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Chapter 1
Iodine Deficiency and Thyroid Function

Antonella Olivieri, Simona De Angelis, Mariacarla Moleti,
and Francesco Vermiglio

1.1 Introduction

Todine deficiency has multiple adverse effects on growth and development in ani-
mals and humans. These are collectively termed the iodine deficiency disorders
(IDD). These result from inadequate thyroid hormone production due to insufficient
iodine intake and represent a global health threat to individuals and societies. Iodine
deficiency during pregnancy and breast feeding adversely affects the development
of the child. Adults living in iodine-deficient regions show a high risk of goiter,
thyroid nodules, and hyperthyroidism. Subclinical hyperthyroidism is a common
and frequently undiagnosed IDD and is associated with an increased risk of mortal-
ity and coronary heart disease [1-3]. In this chapter, the most important aspects
concerning the effects of iodine deficiency exposure during all phases of life are
discussed.

1.2 Iodine Absorption and Metabolism

Iodine is an essential dietary nutrient for humans and, as its water-soluble iodide ion
(I7), is a key component of the chemical structure of thyroid hormones, thyroxine
(T4) and triiodothyronine (T3), comprising 65% and 59% of their respective
weights. The availability of iodide depends on iodine intake. Overall, the natural
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iodine content of many foods is low, whereas foods from marine origin have a
higher iodine content [4]. Nevertheless, sea salt has negligible amounts, because
iodide in seawater is sublimated into the atmosphere as volatile organic iodine [5].
Iodine is ingested in several chemical forms. Iodide (I7) is rapidly and nearly com-
pletely absorbed in the stomach and duodenum. Iodate (I0~), widely used in salt
iodization, is reduced in the gut and absorbed as iodide. In healthy adults, the
absorption of iodide is greater than 90% [6].

Iodine is rapidly cleared from the circulation mainly by the thyroid gland and
kidney. The urine contains the fraction of the serum iodine pool that is not concen-
trated by the thyroid gland. Typically, urine contains more than 90% of all ingested
iodine and only 1-2% is excreted in feces and in sweat [7]. While renal iodine
clearance is fairly constant, thyroid clearance varies with iodine intake. In condi-
tions of adequate iodine supply, no more than 10% of absorbed iodine is taken up
by the thyroid. In chronic iodine deficiency, this fraction can exceed 80% [8, 9].
The salivary glands, gastric mucosa, small intestine, and choroid plexus take up
small amount of iodine. The lactating mammary gland also concentrates iodine to
provide iodide into the milk for thyroid hormone biosynthesis by the nursing new-
born [10, 11]. Under normal circumstances, plasma iodine has a half-life of approx-
imately 10 h, but this time is shortened if the thyroid is overactive, as in iodine
deficiency or hyperthyroidism. In iodine-sufficient areas, the adult thyroid traps
about 60 pg of iodine per day to balance losses and maintain thyroid hormone syn-
thesis [12].

The Na*/I~ symporter (NIS) is the plasma membrane glycoprotein that mediates
active I~ transport into the thyroid and other tissues. NIS transfers iodide into the
thyroid at a concentration gradient 20—50 times that of plasma [13] and mediates the
uptake of iodide into the thyroid follicular cells using the electrochemical gradient
generated by the Na*/K* ATPase [14-16]. Iodide efflux into the follicular lumen is
mediated in part by pendrin (SLC26A4), which is a coupled electroneutral iodide/
chloride, iodide/bicarbonate, and chloride/bicarbonate exchanger [17-19]. At the
intraluminal side, iodide is oxidized, a reaction that requires hydrogen peroxide
(H,0,) and is mediated by thyroid peroxidase (TPO), which is located at the apical
surface of the thyrocyte [20].

TPO and hydrogen peroxide oxidize iodide and attach it to tyrosyl residues on
thyroglobulin (Tg), to produce monoiodotyrosine (MIT) and diiodotyrosine
(DIT), the precursors of thyroid hormones. TPO then catalyzes the coupling of the
phenyl groups of the iodotyrosines through a di-ether bridge to form the thyroid
hormones [21]. In the thyroid, mature Tg, containing 0.1-1.0% of its weight as
iodine, is stored extracellularly in the luminal colloid of the thyroid follicle [21,
22]. After endocytosis, endosomal and lysosomal proteases digest Tg and release
T4 and T3 into the circulation where the half-life of T4 and T3 is 5-8 days and
1.5-3 days, respectively. Degradation of T4 and T3 in the periphery releases
iodine that enters the plasma iodine pool and can be taken up by the thyroid or
excreted by the kidney.
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1.2.1 Iodine Requirements and Tolerable Upper Levels

Since iodine cannot be stored for long periods by the body, tiny amounts are needed
regularly. Iodine turnover, thyroidal radioiodine uptake, and balance studies in
euthyroid adults have suggested that the average daily requirement for iodine is
91-96 ng/day [12, 23, 24]. Therefore, according to the U.S. Institute of Medicine
(IOM), the estimated average requirement (EAR) for iodine for men and nonpreg-
nant, nonlactating women has been set at 95 pg/day [25]. EAR represents the daily
iodine intake that meets the requirement of half of the healthy individuals in a par-
ticular life stage. The corresponding Recommended Dietary Allowance (RDA), cal-
culated as the EAR plus twice the coefficient of variation in the population (rounded
to the nearest 50 pg) is 150 pg/day [25]. RDA corresponds to the WHO recommen-
dation for adequate daily iodine intake (AI) of 150 pg/day for men, nonpregnant,
nonlactating women [26]. In other words, international groups have made recom-
mendations which are fairly similar. Iodine Global Network (IGN, formerly
ICCIDD), WHO, and UNICEF recommend the following daily amounts: age
0-5 years: 90 pg/day; age 6-12 years: 120 pg/day; older than 12 years: 150 pg/day;
pregnant and lactating women: 250 pg/day.

The Food and Nutrition Board, Institute of Medicine also set the tolerable upper
limits of the daily iodine intake as 1.1 mg (1100 pg) for adults, with proportionately
lower levels for younger age groups [25], while lower are the tolerable upper limits
set by WHO [27] (Table 1.1).

1.2.2 Thyroidal Adaptation to Iodine Deficiency

The body of a healthy adult contains 10-20 mg of iodine, of which 70-80% is in the
thyroid. In chronic iodine deficiency, the iodine content of the thyroid may fall to
<10 mg. Specifically, thyroidal adaptation to low iodine intake (50-100 pg/day) is
mediated by an increased secretion of thyroid stimulating hormone (TSH) which

Table 1.1 Tolerable upper intake level for iodine

Upper tolerable levels (pg/day)

European Commission Scientific U.S. Institute of
Life-stage group Committee on Food Medicine
1-3 years 200 200
4-6 years 250 300
7-10 years 300 300
11-14 years 450 300
15-17 years 500 900
Adult 600 1100
Pregnant and lactating 600 1100
women
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Table 1.2 Thyroidal adaptation to iodine deficiency

Daily iodine | Mechanisms of Iodine content in the Synthesis of thyroid
intake adaptation thyroid hormones
50-100 pg/ 1t TSH Still in the normal limits | Preferential synthesis and
day 1 I~ uptake by the (10-20 mg) release of T3
thyroid
1 Tg breakdown
1 UIC
<50 pg/day 1t TSH Below the normal limits | Reduced synthesis of thyroid
1 I~ uptake by the | (<10 mg) hormones
thyroid
1 Tg breakdown
| UIC

increases iodine uptake by the thyroid through stimulation of NIS expression. As a
greater fraction of circulating iodide is cleared by the thyroid, there is a progressive
reduction in renal iodide excretion. TSH also stimulates breakdown of Tg and pref-
erential synthesis and release of T3 into the blood [28]. Below 50 pg/day, despite a
high fractional clearance of plasma inorganic iodine by the thyroid, absolute iodine
intake falls, the iodine content of the thyroid is depleted, and many individuals
develop goiter (Table 1.2) [9, 29].

The effects of iodine deficiency on the development of goiter and thyroid hypo-
function are extremely variable among populations and individuals, even in endemic
areas. Dietary, environmental, and/or genetic factors may account for this variability
[30-33]. Initially, goiter is characterized by diffuse, homogeneous enlargement, but
nodules often develop over time. Many thyroid nodules derive from a somatic muta-
tion and are of monoclonal origin [34]. Although iodine deficiency produces diffuse
goiter in all age groups, it is also associated with a high occurrence of multinodular
toxic goiter, mainly in women older than 50 years [35].

1.3 Iodine Deficiency in Pregnancy and Fetal Brain

Iodine requirements during pregnancy are substantially increased compared to the
nonpregnant state because of changes in maternal thyroid economy that occur as
pregnancy establishes [36]. Three events are mainly responsible for a trend toward
a reduction in maternal iodide pool during pregnancy: (1) an increased iodide con-
sumption; (2) an increased renal clearance of iodide; and (3) transfers of iodine
from mother to fetus [37].

Maternal T4 production during pregnancy is roughly estimated to exceed by
50% of the normal hormone synthesis in the nonpregnant population, which implies
that additional 50-100 pg of iodine/day is needed to cope with the increased func-
tional demands imposed by pregnancy.
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Early in pregnancy, iodide losses are augmented because of an increase in renal
blood flow and glomerular filtration. In addition, the placenta transfers iodine from
the maternal circulation to the fetal placental unit, which is estimated at about
50-75 pg/day toward the end of gestation, but it is likely more minimal in the first
trimester. Overall considered, these factors are responsible for an additional dose of
iodine needed to provide an adequate substrate for both maternal and fetal needs
that is quantified in around 150 pg/day [36]. In accordance, recommended iodine
intake in pregnancy based on a technical consultation on behalf of the WHO is
250 pg/day [38], roughly corresponding to a urinary iodine excretion of 185 pg/L
[39]. This goal is reasonably achievable through universal salt iodization (USI),
provided that this measure has been in effect for at least 2 years, and iodized salt is
consumed by more than 90% of households. By contrast, in countries where a USI
program is lacking, daily iodine intake is assumed to be insufficient to meet the
increased requirements for pregnancy, and both women of child-bearing age and
pregnant women should be given a daily iodine supplementation in order to start
pregnancy with enough iodine stored in their thyroid [38].

An iodine intake below the threshold of 250 pg/day is considered insufficient,
and both the mother and fetus are simultaneously exposed to the potentially severe
consequences of iodine deficiency. These include different degrees of both maternal
and fetal thyroid failures, which in turn may compromise pregnancy outcome and
affect fetal neuro-intellectual outcome [40].

