroid function [80].

During pregnancy, there is a significant increase in LT4 requirements due to
higher thyroxine-binding globulin concentrations and increased plasma volume.
Approximately 50-85% of pregnant women require increased LT4 doses, with the
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need for an increase occurring early in the first trimester. The percentage increase in
dosage can be as high as 30-50%, especially in cases of thyroidectomy or thyroid gland
ablation [74, 81]. A study by Alexander et al. investigated the timing and magnitude of
increases in LT4 requirements during pregnancy in women with hypothyroidism. The
study revealed that pregnant women with hypothyroidism may require an increase

in their LT4 dosage as early as the first trimester [78]. The increment is greater in

those without residual functional thyroid tissue (following radioiodine ablation, total
thyroidectomy) than in those with residual thyroid tissue (Hashimoto’s thyroiditis).

The dosage of LT4 should be adjusted to achieve and maintain serum TSH con-
centrations below specific trimester-specific ranges, aiming for less than 2.5 mlU/L
in the first trimester or 3 mIU/L in the second and third trimesters. TFT should be
rechecked within 30-40 days and then every 4-6 weeks. Additionally, women with
thyroid autoimmunity who are initially euthyroid during early pregnancy should be
monitored for TSH elevation above the normal pregnancy range every 4-6 weeks.
After delivery, most hypothyroid women usually need to reduce their T4 dosage to the
pre-pregnancy level [81].

Similarly, LT4 replacement therapy is considered safe during lactation. Evidence
suggests that LT4 does not pose a risk to breastfeeding infants, as it does not accumu-
late in breast milk and has not been associated with adverse effects on infant thyroid
function or growth [80]. Adequate LT4 replacement during lactation may normalize
milk production in hypothyroid mothers [82]. Consequently, breastfeeding mothers
should also undergo regular thyroid function testing to monitor their thyroid status
and adjust their LT4 dosage if necessary.

2.7.2 Elderly

Treating hypothyroidism in the elderly is challenging because of various factors
like associated health conditions and medications that can affect thyroid function like
lithium, antiarrhythmic drug amiodarone, and glucocorticoids, which can inhibit
thyroid hormone synthesis and metabolism and may cause transient reversible
elevation of serum TSH [83]. Assessing the patients’ cardiac status before initiating
LT4 replacement is vital as hypothyroidism has a profound negative effect on cardiac
performance leading to reduced exercise capacity. However, normalizing thyroid
function through LT4 replacement eventually benefits cardiac health, emphasizing
the importance of treatment compliance, despite initial challenges.

Studies have shown a decreased LT4 requirement in older individuals, although
this may be influenced by changes in weight accompanying aging [80]. It’s important
to consider age adjusted TSH reference ranges and avoid over-replacement in older
individuals to prevent exacerbating other medical conditions. While a TSH level
above 10 mIU/L may warrant treatment, other factors such as symptoms and comor-
bidities should also be considered [84]. A randomized controlled trial (2017) reported
no significant improvement in symptoms with LT4 therapy in older patients with
subclinical hypothyroidism, but further research is needed to confirm these findings
[85]. In addition, the choice of LT4 formulation should be tailored to the patient’s
needs and circumstances, with liquid and soft gel formulations potentially offering
advantages in certain situations. Combined therapy with T3 and LT4 is still debated
and should be considered only in specific cases after educating patients about the
treatment’s chronic nature and potential risks.
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2.7.3 Pediatric group

Thyroid hormones play a crucial role in early neurocognitive development and
overall growth in children. Hypothyroidism can occur at birth (congenital) due to
thyroid dysgenesis or dyshormonogenesis or later in life (acquired) [86]. Early treat-
ment with LT4 is crucial for children with hypothyroidism to ensure normal growth,
development, and cognitive function.

Newborns, children, and adolescents typically require higher LT4 doses compared
to adults [74]. LT4 dose required in children varies with age, with newborns typically
need 10-15 pg/kg/day, one-year-old children requiring 4-6 pg/kg/day, and adoles-
cents needing 2-4 pg/kg/day [16]. Treatment aims to maintain TSH levels below 5
mlIU/L and keep free T4 or total T4 within the upper half of the age-specific reference
range, while eliminating hypothyroidism symptoms. Subclinical hypothyroidism
(SH) in children refers to elevated TSH levels with normal free T4 concentrations.
While treating SH with TSH levels above 10 mIU/L is generally agreed upon, manag-
ing mild cases (TSH between 4.5 and 10 mIU/L) is debated [87]. Children with mild
SH typically have normal growth and cognitive development, although slight meta-
bolic and cognitive deficits may occur. Treatment decisions for mild SH in children
should consider individual factors.

2.7.4 Thyroid malignancies

Thyroidectomy remains the treatment of choice for those with benign and malig-
nant thyroid disorders. LT4 is commonly prescribed post-thyroidectomy to replace
thyroid hormone production, particularly in cases of thyroid malignancy where
TSH-suppressive therapy may be required based on cancer staging [88]. According
to the latest Italian Consensus on Diagnosis and Treatment of DTC, patients in
the high-risk category should aim for TSH suppression below 0.1 mIU/L, unless
contraindicated by age or comorbidities. Intermediate-risk patients should maintain
TSH levels between 0.1 and 0.5 mIU/L, while low-risk patients with undetectable
thyroglobulin should aim for TSH levels between 0.5 and 2 mIU/L, or 0.1-0.5 mIU/L
if thyroglobulin is low. In cases of comorbidities or advanced age, both low- and
intermediate-risk categories should maintain TSH levels between 0.5 and 2 mIU/L
[89]. However, recent studies cast doubt on the benefits of suppressive therapy, even
in high-risk patients [90, 91].

Various dosing methods exist for LT4 dosing after thyroidectomy based on
patient’s body weight and lean body mass estimated using regression equation
incorporating factors like body weight, age, or BMI. Most commonly, the initial dose
is based on the patient’s body weight, generally 1.6-1.7 pg/kg. Despite proper admin-
istration and compliance, a significant proportion of patients require a prolonged
period of dose adjustment before achieving euthyroidism [92]. Atruktsang et al. [93]
reported that achieving euthyroidism after thyroidectomy may take up to 4 months.
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