1.3.1 Maternal Thyroid Adaptation to lodine Deficiency

The first biochemical alteration occurring when gestational iodine intake is not suf-
ficient to maintain the intrathyroidal iodine pool is a decrease in maternal T4 pro-
duction, which soon becomes inappropriately low relative to the increasing
thyroxine-binding globulin (TBG) concentrations. This event leads to the progres-
sive desaturation of TBG by T4, which ultimately results in steadily declining free
T4 concentrations [37]. Conversely, circulating T3 remains within the normal range,
or is even slightly over the upper limit, because of a switch toward a preferential
secretion of T3 over T4. This mechanism of adaptation to iodine deficiency is
mainly aimed to save iodine and is reflected by an elevated total T3-to-T4 molar
ratio, along with TSH concentrations that are maintained within the normal range
[41]. As a result, the women are clinically maintained euthyroid by T3, even when
T4 is reduced (isolated hypothyroxinemia). Notably, this mechanism, though ben-
eficial to the mother, does not prevent the fetus to be exposed to insufficient mater-
nal thyroid hormone, as it is primarily T4 that crosses the placenta and is delivered
to the fetus [40]. If iodine supply persists to be insufficient, also the compensatory
mechanism of preferential T3 secretion fails, because of the inability of the mater-
nal iodine pool to guarantee even T3 maternal euthyroidism. Finally, this leads to
overt hypothyroidism, due to reduction in total and free T3 concentrations and sub-
sequent increase in serum TSH [42, 43].
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As aresult of maternal thyroid stimulation by TSH, an enlargement of the mater-
nal thyroid may lead to a transient gestational goiter, which is an additional adaptive
mechanism to this condition and is paralleled by progressive increase in serum Tg
over the course of pregnancy [37].

1.3.2 Fetal Consequences of Maternal lodine Deficiency

Unlike the mother, a fetus cannot rely on preferential thyroidal secretion of T3 to
face the insufficiency of iodine, because this autoregulatory mechanism only
becomes fully operative after birth. Consequently, an insufficient iodine supply to
the fetus can result in a reduction in both T4 and T3 production by the fetal thyroid,
and clinical and biochemical fetal hypothyroidism occur. In addition, fetal goiter
may develop because of sustained TSH stimulation on fetal thyroid in conditions of
low iodine intake during pregnancy [40].

The most severe consequences of gestational iodine deficiency are due to inade-
quate thyroid hormone supply for fetal neurodevelopment [40]. Prior to the onset of
fetal thyroid function, the only source of thyroid hormone for the developing brain
is the mother, whereas from weeks 16 to 20 post-conception onward both the mother
and fetus cooperate to make-up the fetal thyroid hormone pool [40, 44]. Thus, any
impairment of maternal and fetal thyroid function—occurring either independently
or concomitantly—can result in brain damages and neuro-intellectual disorders in
the offspring.

Thyroid hormone influences all stages of brain development by acting through
specific gestational time windows during which early and late phases of brain devel-
opment occur. In particular, early gestation neurogenesis and neuronal migration
are under the control of thyroid hormone from the mother, which is the unique
source of thyroid hormone at that time. Conversely, neuronal and glial cell differen-
tiation, myelination, and synaptogenesis, which occur from the second trimester of
gestation onward, result from a cooperation of both maternal and fetal thyroid hor-
mone contribution [44].

Thyroid hormone actions on the brain are mostly due to the interaction of the
biologically active T3 with its specific nuclear receptors and the regulation of related
gene expression [45]. In the brain, only a small part of T3 derives from circulation,
the vast majority of this hormone being generated from local 5’-deiodination of T4
by type 2 deiodinase (D2) within the astrocytes [46]. Both T4 and T3 cross the
blood—brain barrier by means of specific transmembrane transporters, such as the
organic anion transporter polypeptide Icl (OATPlcl) and the monocarboxylate
transporter 8 (MCTS) [47, 48]. Mutations of the latter have been reported to be
responsible for the Allan—-Herndon—Dudley syndrome, a rare disease characterized
by severe mental retardation and neurological impairment due to deficient thyroid
hormone transport to the brain [49]. The role of thyroid hormone on brain develop-
ment is also demonstrated by the evidence of variable degrees of brain damage
occurring in patients affected with resistance to thyroid hormone syndromes [50].
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Apart from the above rare conditions involving thyroid hormone transport and
action, maternal and fetal thyroid insufficiency due to iodine deficiency still remains
the leading cause of preventable brain damage. The spectrum of iodine-deficiency
neurological damages encompasses several clinical manifestations, from endemic
cretinism, which is the most severe manifestation of iodine deficiency, to subtle
cognitive deficits, observed in association with even mild to moderate iodine defi-
ciency in pregnancy [51, 52].

Cretinism is characterized by mental retardation in combination with: (1) pre-
dominant defects of hearing and speech and characteristic disorders of stance and
gait of varying degree (neurological cretinism); or (2) predominant hypothyroidism
and growth retardation (myxedematous cretinism); or (3) a combination of the two
above syndromes (mixed cretinism) observed in some areas [53]. Cretinism has
been typically reported to occur in severely iodine-deficient regions (i.e., median
UIC < 20 pg/L in school-age children) and is related to both maternal and fetal
hypothyroidism occurring from early gestation onward [40]. Indeed, pivotal inter-
vention studies carried out in populations with high levels of endemic cretinism
clearly showed that iodine supplementation before or early in pregnancy is associ-
ated with a sharp reduction in the incidence of the condition [9]. Even mild to mod-
erate iodine deficiency (median UIC values of 20-99 pg/L in school-age children)
may be associated with altered child neurobehavioral development, likely because
of a reduced maternal thyroid hormone availability during early phases of brain
development [52].

1.3.3 Iodine Supplementation During Pregnancy

Overall, evidence has been provided that strongly suggests that maternal iodine
supplementation started well in advance of conception improves maternal thyroid
function and is effective in preventing early maternal thyroid failure [54]. By con-
trast, no significant changes in maternal thyroid parameters have been reported with
iodine supplementation started during pregnancy. Nonetheless, the evidence of a
significantly lower thyroid volume and a reduction in neonatal serum thyroglobulin
and TSH concentrations in the newborns of iodine supplemented mothers compared
with non-supplemented controls is suggestive of improved fetal iodine status with
gestational iodine supplementation [9, 55].

With regard to the effects of prenatal iodine supplementation on child neurode-
velopment, findings of both observational and intervention studies in mild to mod-
erate iodine deficiency are mixed [56, 57], with some reporting no benefits on child
neurobehavioral development [58, 59] and others showing a possible improvement
in psychomotor development with prenatal supplementation [60, 61]. Possible
explanations for these conflicting results include the use of different tests to mea-
sure developmental domains, differences in study inclusion criteria, and, not least,
the timing of iodine supplementation during gestation. In this regard, a recent meta-
analysis of individual participant data from three prospective population-based
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European birth cohorts showed that a lower maternal urinary iodine during preg-
nancy was associated with lower verbal IQ score in children, but this effect was
evident up to the 14th week of gestation only [62]. This finding suggests that, in
order to guarantee optimal fetal brain supply of thyroid hormone, iodine supple-
mentation in women with mild to moderate iodine deficiency should be started not
later than the first trimester to be effective on child neurodevelopment.

1.3.4 Iodine and Lactating Mothers

Since the mammary gland during lactation is able to concentrate iodine, iodine sup-
ply to the newborn via the breast milk may be maintained even in the face of mater-
nal iodine deficiency [63, 64]. This explains why, in areas of iodine deficiency,
breast milk iodine concentrations are often greater than expected based on the UIC
of the lactating mother [65, 66]. However, there is no consensus on what an ade-
quate breast milk iodine concentration is, and WHO has not made a recommenda-
tion on this issue because available studies aimed at evaluating breast milk iodine
concentration in iodine-sufficient areas have been conducted in nonrepresentative
too small samples [39].

Regarding median UIC in lactating women that indicates adequate iodine nutri-
tion, it is important to underline that, although the iodine requirement is high in
lactating women (250 pg/L according to WHO recommendation), after accounting
for iodine losses into breast milk, the median UIC that indicates adequate iodine
nutrition is the same as that of nonpregnant, nonlactating women (>100 pg/L) [26].

1.4 Iodine Deficiency in Infancy and Childhood

The WHO recommends an iodine intake of 90 pg/day in early infancy, indicating
that a median UIC of at least 100 pg/L in infants is sufficient [26]. These recom-
mendations are currently debated because, assuming a urine volume of 300-500 ml/
day, such a daily iodine intake would provide a higher UIC cutoff of 180 pg/L. Iodine
balance studies by Delange [67] showed that the average iodine retention of full-
term infants was 6.7 pg/kg/day. With an average of fetal weight of 3 kg, the mean
retention of a fully developed fetus would be approximately 22 pg/day. These data
are consistent with a more recent study in which UIC was measured in a representa-
tive national sample of healthy, full-term, iodine-sufficient, euthyroid, breast feed-
ing Swiss infants in the first week after birth [68]. A median UIC of 77 pg/L was
found. Therefore, assuming a urine volume of 300-500 ml/day, extrapolating from
this median UIC suggests that the mean daily iodine intake in iodine-sufficient
Swiss newborns in the first week of life is 30-50 pg/day. These findings suggest that
further studies are necessary to establish optimal UIC reference range for iodine-
sufficient newborns and to facilitate the use of UIC as an indicator of iodine status
in this age group.
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Currently, the only indicator used to assess iodine status in newborns is neonatal
TSH [69, 70], which is used in many countries for routine newborn screening of
congenital hypothyroidism [26]. Since the newborn thyroid has limited iodine
stores, even mild deficiency during pregnancy will compromise neonatal secretion
of both T4 and T3, with a consequent increased pituitary TSH secretion [71]. It has
also been demonstrated that newborn TSH, obtained with the use of a sensitive
assay on samples collected 3—4 days after birth, is a sensitive indicator of even mar-
ginal iodine nutrition in pregnancy [72].

Besides elevated TSH levels, both transient and permanent forms of congenital
hypothyroidism are more frequently observed in iodine-deficient than in iodine-
sufficient areas [73, 74]. It has also been demonstrated that, after the correction of
iodine deficiency, the time needed to observe a decrease in the incidence of perma-
nent congenital hypothyroidism is about a decade under a condition of iodine suf-
ficiency. This time may be explained by the need to achieve a long-lasting adequate
iodine status in the population before observing an effect on the incidence of the
disease [74]. In this regard, it has been shown that sustained salt iodization can
maintain adequate iodine status in all population groups, even in pregnant women
despite their higher requirements [39].

During childhood, iodine deficiency has been linked to reduced intellectual and
motor performance [75, 76]. It has been reported that mild iodine deficiency impairs
cognition in children, and moderate to severe iodine deficiency in a population
reduces the intelligence quotient by 10—15 points [9]. In this regard, it is important
to underline that in children born and raised in areas of iodine deficiency, cognitive
impairment is at least partially reversible by iodine repletion [77].

Iodine status may influence growth through its effects on the thyroid axis, as
demonstrated by the fact that administration of T4 to hypothyroid children increases
their growth. Thyroid hormone promotes GH secretion and modulates the effects of
GH at its receptor. In iodine-deficient children, impaired thyroid function and goiter
are inversely correlated with IGF-I and IGFBP-3 concentrations [78]. In addition,
iodine repletion in iodine-deficient children was found to be associated with increase
in IGF-I and IGFBP-3 concentrations and improved somatic growth [79, 80].

As iodine intake falls, secretion of TSH increases in an effort to maximize uptake
of available iodine, and TSH stimulates thyroid hypertrophy and hyperplasia. If this
adaptation is successful and the iodine deficiency is not too severe, the person may
escape with only an enlarged thyroid and no other apparent damage from the iodine
deficiency. Goiters in children are usually small, soft, and diffuse, but over time,
thyroid follicles may fuse and become encapsulated, a condition termed nodu-
lar goiter.

Chronic iodine deficiency increases the TSH concentration and may also pro-
duce a thyroid hormone pattern consistent with subclinical hypothyroidism [80]. In
children, subclinical hypothyroidism may be associated with a more atherogenic
lipid profile [81]. An uncontrolled study reported iodine treatment of goitrous
German adolescents decreased plasma cholesterol concentrations [82]. Another
study reported that iodine treatment of moderately iodine-deficient children with
elevated TSH concentrations due to iodine deficiency improves their lipid profile
and reduces their insulin (C-peptide) levels compared with control [83]. This
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previously unrecognized benefit of iodine prophylaxis may be important because
iodine deficiency remains common in many countries with increasing rates of obe-
sity and cardiovascular disease.

1.5 Iodine Deficiency in Adults and Elderly

The consequences of iodine deficiency have been so far regarded as conditions
mostly involving specific subset of population such as fetuses, newborns, pregnant
women, and lactating mothers, for whom a definitely large number of clinical and
biochemical data are now available in the literature. Basically, this is due to the fact
that iodine deficiency during pregnancy and lactation is known to irreversibly affect
brain development and explains why studies on iodine deficiency are mainly tar-
geted to pregnant and lactating women. Conversely, in the elderly and adults, data
on dietary iodine status are still relatively limited.

Few observational studies aimed at verifying the status of iodine nutrition over
the course of life in the general population from different geographic areas overall
demonstrated a significant decline in daily iodine intake later in life [84-87].
Explanations for this trend include a reduction in milk consumption, particularly
evident among females, a reduction in salt consumption, and a major condition of
global undernourishment in the elderly [88].

The importance of the population iodine intake and of related different thyroid
abnormalities in elderly subjects was studied in several reports from over the world.
Either uni- or multi-nodular goiter is the more common consequence of iodine defi-
ciency at all ages, even in mild to moderate iodine-deficient areas. In fact, the reduc-
tion in thyroid hormone synthesis due to inadequate iodine availability triggers
TSH-driven goiter growth and nodularity, which, at least initially, is accompanied
by biochemical euthyroidism. In long-standing multi-nodular goiter, because of the
persistently increased thyroid cell replication rate, somatic point mutations of the
TSH receptor (TSHR) may occur, which result in a constitutive activation of the
TSHR and the development of autonomously functioning thyroid nodules [89, 90].
This finally leads to hyperthyroidism, either subclinical or overt, with related car-
diac risks of atrial fibrillation, embolism, and congestive cardiac failure [91]. Indeed,
thyroid hormones play a central role on heart function, through both genomic and
nongenomic effects. Thyroid hormone excess results in deep changes of both car-
diac function and cardiovascular hemodynamics, with increase in resting heart rate,
blood volume, stroke volume, myocardial contractility, and ejection fraction. All
these events may precipitate a “high output heart failure” and arrhythmia such as
atrial fibrillation with related risk of embolic complications, especially in the elderly
[91]. The relationship between iodine deficiency and hyperthyroidism due to multi-
nodular goiter is evident from studies carried out in both iodine-deficient and iodine-
sufficient areas, showing higher prevalence of hyperthyroidism (subclinical or
overt) in the former and higher prevalence of hypothyroidism in iodine-sufficient
populations [1]. Notably, after implementation of iodine prophylaxis programs, the
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incidence of hyperthyroidism may transiently increase, as a consequence of iodine-
induced thyrotoxicosis in elderly subjects with preexisting autonomously function-
ing nodule(s).

While long-term effects of iodine deficiency in early life on neurodevelopment
are well acknowledged, little evidence is presently available regarding the impact of
iodine deficiency occurring in elderly on brain function. Pioneering researches
involving adults residing in areas with severe iodine deficiency showed that correc-
tion of iodine deficiency by means of iodized oil injections dramatically reverted the
state of lethargy observed in endemic populations in these villages, likely because
of a restoration of brain thyroid hormone levels [92]. In fact, thyroid hormones are
required for brain function throughout life, and both hypo- and hyperthyroidism
occurring in adults can manifest with a wide range of mood disorders and cognitive
decline. Typically, these changes regress with euthyroidism restoration, thus indi-
cating that, contrary to what is observed in early life, thyroid hormone alterations of
adult onset are not associated with permanent brain damages [93]. Nonetheless,
some evidence has been recently provided suggesting a link between low iodine
intake in older adults and inner brain atrophy as evaluated by brain structural mag-
netic resonance imaging scans [94]. Further studies specifically addressing the rela-
tionship between long-lasting iodine deficiency, structural brain abnormalities, and
cognitive abilities would be useful, for specific preventive strategies be adopted also
in elderly people.

In conclusion, the elderly is a rapidly growing segment of the population. It is a
high public health priority to ensure older adults having sufficient iodine intake to
maintain optimal thyroid function and reduce the burden on health care resources.
Recommendations to monitoring iodine nutritional status in elderly should be rein-
forced and iodine deficiency corrected with the same attention already reserved to
other population subsets.

1.6 Prevention of Iodine Deficiency Disorders

Todine deficiency disorders (IDD) still represent a global health threat to indi-
viduals and societies. To eradicate IDD, the WHO recommended USI as the
preferred strategy [95]. Over the years, voluntary or mandatory programs of
salt iodization have been implemented in many countries. Salt is considered an
appropriate vehicle for fortification with iodine, for the following reasons: (1)
it is widely consumed by virtually all population groups in all countries; (2) in
many countries, salt production is limited to a few centers, facilitating quality
control; (3) the technology needed for salt iodization is well established, inex-
pensive, and relatively easy to transfer to countries around the world; (4) addi-
tion of iodate or iodide to salt does not affect the taste or smell of the salt or
foods containing iodized salt; (5) iodine (mainly from iodate) remains in pro-
cessed foods that contain salt; and (6) iodization is inexpensive (the cost of salt
iodization per year is estimated at US$0.02-0.05 per individual covered, and
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even less for established salt-iodization programs) [96]. Additionally, the con-
centration of iodine in salt can easily be adjusted to meet policies aimed at
reducing the consumption of salt in order to prevent cardiovascular disease.
The WHO recommends combining strategies of salt/sodium reduction with
parallel salt iodization programs [97]. To make both prevention programs
effective, iodine prophylaxis programs should be adapted to the actual salt
intake of the population by increasing iodine concentration of iodized salt,
when necessary, and by promoting the use of iodized salt in processed food
production.

Every year, the IGN, which is a nonprofit, nongovernment organization for the
sustainable elimination of iodine deficiency worldwide (www.ign.org), releases a
global scorecard of iodine nutrition in populations based on median urinary iodine
concentration in school-age children as a proxy for the general population. Based
on the most recent scorecard [98, 99], 115 countries are classified as having opti-
mal iodine nutrition, while 23 countries are still classified as iodine deficient (in
Europe: Finland, Germany, and Norway). It is worth to note that the iodine intake
in several countries formerly classified as optimal has declined, including
Cambodia, Nicaragua, Tajikistan, and Germany, which reflects the risk of program
backsliding and the need for vigilance and continuous monitoring. The scorecard
also indicates that the iodine intake is classified as excessive in 14 countries, which
reinforces the need for measures to reduce the excessive iodine exposure in these
countries.

1.6.1 Monitoring of Iodine Prophylaxis Programs

Achieving optimal iodine nutrition at the population level is necessary but maintain-
ing it through careful monitoring is equally important. Assessing iodine nutrition at
the population level is usually done by (1) determining salt iodine levels, (2) esti-
mating household coverage of adequately iodized salt, (3) measuring the urinary
iodine concentration and estimating the prevalence of goiter in schoolchildren.

As mentioned in the first part of this chapter, most iodine absorbed in the body
eventually appears in the urine. Therefore, urinary iodine excretion is a good marker
of very recent dietary iodine intake. In individuals, urinary iodine excretion can vary
somewhat from day to day and even within a given day. However, this variation
tends to even out among populations. Conversely, goiter assessment by thyroid
ultrasound in schoolchildren is an indicator of a long-lasting iodine intake in a pop-
ulation. In fact, it has been demonstrated that iodine prophylaxis is able to prevent
the development of goiter in children born after the implementation of iodized salt
and to control thyroid enlargement in older children, although it is less effective in
reducing goiter size in children exposed to iodine deficiency in the first years of life
[100]. However, the prevalence of goiter in monitoring iodine status in populations
may be difficult to estimate because of the lack of consensus on international refer-
ence values for thyroid volume [101, 102].
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Chapter 2
Classification of Thyroid Diseases

Sabrina Corbetta

2.1 Introduction

Alterations of the circulating thyroid hormones levels, namely hypothyroidism and
hyperthyroidism, are common conditions with potentially devastating health conse-
quences that affect all populations worldwide [1]. Thyroid dysfunction is common,
readily identifiable, and easily treatable. Nonetheless, if undiagnosed or untreated,
it can have profound adverse effects. Despite an increase in thyroid disease aware-
ness and the availability of sensitive laboratory assays for the measurement of thy-
roid hormones, cases of extreme thyroid dysfunction occasionally still occur.
Hypothyroidism and hyperthyroidism commonly arise from pathological processes
within the thyroid gland (primary thyroid disease), although in rare cases, they can
arise from disorders of the hypothalamus or pituitary (central hypothyroidism) or
from peripheral causes, such as struma ovarii, or functional thyroid cancer metasta-
ses. lodine nutrition is a key determinant of thyroid disease risk; however, other
factors, such as aging, smoking status, genetic susceptibility, ethnicity, endocrine
disruptors, and the advent of novel therapeutics, including immune checkpoint
inhibitors, also influence thyroid disease epidemiology [1]. Nodular thyroid disor-
ders are prevalent in areas where iodine deficiency is common, while autoimmune
thyroid (AIT) disorders, including Hashimoto thyroiditis and Graves’ disease, occur
more frequently in iodine-replete populations. Indeed, a number of other risk fac-
tors, including genetic and ethnic susceptibility, sex, smoking status, alcohol con-
sumption, presence of other autoimmune conditions, syndromic conditions and
exposure to therapeutic drugs, also influence thyroid disease epidemiology. In this
general epidemiological setting, the incidence of thyroid cancer worldwide has
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increased significantly over the past three decades, due mostly to an increase in
papillary thyroid cancer cases. Although most of these cancers are small and local-
ized, population-based studies have documented a significant increase in thyroid
cancers of all sizes and stages, in addition to incidence-based mortality for papillary
thyroid cancer. Increasing incidence of thyroid cancer seems to be due in large part
to increasing surveillance and overdiagnosis, but researchers agree that there is also
a true increase in new cases of thyroid cancer [2]. The detection of thyroid dysfunc-
tion has been driven over the past two decades by the progressive lowering of treat-
ment thresholds, together with increased thyroid function testing with sensitive
assays, determining a higher prevalence of borderline or mild cases. The complex
inverse association between the pituitary-derived TSH and T4 and T3 indicates TSH
as the most sensitive marker of thyroid status. Accordingly, overt hypothyroidism is
defined as TSH concentrations above the reference range and free T4 levels below
the reference range, while subclinical hypothyroidism is defined as TSH levels
above the reference range when levels of free T4 are within the population reference
range (Table 2.1). Likewise, the reverse hormone pattern is applied in the definition
of overt (low TSH and high free T4) and subclinical hyperthyroidism (low TSH and
normal free T4) (Table 2.1). In the present chapter, the main clinical thyroid disor-
ders will be presented focusing on epidemiological and clinical features (Table 2.1).

2.2 Hypothyroidism

Hypothyroidism is common throughout the world. Iodine deficiency and autoim-
mune disease (known as Hashimoto thyroiditis) are the prevalent causes of primary
hypothyroidism [3]. In iodine-sufficient countries, the prevalence of hypothyroid-
ismranges from 1% to 2% [4, 5], rising to 7% in individuals aged more than 85 years
[6]. Hypothyroidism is approximately ten times more prevalent in women than men.
The prevalence of overt hypothyroidism in the general population ranges from
between 0.2% and 5.3% in Europe [7, 8] and 0.3% and 3.7% in the USA [9].

2.2.1 Autoimmune Thyroiditis

Hashimoto thyroiditis is the most frequent autoimmune thyroid (AIT) disorders. It
causes a chronic inflammation of the thyroid tissue, and hypothyroidism occurs in
about 20-30% of patients [10]. AIT incidence is about 0.3—1.5/1000 subjects/year,
with a major frequency in women than in men (from 4 to 10 times). Hashimoto
thyroiditis is considered to depend on a combination of genetic susceptibility and
environmental risk factors, which determines the breakdown of immunological tol-
erance, with a resulting autoimmune attack to the thyroid itself. Lymphocytic infil-
tration, especially of T cells, and follicular destruction are the histological AIT
hallmark, which can induce progressive thyroid atrophy and fibrosis.
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Table 2.1 Classification of thyroid diseases and associated thyroid hormone alterations
Hypothyroidism | Euthyroidism | Hyperthyroidism
Hormonal patterns
TSH T !
FT4 N/| N/t
FT3 N/l N/t
Frequency (overt disease) 0.2-5.3% 0.1-1.3%
Etiology
Congenital
Thyroid dysgenesis + +
Thyroid dyshormonogenesis +
Acquired
Autoimmunity
Hashimoto thyroiditis + + +
Postpartum thyroiditis + +
Graves’ disease +
lodine status
Severe iodine deficiency +
Mild to severe iodine excess +
Infections
Viral + +
Postpartum (De Quervain syndrome)
Bacterial + + +
Thyrocytes proliferation
Uninodular goiter + +
Multinodular goiter + +
Malignant neoplasia
Papillary +
Follicular + +
Medullary +
Anaplastic +
latrogenic
Radioiodine +
Surgery +
Drugs* + +
Secondary (central)
Hypothalamic failure/dysfunction +
Pituitary macroadenoma and/or +
apoplexia
Resistance to TSH or TRH +
Drug-induced® +
Inappropriate TSH secretion® +
Extra-thyroidal
Consumptive hypothyroidism? +

(continued)
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Table 2.1 (continued)

Hypothyroidism | Euthyroidism | Hyperthyroidism
Tissue-specific due to genetic +
mutations®
Excess intake of thyroid hormone +
Ectopic thyroid hormone secretion +

TSH thyroid stimulating hormone, FT4 free tiroxine, F73 free triiodiotirosine, N within normal
range, TRH thyrotropin releasing hormone

*Amiodarone, lithium, monoclonal antibodies, sodium valproate (anti-epileptic), tyrosine kinase
inhibitors and immune checkpoint inhibitors

"Dopamine, somatostatins

“TSH secreting pituitary adenoma or pituitary resistance to thyroid hormone

It is a paraneoplastic syndrome, resulting from the aberrant uncontrolled expression of the type 3
deiodinase (D3) that can induce a severe form of hypothyroidism by inactivating T4 and T3 in
defined tumor tissue

*THRa, THRp, MCTS8/SLCI16A2

fStruma ovarii and functional thyroid cancer metastases

It is worth noting that there is an association between AIT disorders and other
organ specific/systemic autoimmune disorders. It is not unusual to find patients with
more than one immune-mediated endocrine disorder. As a result, polyglandular
autoimmune syndromes (PAS), characterized by the failure of different endocrine
glands, occur. Most of these patients showed Addison’s disease, hypogonadism,
Graves’ disease, AIT, vitiligo, alopecia, pernicious anemia, and type 1 diabetes mel-
litus. In most cases (48%), the first manifestation of PAS was the type 1 diabetes—
AIT disorders association [11].

Moreover, AIT is associated with papillary thyroid cancer and thyroid autoim-
munity, and high TSH levels are considered independent risk factors for thyroid
cancer [12]. Ten to 30% of patients with papillary thyroid cancer and AIT disorders
show an aggressive form of the disease [13].

2.2.2  Subclinical Hypothyroidism

Subclinical hypothyroidism exists when serum thyroid hormone levels are within
the reference range, but serum TSH levels are elevated outside the reference range.
In iodine-sufficient populations, subclinical hypothyroidism affects up to 10% of
the population, being highly prevalent among women and elderly individuals [14].
However, it should be considered that (1) subclinical hypothyroidism frequently
reverts to euthyroidism, and (2) TSH levels rise as people without thyroid disease
age, making it likely that the prevalence of subclinical hypothyroidism has been
overestimated. Subclinical hypothyroidism may be categorized as grade 1, when
TSH levels are between the upper limit of the reference range and 9.9 mU/L, and as
grade 2, when serum TSH levels are 10 mU/L or higher. Approximately 90% of
patients with subclinical hypothyroidism have serum TSH levels lower than



2 Classification of Thyroid Diseases 25

10 mU/L. Autoimmune thyroiditis is the most common cause of mildly elevated
serum TSH levels. Indeed, older individuals with mildly elevated serum TSH in the
absence of thyroid disease are not at risk of increased morbidity and mortality. A
number of clinical conditions unrelated to primary thyroid diseases, able to induce
increase in TSH levels, should be considered; they include external radiotherapy to
the neck, drugs (such as lithium), laboratory anomalies (heterophilic antibodies in
the serum), untreated adrenal insufficiency, mutations in the TSH receptor gene,
obesity, critical illness, circulating macroTSH (similar to macroprolactin, in which
TSH is complexed to antithyrotropic IgG to form a high molecular weight complex
with low biological activity) and thyroid lobectomy for benign or malignant thyroid
nodules. In the last setting, permanent hypothyroidism, typically subclinical, can
occur in up to 60% of patients after thyroid lobectomy and more than 1 year after
surgery. In 60% of patients with grade 1 subclinical hypothyroidism, TSH declines
to the normal range over 5 years [15, 16]. The annual rate of progression to overt
disease is about 2-4% in such patients, depending on anti-thyroperoxidase (TPO)
antibody status [16—19]. Grade 2 subclinical hypothyroidism is associated with
increased rates of progression to overt hypothyroidism, especially in women and in
patients with positive anti-TPO antibodies. Grade 1 subclinical hypothyroidism is
rarely associated with hypothyroid and neuropsychiatric symptoms or alterations in
mood or cognition. Cardiovascular abnormalities (left ventricular systolic and dia-
stolic dysfunction and impaired vascular relaxation) have been described in patients
with grade 1 and grade 2 subclinical hypothyroidism. Hypothyroidism is one of the
most frequent secondary causes of dyslipidemia (elevated low-density lipoprotein
[LDL] cholesterol and triglyceride levels), and screening for hypothyroidism is rec-
ommended for individuals with hypercholesterolemia. Metabolic alterations can
develop in grade 2 subclinical hypothyroidism, mainly in patients with insulin resis-
tance. A meta-analysis performed by the Thyroid Studies Collaboration, a consor-
tium of cohort studies with data from more than 75,000 participants, showed that
TSH levels of 10 mU/L or higher were associated with increased risk of heart fail-
ure, coronary heart disease events, and mortality from coronary heart disease com-
pared with normal TSH values [20]. In addition, TSH values of 7.0-9.9 mU/L were
associated with increased risk of fatal stroke and mortality from coronary heart
disease. Association of subclinical hypothyroidism with dementia, kidney function
decline, bone mineral density, and fracture risk has been investigated, though con-
clusive results is lacking [14].

2.2.3 Iodine-Induced Hypothyroidism

Iodine-induced hypothyroidism is attributed to a failure of thyroid adaptive mecha-
nisms to an acute iodide load, known as the Wolff—Chaikoff effect. Common sources
of excess iodine include supplementation, diet, iodinated contrast agents, and medi-
cation. Further details have been provided in Chap. 1.
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2.2.4 Drug-Induced Hypothyroidism

Several drugs can cause hypothyroidism. Here the drugs that are most frequently
associated with hypothyroidism are briefly presented [1]:

1. Lithium therapy causes overt hypothyroidism in 5-15% of patients treated; the
use of lithium increased the risk of hypothyroidism by more than twofold.

2. Amiodarone-induced hypothyroidism may be more common than amiodarone-
induced thyrotoxicosis in iodine-sufficient areas, with amiodarone-induced
hypothyroidism occurring in 6.9-22.0% of patients in iodine-sufficient areas and
amiodarone-induced thyrotoxicosis occurring in between 2.0% and 12.1% of
patients.

3. Immune checkpoint inhibitors, used both as single agents or in combination,
have emerged as key treatments in managing advanced cancers, making the dis-
ease chronic. Immune checkpoint inhibitors are antibodies against cytotoxic
T-lymphocyte antigen 4 (CTLA4), such as ipilimumab; programmed cell death
protein 1 (PD1), such as nivolumab and pembrolizumab; and anti-PD1 ligand
molecules (PDL1 and PDL2), such as atezolizumab and durvalumab. These
agents have been approved for a variety of cancers, including melanoma, non-
small-cell lung cancer, renal cell carcinoma, Hodgkin lymphoma, and head and
neck cancers. Immune checkpoint inhibitors reactivate the immune system
against cancer cells but can also induce autoimmune adverse effects that particu-
larly affect the hypothalamic—pituitary—thyroid axis. Patients taking immune
checkpoint inhibitors can develop primary or secondary hypothyroidism and pri-
mary hyperthyroidism. Secondary hypothyroidism is more common in patients
treated with anti-CTLA4 antibodies, whereas primary hypothyroidism is
observed more frequently in patients taking anti-PD1 and anti-PDL1 monoclo-
nal antibodies. Hypothyroidism has been reported to occur in 1.5-6.8% of
patients on ipilimumab, 9.0-10.8% of patients on nivolumab, and 5.5-9.6% of
patients on durvalumab. In combination therapy with nivolumab and ipilim-
umab, hypothyroidism occurs even more frequently in 4-27% of cases.

4. Alemtuzumab, a novel treatment for multiple sclerosis, has also been associated
with a high prevalence of hypothyroidism.

5. Tyrosine kinase inhibitors can result in an increased risk of hypothyroidism with
27% of treated patients requiring levothyroxine replacement during their
treatment.

2.2.5 Congenital Hypothyroidism

Primary congenital hypothyroidism (CH) is the most common preventable cause of
mental retardation and is associated with 12-fold increased risk of multiple neonatal
malformations that may cause additional disease complications [21-23]. A ten-
dency toward an increased CH detection has been described in several
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socio-economically advanced countries, and it has been related to improved out-
come of CH more frequently allowing transmission of heritable defects, endocrine
disrupting chemicals, and the lower threshold of neonatal TSH screening [22-24].
With the introduction of the neonatal screening of congenital hypothyroidism, the
incidence is 1:1500-1:2000. CH occurs due to defective thyroid gland development
or hormone biosynthetic function and is traditionally sub-classified as thyroid dys-
genesis or dyshormonogenesis [25, 26]. Thyroid dysgenesis refers to a spectrum of
aberrant thyroid gland development, most commonly involving thyroid ectopy, an
abnormally situated and mostly small thyroid gland. Complete absence of the thy-
roid gland (athyreosis) occurs in 20-30% of cases with thyroid dysgenesis, while a
small minority exhibit a normally located though hypoplastic thyroid gland.
Dyshormonogenesis refers to failure of thyroid hormone production by a normally
located, sometimes enlarged goitrous thyroid gland in which the molecular pathway
for thyroid hormone biosynthesis is disrupted. Thyroid dysgenesis is generally con-
sidered to be a sporadic disease for which the underlying etiology is usually not
clear. Genetic causes involve genes mediating thyroid differentiation, migration,
and growth. However, in less than 5% of cases with thyroid dysgenesis, a loss-of-
function mutation in a known thyroid dysgenesis-associated gene can be detected,
namely TSHR (TSH receptor), NKX2.1/TTF1, PAXS, FOXEI/TTF2, GLIS3.
Additional genes associated with thyroid dysgenesis include NKX2.5, JAGI,
CDCAS, and NTNI/Netrin 1. Recent evidence suggests the existence of hypo-
morphic alleles of these candidate genes, whose combination can explain a signifi-
cant portion of congenital hypothyroid cases [25]. The oligogenic involvement
should be considered as a solid hypothesis for the genetic etiology of congenital
hypothyroidism: variants with a modest functional impairment can produce a negli-
gible effect on thyroid function when expressed alone, but the sum of minor alleles,
even acting at different levels (thyroid morphogenesis or hormonogenesis), can jus-
tify the birth of a child with congenital hypothyroidism in families with a history of
minor thyroid defects or without any previously recognized thyroid disease [25]. In
contrast, the majority of individuals with dyshormonogenesis harbor mutations in
genes encoding known components of the thyroid hormone biosynthesis machinery,
including 7G (thyroglobulin), TPO (thyroperoxidase), SLC26A4 (pendrin), SLC5A5
(sodium/iodide symporter), DUOX?2 (dual oxidase 2), DUOXA2 (dual oxidase mat-
uration factor 2), IYD (iodotyrosine deiodinase).

2.2.6 Central Hypothyroidism

Central hypothyroidism is characterized by a defect in thyroid hormone secretion,
resulting from the insufficient stimulation of a healthy thyroid gland by TSH. It can
be a consequence of an anatomic or a functional disorder of the pituitary gland and/
or the hypothalamus [27]. Central hypothyroidism can be congenital, caused by
genetic defects, or acquired, resulting from lesions such as tumors, traumas, or cere-
brovascular accidents that affect the hypothalamic—pituitary axis. Central
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hypothyroidism may present as an isolated defect of pituitary function, while in
most patients it occurs in combination with other pituitary hormone deficiencies.
The global prevalence of central hypothyroidism ranges from 1 in 20,000 to 1 in
80,000 individuals in the general population, representing a rare cause of hypothy-
roidism (1 out of 1000 patients with hypothyroidism). Central hypothyroidism
affects patients of all ages and both sexes equally. Defects in TSH secretion can be
quantitative (due to reduced TSH reserve), qualitative (sustained by reduced bioac-
tivity of the released TSH molecules), or both. In the congenital forms of central
hypothyroidism the defect is usually quantitative. By contrast, the defect is fre-
quently both quantitative and qualitative in acquired central hypothyroidism. The
secretion of bioinactive TSH can occur following hypothalamic—pituitary tumors or
injuries sustained during a breech delivery, external radiation for head tumors and
Sheehan syndrome. The clinical features of central hypothyroidism depend on the
etiology, the severity of the hypothalamic—pituitary impairment, the extent and
severity of associated hormone deficiencies, and the age of the patient at the time of
disease onset. Congenital central hypothyroidism is clinically more severe than the
acquired forms. The symptoms and signs of central hypothyroidism, which include
fatigue, depression, cold intolerance, hoarseness, dry skin, constipation, bradycar-
dia, and hyporeflexia, are usually the same but milder than those of primary hypo-
thyroidism, and goiter is seldom present. In the presence of combined pituitary
deficiencies, other endocrine manifestations, for example, growth failure, delayed
puberty, adrenal insufficiency and diabetes insipidus, lead the patients to seek medi-
cal attention before their hypothyroidism manifests. Patients with congenital central
hypothyroidism present with various syndromic and complex clinical features
depending on the genes involved.

2.3 Hyperthyroidism

The prevalence of overt hyperthyroidism ranges from 0.2% to 1.3% in iodine-
sufficient parts of the world [1]. Graves’ disease is the most common cause of
hyperthyroidism in iodine-replete populations. Other common causes include toxic
multinodular goiter and autonomously functioning thyroid adenoma [28]. Less
common causes of hyperthyroidism are thyroiditis, pituitary TSH secreting ade-
noma, and drug-induced hyperthyroidism. In iodine-sufficient countries, Graves’
disease accounts for 70-80% of patients with hyperthyroidism, whereas in areas
with iodine deficiency, Graves’ disease constitutes about 50% of all cases of hyper-
thyroidism, with the other half attributable to nodular thyroid disease [29].

The clinical phenotype in hyperthyroidism also shows geographical variation.
Moreover, compared with patients with nodular disease, patients with Graves’ dis-
ease are younger, have higher thyroid hormone levels, and are more likely to present
with overt hyperthyroidism than subclinical hyperthyroidism. Cardiovascular com-
plications resulting from hyperthyroidism seem to be more prevalent in areas where
toxic multinodular goiters are common, in part because patients with nodular
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disease are typically older. Ethnicity does seem to influence the risk of developing
certain disease complications. For example, Graves’ ophthalmopathy is six times
more common in white populations than in Asian populations. Furthermore, the rare
but serious complication of hyperthyroidism, thyrotoxic periodic paralysis, is mark-
edly more common in Asian men [1, 30].

2.3.1 Graves’ Disease

Graves’ disease is a systemic autoimmune disorder caused by thyroid stimulating
autoantibodies directed against the TSH receptor on thyroid follicular cells that
results in follicular cell hypertrophy, thyroid enlargement, increased synthesis of
thyroid hormone, and hyperthyroidism. Ophthalmopathy and pretibial myxedema
can also occur. Graves’ ophthalmopathy occurs in 20-30% of patients, while pre-
tibial myxedema is rarely observed. Graves’ disease affects approximately 0.5% of
the population and is the most common cause of hyperthyroidism, accounting for
50-80% of all cases [29]. Graves’ disease predominantly affects women with a
female to male ratio of 8:1, typically in their third to fifth decade of life. The clinical
phenotype of Graves’ disease, at least in Western countries, is becoming milder,
presumably due to earlier diagnosis and treatment.

2.3.2 Toxic Nodular Disease

Toxic nodular goiter is the most frequent cause of thyrotoxicosis in elderly individu-
als, especially those in iodine-deficient areas. Solitary toxic nodules are more com-
mon in women than in men, with a likely male:female ratio of 1:5 [31]. In areas
where low iodine intake is prevalent, the incidence of toxic multinodular goiter is
significantly higher in areas with low iodine intake (18.0 cases/100,000/year) com-
pared with high-iodine-intake areas (1.5 cases/100,000/year) [32]. The incidence of
solitary toxic nodules is similarly higher in low-iodine-intake areas than in high-
intake areas.

2.3.3 Thyroiditis

Thyroiditis is characterized by a self-limiting course of thyrotoxicosis, followed by
hypothyroidism and then return to normal thyroid function. The condition is slightly
more common in females than males (female:male ratio of 1.5:1), and permanent
hypothyroidism occurs in 10-20% of cases overall [3]. Acute painful thyroiditis
often presents following a respiratory tract infection, while painless thyroiditis can
occur postpartum in up to 9% of otherwise healthy women [33].
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2.3.4 Drug-Induced Hyperthyroidism

The iodine-rich compound amiodarone is widely prescribed as an anti-arrhythmic
agent. Amiodarone-induced thyrotoxicosis is more common in iodine-deficient
areas and appears to be more common in men with a male:female ratio of up to 3:1.
Other drugs that cause thyrotoxicosis include interferon (IFN)-a, lithium, tyrosine
kinase inhibitors, highly active antiretroviral therapies, immune checkpoint inhibi-
tors, and the humanized monoclonal antibodies used in the treatment of multiple
sclerosis, alemtuzumab. Although these drugs can cause transient thyrotoxicosis
through destructive thyroiditis, immune-modifying agents such as IFN-a, highly
active antiretroviral therapies, and alemtuzumab can also induce Graves’ disease
through less well-defined immune reactivation mechanisms [34].

2.3.5 Iodine-Induced Hyperthyroidism

Iodine-induced hyperthyroidism, which is also known as the Jod—Basedow phe-
nomenon, is more common in older persons with longstanding nodular goiter and in
regions of chronic iodine deficiency where the populace is undergoing iodine sup-
plementation [35]. lodization programs temporarily increase the risk of iodine-
induced hyperthyroidism; elderly individuals who might have coexisting cardiac
disease and also those with limited access to health care are principally at risk [35].
Radiographic contrast agents can also cause iodine-induced hyperthyroidism.
Individuals with preexisting multinodular goiter or those from iodine-deficient
areas are at greatest risk of iodine-induced hyperthyroidism following the adminis-
tration of a radiographic contrast agent [36].

2.3.6 Subclinical Hyperthyroidism

The prevalence of subclinical mild hyperthyroidism has been estimated ranging
from 1% to 5% [37]. Data from the NHANES III study suggest a bimodal peak at
age 20-39 years and at >80 years of age [38]. The NHANES III study also showed
that women were more likely to have subclinical hyperthyroidism. The greatest risk
factor for subclinical hyperthyroidism, aside from levothyroxine use, is iodine defi-
ciency. The prevalence of subclinical hyperthyroidism increases from around 3% in
iodine-sufficient areas to 6-10% in iodine-deficient areas, largely owing to toxic
nodular goiters. Data on the risk of progression from subclinical to overt hyperthy-
roidism are limited. In a Scottish database including more than 2000 cases of sub-
clinical hyperthyroidism, the most untreated patients did not progress to overt
hyperthyroidism, and one-third of patients returned to normal thyroid status 7 years
after initial diagnosis [39]. Other studies showed that patients with more severe
grades of subclinical hyperthyroidism progressed more frequently to overt disease.
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2.4 Thyroid Nodular Diseases

Thyroid nodules are defined as discrete lesions within the thyroid gland, distinct
from surrounding thyroid parenchyma [40]. Thyroid nodules are common, being
detected in up to 65% of the general population. Approximately 90% of thyroid
nodules are benign and 95% are asymptomatic, remain so during follow-up, and can
be safely managed with a surveillance program. The main goal of initial and long-
term follow-up is identification of the small subgroup of nodules that harbor a clini-
cally significant cancer (~10%), cause compressive symptoms (x5%), or progress
to functional disease (~5%) [41].

There is considerable heterogeneity between thyrocytes in the same follicle in
terms of iodine retention, hormone synthesis, and mitotic response to proliferative
stimuli [42]. These physiological variations cause differences in the hyperplastic
nodules originating from these cells. TSH is the main mitotic factor. Elevation of
serum TSH levels causes significant increases in thyroid volume, and even minimal
elevations over an adequate amount of time are sufficient for goiter formation.
Iodine deficiency is the leading cause of increases in TSH levels. Thus, the incidence
of nodules is high in regions with endemic goiter due to iodine deficiency. Selenium
deficiency also causes goiter and nodular goiter. Some chemicals (e.g., nitrate and
perchlorate) can cause goiter by affecting iodine uptake or hormone synthesis. There
is an increased incidence of thyroid nodules despite the use of iodine prophylaxis in
many countries [43]. Other factors involved in the development of thyroid nodules
include radiation, environment (nitrates, benzene, formaldehyde, pesticides, bisphe-
nol A, polychlorinated biphenyl, polyhalogenated aromatic hydrocarbons, and poly-
brominated diphenyl ether), gene mutations (RAS, PAXS8/PPARy, RET/PTC, BRAF),
metabolic syndrome, insulin resistance, and obesity [44].

One of the leading causes of nodule detection is the increased use and sensitivity
of radiological imaging. Ultrasound can currently detect nodules as small as
1-2 mm, causing the incidence of nodules to increase to 60,000—70,000/100,000
adults in a population. This number was below 10,000 when palpation and scintig-
raphy were the only methods used for nodule evaluation. However, many studies
have found that the incidence of nodular goiter is increased even when this factor is
eliminated. The cancer rate of nodular goiter is around 5%. The rate does not differ
between single nodules and multinodular goiter [1].

Risk factors for malignancy include childhood irradiation (mainly head and neck
and whole body radiation), exposure to ionizing radiation from fallout in childhood
or adolescence, family history of thyroid cancer or hereditary syndromes that
include thyroid cancer [multiple endocrine neoplasia syndrome type 2 (MEN2A
and 2B), family with >3 affected relatives, or genetic syndromes such as Cowden
disease, familial adenomatous polyposis, Carney complex], rapid nodule growth, or
hoarseness [41]. Family history plays a significant role in the development of thy-
roid cancer, and having first-degree relatives with not only medullary, but also papil-
lary thyroid cancer strongly predicts the risk of developing the malignant thyroid
disease. In contrast, benign thyroid disorders in family history do not lead to the
development of thyroid cancer [45].



32 S. Corbetta

Thyroid cancer is the fifth most common cancer in women in the USA. The inci-
dence continues to rise worldwide. Differentiated thyroid cancer is the most fre-
quent subtype of thyroid cancer [46, 47]. Although over 90% are small, nonpalpable,
benign lesions that will never become clinically significant tumors, some patients
have nonpalpable or palpable lesions that are malignant. Identification of malignant
thyroid nodules is important, especially those that will cause morbidity if not diag-
nosed early. Thyroid cancers are distinct in follicular-derived thyroid cancers and
neuroendocrine C-cell-derived thyroid cancers. The follicular-derived cancers
include differentiated and anaplastic thyroid cancers. From a genetic point of view,
most thyroid cancers harbor mutations along the mitogen-activated protein kinase
(MAPK) cellular signaling pathway [46].

2.4.1 Follicular-Derived Thyroid Cancers
2.4.1.1 Differentiated Thyroid Cancers

Differentiated thyroid cancer is the most common thyroid cancer, accounting for
more than 95% of cases, and originates from thyroid follicular epithelial cells [48].
This category includes papillary thyroid cancer, follicular thyroid cancer, and
Hurthle cell thyroid cancer. Poorly differentiated thyroid cancer is a more aggres-
sive follicular-derived thyroid cancer than differentiated thyroid cancer. Papillary
thyroid cancer is the most common subtype and carries the best overall prognosis.
Metastases most commonly involve cervical lymph nodes and, less commonly, the
lungs. Follicular thyroid cancer, Hurthle cell thyroid cancer, and poorly differenti-
ated thyroid cancers are high-risk cancers that have a tendency to metastasize hema-
togenously to distant sites, in particular, to lung and bones.

2.4.1.2 Anaplastic Thyroid Cancers

Anaplastic thyroid cancer is a rare form of thyroid cancer (<1%) [48] that usually
presents as a rapidly growing neck mass. Patients often develop hoarseness, dyspha-
gia, and dyspnea. The most common site of distant metastatic disease is the lung,
followed by bones and brain. Anaplastic thyroid cancer often arises from and can
coexist with differentiated thyroid cancer, but can also occur de novo.

2.4.2 Neuroendocrine C-Cell-Derived Thyroid Cancer
2.4.2.1 Medullary Thyroid Cancers
Medullary thyroid cancer accounts for 1-2% of all thyroid cancers and originates in

the parafollicular neuroendocrine cells of the thyroid [48]. It most commonly pres-
ents as a solitary thyroid nodule in patients in the fourth to sixth decade of life. A
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quarter of medullary thyroid cancer cases occur in patients with the inherited type
2A multiple endocrine neoplasia syndrome (MEN2A;OMIM#171400), type 2B
multiple endocrine neoplasia syndrome (MEN2B;OMIM#162300), and familial
medullary thyroid cancer (MTC;OMIM#155240).
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Chapter 3
Techniques to Study Thyroid Function
and Morphology

Francesca Serpi, Salvatore Gitto, Giovanni Mauri,
and Luca Maria Sconfienza

3.1 The Role of Ultrasound

Thyroid ultrasound with B-mode gray-scale and color Doppler is the most impor-
tant imaging modality to study normal thyroid parenchyma and investigate the pres-
ence of diffuse or nodular thyroid disease by evaluating glandular size, echogenicity,
echotexture, margins, and vascularity.

Ultrasound does not use ionizing radiations, is cheaper and quicker than other
imaging modalities, and is widely available in clinical settings. Moreover, the super-
ficial location of the thyroid makes high-resolution ultrasound the imaging modality
of choice for the evaluation of diffuse and focal processes. Thyroid ultrasound is
able to confirm the presence of a thyroid nodule when the physical examination is
equivocal and to differentiate between thyroid nodules and cervical masses from
other origins. Although thyroid nodules may be detected at computed tomography
(CT) and magnetic resonance (MR) imaging (usually by chance), these modalities
are not useful for nodule’s characterization. Ultrasound has however some
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limitations, such as low contrast resolution, that may be overcome thanks to con-
trast-enhanced ultrasound (CEUS), and it is not panoramic, with only small field of
view and impossibility to scan deep structures. Normal ultrasound examination is
conducted with a high-resolution probe (12 MHz), which offers very high spatial
resolution with lower penetration.

3.2 Normal Anatomy

The thyroid is a bilobed structure located within the lower neck and is draped ante-
riorly around the trachea. The left and right lobes are located immediately to the left
and right of the trachea, respectively, and are connected anteriorly by a thin rim of
thyroid tissue known as the isthmus. The internal carotid arteries and internal jugu-
lar veins are located posterolateral to the thyroid lobes, whereas the strap muscles of
the neck are located anteriorly [1]. Esophagus is located on the left posterolateral
corner, between thyroid gland and the trachea. Parathyroid glands are normally four
symmetric small structures located posterior to thyroid lobules, two on each side.

The thyroid lobes are normally 4-6 cm in craniocaudal length, 1.5-2 cm in
their anteroposterior, and 2-3 cm in transverse dimensions; the isthmus normally
has an anteroposterior thickness of up to 3 mm [2]. Total volume, measured as
length x width x depth x 0.523 for each thyroid lobe (the isthmus is omitted
unless its thickness is over 3 mm), should be <12—-18 mL in men, <10-15 mL in
women [3].

At ultrasound, thyroid parenchymal echogenicity is described as isoechoic,
hypoechoic, markedly hypoechoic, or hyperechoic compared to the echogenicity
of the anterior strap musculature as an internal reference. The normal paren-
chyma is usually homogeneous and slightly hyperechoic due to its follicular
composition. The outer surface is surrounded by a thin layer of connective tissue,
which has heterogeneous thickness and composition and discontinuous distribu-
tion, consistent with a pseudocapsule rather than a true capsule. Normal thyroid
vascularity with color Doppler flow should be fairly symmetric and evenly dis-
tributed [2].

3.3 Diffuse Thyroid Pathology

The various causes of diffuse thyroid disease often have overlapping, nonspecific
sonographic imaging features. Diagnosis is not generally based on ultrasound eval-
uation but on presenting symptoms, laboratory analysis of thyroid function, immu-
nology, and occasionally radioactive iodine uptake scans [3]. Ultrasound, on the
other side, may be helpful in excluding focal thyroid disease and assessing the size
of the thyroid gland. With diffuse thyroid diseases, the thyroid is often enlarged and
can have increased or decreased parenchymal echogenicity and coarsened
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echotexture with nodular (micro- or macrolobulated) margins. Diffuse thyroid dis-
ease presents with variable vascularity with color Doppler evaluation that can be
normal, increased, or decreased. Among diffuse thyroid diseases, the most common
are multinodular goiter, thyroiditis, and Basedow/Graves’ disease.

Multinodular goiter or struma diffusa is a generalized enlargement of the thy-
roid and can be diffuse or nodular (Fig. 3.1) [3]. It may be within a range from
simple diffuse nontoxic non-nodular thyroid enlargement to multinodular goiter in
a euthyroid patient. The cause of simple goiter is multifactorial. Insufficient thyroid
hormone input is the most frequent cause. In an attempt to maintain euthyroid state,
follicular epithelium compensatory hypertrophy leads to polyclonal follicles alter-
nating with scarring caused by hemorrhagic necrosis over the course of goiter
growth. It appears as thyroid enlargement with focal or diffuse replacement of the
thyroid parenchyma by strictly adjacent, sometimes, not distinctive, variable echo
structure nodules containing variable amount of cystic degeneration, vasculariza-
tion, and dystrophic calcifications, without or with minimal normal remaining
parenchyma [3]. The main aim of ultrasound is to identify nodules that have malig-
nant sonographic features to be submitted to ultrasound-guided fine needle aspira-
tion (FNA) [3].

Vascularity at color Doppler is usually normal.

Fig. 3.1 Nodular goiter. The thyroid gland is enlarged (asterisks) and a big left lobe nodule show-
ing mediastinal extension is shown on axial (a) and coronal (b) CT scans, as well as axial (c¢) and
longitudinal (d) US scans
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Thyroiditis is an inflammatory condition affecting the total amount of thyroid
gland, which reflects various etiologies (infection, autoimmune processes,
medication, and ionizing radiation), clinical symptomatology, imaging findings,
and treatment [2]. Thyroiditis is therefore a general term that encompasses several
clinical disorders characterized by inflammation of the thyroid gland. The most
common is Hashimoto thyroiditis.

Chronic lymphocytic thyroiditis, or Hashimoto thyroiditis, is the most common
autoimmune disorder of the thyroid and the most common cause of hypothyroidism
in iodine-sufficient areas [2]. It has a female predominance with 8§-9:1 female to
male ratio [3]. Patients develop antibodies targeting thyroglobulin (TG), thyroid
peroxidase (TPO), an enzyme for thyroid hormonogenesis. The thyroid becomes
infiltrated with lymphocytes, which leads to progressive replacement of follicular
cells with eventual fibrosis and atrophy [2].

Sonographic appearances vary depending on the degree of gland involvement
[2]. Initially, the parenchyma is heterogeneous and coarsened compared with normal
thyroid [3]. Typical ultrasound appearance is characterized by a patchy heterogenous
echotexture due to lymphocytic infiltration, which forms innumerable hypoechoic
solid micro pseudonodules (from 1 to 7 mm in size), surrounded by echogenic rim
of fibrosis, which gives the “giraffe skin” appearance (highly specific with a positive
predictive value of 95%) [2, 3]. With the progression of the disease, thyroid
parenchyma is progressively destroyed and develops echogenic linear bands of
parenchymal fibrosis which can become confluent and thicker. The involvement can
be asymmetric, with preference for the anterior part of the gland. Eventually the
gland becomes atrophic with a hypoechoic appearance similar to that of strap
muscles [3]. Color Doppler in Hashimoto’s is variable with either normal or
increased vascularity seen in the early disease [3].

Ultrasound can also identify an increased number of benign, hyperplastic lymph
nodes in cervical levels II, III, and IV compared with patients without thyroid
disease [2].

Final diagnosis is biochemical, made by detecting anti-thyroid antibodies,
including anti-TPO and anti-TG antibodies [3].

Patients with chronic lymphocytic thyroiditis are at risk for developing primary
thyroid lymphoma (usually a B-cell lymphoma), which represents less than 5% of
all thyroid malignancies [2]. It should be suspected if an atrophic gland quickly
enlarges or develops hypoechoic masses, particularly if associated to systemic
symptoms [2].

Subacute granulomatous thyroiditis, or De Quervain thyroiditis, is arare (3%—6%
of all thyroid diseases), often self-limiting condition likely due to an immune
response following a viral or upper respiratory tract infection [2]. Generally, appears
2 weeks after a viral upper respiratory tract infection and regresses spontaneously
within 2-3 months [3]. The classic presentation is an acutely painful neck with
tender glandular swelling and occasionally systemic symptoms, with elevation of
inflammatory index at biochemistry analysis [2]. Thyroid function can be augmented
in the acute phase, usually followed by a hypothyroid phase. It returns to euthyroid
state after approximately 6—18 months [2, 3]. Ultrasound findings include an
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increase in the size of the thyroid with ill-defined, moderate, or markedly patchy
hypoechoic area, which tend to elongate along the long axis of the thyroid giving a
pseudonodule appearance [2, 3]. In the subacute phase, the hypoechoic area
increases in size in the ipsilateral thyroid lobe and may extend to the contralateral
lobe. These ill-defined areas typically assumed a confluent appearance, known as
“lava flow” [2, 3]. Hypoechoic appearance can also be seen in malignancy; however,
other features of malignancy (e.g., calcifications and taller than wide shape) are
absent. During recovery phase, thyroid parenchyma returns back to normal or
atrophy may develop. Typically, enlarged and activated lymph nodes can be found
as well.

Resolution at short-term follow-up and clinical response to anti-inflammatory
therapy are highly diagnostic.

At color Doppler, the acute phase may demonstrate hypervascularity, whereas
the subacute phase may reflect diffuse hypovascularity (which reflects interstitial
edema), compared to the normal surrounding parenchyma [2].

Acute thyroiditis is a very rare disease, predominantly occurring in immu-
nosuppressed patients, which may develop locally or hematogenically in sep-
ticemia [3]. It may also affect children and young adults with congenital fourth
branchial pouch sinus tracts. Common local symptoms are sore throat, painful
swelling, reddening of the skin, and lymph nodes enlargement. Fever may also
be present [3]. US findings are not specific, thyroid gland is usually increased
in volume with hypoechoic parenchyma due to inflammation. Although local
inflammatory reaction is normally present, acute suppurative thyroiditis is
uncommon due to the excellent lymphatic drainage, encapsulation, and high
iodine content in the gland. However, the presence of focal fluid collection
with bright echoes in it from gas can suggest an abscess [3]. Enlarged lymph
nodes are usually present. Color Doppler shows normal or increased blood
flow [3].

Other forms of thyroiditis include drug-induced thyroiditis such as amiodarone,
interferon, and immunotherapy, with nonspecific sonographic features that overlap
with other causes [2]. Riedel thyroiditis is a rare, local form of fibrosclerosis of the
thyroid that presents in patients 30-50 years of age. Although etiology is unknown,
it is likely due to an autoimmune process. It is most common in women and can be
associated with mediastinal or retroperitoneal fibrosis (e.g., immunoglobulin G4—
mediated diseases) [2, 3]. It results in an indolent hard swelling of the neck due to
thyroid fibrosis and invasion of adjacent neck soft tissue structures with inflammatory
cell infiltrates. At US scan, the gland is enlarged, hypoechoic, and coarsened with a
pseudonodular appearance that has fibrotic bands and perithyroidal extension [2].
Color Doppler shows decreased vascular flow, which may improve with
corticosteroid therapy [3].

Graves’ disease, or Basedow’s disease, is an autoimmune disorder, caused by
thyroid receptors antibodies binding to TSH receptor (thyrotropin receptor) that
results in epithelial hyperplasia and hyper-functioning of the thyroid [2, 3]. A
positive family history is common. Biochemical evaluation typically shows
increased thyroid hormones (fT4 and fT3) and decreased TSH. Ultrasound findings
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are not specific; however, thyroid gland is characterized by diffuse enlargement
with rounding of the normal angular outline and mild textural coarsening. The
echogenicity is often decreased due to the increased blood flow, increased cellularity,
and decreased colloid content [2]. Compared to Hashimoto’s thyroiditis, the
appearance of the thyroid in Graves’ disease is less heterogeneous and the contour
is lobulated. Color Doppler shows increased parenchymal vascularity and
arteriovenous shunting creating a “thyroid inferno” appearance with a smooth or
scalloped glandular contour [2].

3.4 Nodular Thyroid Pathology

Thyroid nodules are a common occurrence in the general population, with a
prevalence of almost 50% [4]. The vast majority are benign and may be identi-
fied incidentally on chest computed tomography imaging or carotid ultra-
sound, or as part of a dedicated thyroid study for abnormal laboratory values
or physical examination [2]. Approximately 60—70% of fine needle aspiration
of thyroid nodules are reported to be benign, with the majority represented by
benign follicular nodules (nodular goiter, adenomatoid or hyperplastic nod-
ules, colloid nodules, nodules in Graves’ disease, and macrofollicular subtype
follicular adenoma), thyroiditis, and follicular adenoma [1]. Therefore, the
first goal of initial sonographic assessment should be to distinguish between
benign nodules that can be managed conservatively, and suspicious or malig-
nant features, that require further management. Ultrasound-guided fine needle
aspiration (FNA) plays a central role in this process, but its performance needs
to be selective, since systematic FNA of all nodules, regardless of the size or
appearance, is superfluous and may even lead to unnecessary diagnostic thy-
roid surgery [5].

Certain features of thyroid nodules on ultrasound are consistently predictive of
malignancy but unfortunately none of them alone is sufficient to confirm or deny
malignancy efficiently [5]. Therefore, the approach should be to combine several
features to enhance the diagnostic value of ultrasound. This has prompted the devel-
opment of standardized systems for reporting features, known as Thyroid Imaging
and Reporting Data System (TIRADS), in an attempt to delineate sets of character-
istics associated with specific risk levels for malignancy [5-8]. This comprises a
thyroid ultrasound lexicon, a standardized report, definitions of benign and low-,
intermediate-, and high-risk nodules with the estimated risks of malignancy in each
category and indications for FNA.

The European guidelines (EU-TIRADS) delineate five risk categories, based on
searching for echogenic features of high suspicion [5]. These are:

— Non-ovalfround shape, such as taller than wide shape (the ratio of the anteropos-
terior-to-transverse diameter of a nodule is >1).
— Irregular margins, spiculated or microlobulated.
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— Microcalcifications, <1 mm, without posterior shadowing, corresponding to
psammoma bodies.

— Markedly hypoechoic ecogenicity, compared to normal surrounding thyroid
parenchyma and muscles. The different patterns can be therefore described as
anechoic (same echogenicity of fluid, with the absence of solid component),
isoechoic (similar brightness to the surrounding thyroid parenchyma),
hyperechoic (brighter appearance than the surrounding thyroid), mildly
hypoechoic (refers to an appearance darker than the normal surrounding thyroid
parenchyma, but less dark than the normal surrounding strap muscles), markedly
hypoechoic (refers to an appearance of the nodule darer than surrounding strap
muscles). In case the echogenicity of the surrounding thyroid tissue is decreased,
such as in Hashimoto thyroiditis, the echogenicity of the solid component can be
described relative to the normal submandibular salivary glands.

If at least one of these features is present, then the nodule is highly suspicious for
malignancy (EU-TIRADS 5). If not, the nodule is subclassified according its
echogenicity (Fig. 3.2):

— EU-TIRADS 1. No nodule is detectable at sonographic evaluation.

— EU-TIRADS 2 (benign). Risk of malignancy close to 0%. Thyroid ultra-
sound should suffice to assert benignity without the need for FNA. This cat-
egory includes purely cystic nodules (Fig. 3.3) and entirely spongiform
nodules.

Thyroid nodule*

At least one
feature of high
suspicion

T No features of
high suspicion

r—l—

Anechoic or
entirely
spongiform

N —

Benign
EU-TIRADS 2
Risk: ~10%

—_—

1

No FNA
unless
compressive
—_—

Fig. 3.2 Algorithm of EU-TIRADS for malignancy risk stratification and fine needle aspiration
(FNA) decision-making. From reference [5]
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Fig. 3.3 EU-TIRADS 2
nodule. A cystic nodule is
depicted in the right
thyroid lobe (arrows)

Fig. 3.4 EU-TIRADS 3
nodule. In the left thyroid
lobe, an oval-shaped,
predominantly isoechoic
nodule with peripheral

halo is depicted (calipers).

This nodule was further
investigated with FNAB
and classified as benign
(TIR 2)

F. Serpi et al.

— EU-TIRADS 3 (low risk). Risk of malignancy around 2-4%. FNA should usu-

ally be considered only for nodules >20 mm. The 20-mm threshold has been
chosen based on the argument that distant metastases are rarely observed arising
from follicular cancers <2 cm. Nodules in this category have usually oval shape,
smooth margins, isoechoic or hyperechoic, without any feature of high risk
(Figs. 3.4, 3.5, and 3.6).

EU-TIRADS 4 (intermediate risk). Risk of malignancy around 6-17%. FNA
should usually be performed for nodules >15 mm. Nodules in this category have
usually oval shape, smooth margins, mildly hypoechogenicity, without any
feature of high risk (Fig. 3.7).

EU-TIRADS 5 (high risk). Risk of malignancy around 26-87%. Nodules with
at least one of the high-risk features (Fig. 3.8). Nodules >10 mm should undergo
FNA, unless a patient is inoperable or has a low life expectancy and negative
FNA should be repeated within 3 months to reduce false-negative results. In
nodules <10 mm, active surveillance is recommended if there are no abnormal
lymph nodes and patient is compliant.
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Fig. 3.5 EU-TIRADS 3
nodule. An oval-shaped
thyroid nodule with
partially cystic and
predominantly solid
isoechoic echotexture is
shown (calipers)

Fig. 3.6 EU-TIRADS 3
nodule. An oval-shaped
thyroid nodule
predominantly cystic
(arrows) and with central
solid isoechoic tissue
(asterisk) is shown

Fig. 3.7 EU-TIRADS 4
nodule. An oval-shaped
thyroid nodule with
slightly hypoechoic
echotexture relative to the
adjacent parenchyma is
shown in the right lobe
(calipers). This nodule was
investigated with FNAB
and classified as suspicious
for malignancy (TIR 4)

Moreover, several accessory ultrasound features can be used to refine the risk
stratification assessment and modulate the indications for FNA:

— Suspicious lymphadenopathy. Ultrasound assessment of the lymph nodes is
advised for all thyroid nodules but is mandatory for intermediate- and high-risk
ones. In case of a suspicious lymph node (such as loss of fat center, cystic/
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Fig. 3.8 EU-TIRADS 5
nodule. A taller-than-wide
markedly hypoechoic
nodule with irregular
margins is shown (arrows)
in the left thyroid lobe on
grayscale (a) and Doppler
(b) US scans. This nodule
was investigated with
FNAB and classified as
malignant (TIR 5)

F. Serpi et al.

necrotic area, calcifications), FNA of the lymph node and FNA of the most suspi-
cious thyroid nodule(s) should be performed.

Extrathyroidal extension. Capsular bulging, disruption, or abutment by the thy-
roid nodule are indicative of extrathyroidal extension and should be described in
the report.

Macrocalcifications and hyperechoic spots. Macrocalcifications (>1 mm) alone
are not specific for malignancy. Rim (peripheral or curvilinear) or eggshell calci-
fications at the nodule margin may increase the malignancy risk if disrupted.
True microcalcifications (<1 mm without posterior shadowing) should be dif-
ferentiated from other echogenic spots, and such nodules must undergo
FNA. Echogenic spots with comet-tail artifacts are suggestive of benignity
(Fig. 3.9).

Halo. It is thought to correspond either to the capsule of the nodule or to the sur-
rounding capsular vessels, or even sometimes to the adjacent compressed paren-
chyma. A thin halo reduces the risk of malignancy, while a thick halo or absence
of a halo increases it.

Vascularity. Color Doppler is not recommended for ultrasound malignancy risk
stratification (low PPV). It can be used instead to differentiate solid tissue from
thick colloid, or to enhance the detection of the limits of a nodule in an isoechoic
parenchyma.

Nodule growth. It cannot accurately discriminate between benign and malignant
lesions; therefore, routine determination of nodule growth by serial thyroid ultra-
sound assessments, in order to predict cancer, is not justified.
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Fig. 3.9 Calcified nodule.
A thyroid nodule with
macrocalcification causing
posterior shadowing is
shown in the right lobe
(arrows)

Table 3.1 Ultrasound management in multinodular disease (EU-TIRADS)

Look for Describe FNA

High-risk nodules (EU-TIRADS 5) | Regardless their | >10 mm (if negative, repeat FNA after
size 3 months)

Intermediate-risk nodules >5 mm >15 mm

(EU-TIRADS 4)

Low-risk nodules (EU-TIRADS 3) | >10 mm >20 mm

In case of multinodular disease, at least the three most important features
(according to the risk and size criteria) should be described in detail, as given in
Table 3.1.

3.4.1 Hyperplastic Adenomatous Nodule

Hyperplastic adenomatous nodules (also known as Plummer’s adenoma) are benign
autonomous thyroid adenoma, usually characterized by clinically symptomatic
hyperthyroidism when they reach a cutoff diameter of 2.5 cm [4], although it can
occur also with smaller nodules. They may be unifocal, multifocal, or dissemi-
nated. They usually grow very slowly. At US scan, they are usually hypoechoic and
clearly delineated with a peripheral halo. Sometimes they may present cystic
degeneration [4].

Color Doppler shows an increased peripheral and central blood flow, which may
be an important indicator of functional activity (Fig. 3.10) [4].

Nuclear scintigraphy is usually positive, showing a “hot” nodule with markedly
increased uptake, which may be helpful in ruling-out cancer (normally represented
by “cold” nodules) [4].
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Fig. 3.10 Plummer’s
adenoma. A hypoechoic
nodule (a) with increased
vascularity on Doppler
imaging (b) is shown
(arrows)

3.5 Sonoelastography

Changes in tissue stiffness are present in cancerous disease, fibrotic changes, or
atherosclerosis. Ultrasound elastography provides stiffness information, which is
complementary to grayscale findings, particularly in nodules with indeterminate US
or cytologic characteristics [9].

By ultrasound elastography, the stiffness of a nodule is analyzed, either by mea-
suring the amount of distortion that occurs when the nodule responds to an external
pressure (strain elastography) or by measuring the speed of the shear wave pro-
duced by a US pulse (shear wave elastography [SWE], acoustic radiation force
impulse). Strain elastography uses 3- to 5-point elasticity scales obtained from qual-
itative observations of colored pictures [10, 11].

Generally, more elastic lesions are more likely to be benign compared to less
elastic lesions. However, there are important differences between manufactures,
machines, techniques, and operators, and not all the results are comparable and
therefore cannot be judged as a head-to-head comparison. Moreover, both strain
elastography and SWE have many limitations and cannot reliably be applied to
large nodules (>30 mm), nodules with macrocalcifications, cystic nodules, deeply
located, and/or isthmic nodules and coalescent nodules [10, 11].



3 Techniques to Study Thyroid Function and Morphology 49

For these reasons, according to EU-TIRADS guidelines, elastography should
not replace grayscale study, but it may be used as a complementary tool for
assessing nodules for FNA, especially due to its high negative predicting
value [5].

3.6 CEUS

Contrast-enhanced ultrasound (CEUS) is considered to be an effective technique to
evaluate microvascularization, which is important because angiogenesis is the basis
for neoplastic growth.

Second-generation contrast agents (SonoVue, Bracco Imaging, Milan, Italy)
consists of sulfur hexafluoride microbubbles (2-10 pm), and it is injected
intravenously as a small bolus from 1.2 to 4.8 mL followed by 5 mL saline flush.
CEUS is performed using a high-frequency and low mechanical index (<0.10), as
microbubbles burst at low ultrasound frequencies and at high mechanical index. The
timer on the US machine is started during the CEUS process, and the images
obtained during the next 2-3 min are digitally stored as raw data. Normally
microbubbles last only 5—10 min in circulation [12].

CEUS evaluation has different applications in thyroid assessment, first of all
CEUS is a promising noninvasive technique for the differential diagnosis of benign
and malignant thyroid nodules (sensitivity 85-88%, specificity 88-90%) [12].
Hypoenhancement is considered to be a major CEUS pattern characteristic of
malignant thyroid nodules, especially for thyroid tumors 10 mm or less in diameter.
This finding is counterintuitive, because malignant tumors in other organs are well
supplied by blood vessels. The main reason is that tumors grow with complex inner
neovascularization; once the growth outweighs neovascularization, necrosis and
embolus formation happens within the tumor, ultimately leading to hypoenhancement
on CEUS [12]. Heterogeneous enhancement is another important CEUS pattern
characteristic of malignant thyroid nodules, as blood vessels of malignant nodules
are typically aberrant and tortuous. Moreover, most malignant nodules contain areas
of fibrosis, calcification, or focal necrosis, which may explain the trend for
heterogeneous enhancement. Wash in and wash out compared to surrounding
parenchyma is another characteristic that needs further evaluation. Homogeneity
and ring enhancement instead are the most two valuable CEUS indicators for
predicting benignity [12].

Another potential role of CEUS is the ability to evaluate the ablated area com-
pared to B-mode during or after percutaneous ultrasound-guided ablation tech-
niques. CEUS, in fact, better enhances vascularized tissue, which helps to clarify
boundaries between viable and nonviable tissue, during interventional procedures
or after at follow up evaluation [13].

Finally, according to literature, CEUS may have a potential role in lymph nodes
metastasis evaluation.
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3.7 Parathyroid Glands and Lymphnodes

Four parathyroid glands are normally located posterior to the thyroid gland, two on
each side (one superior and one inferior). Ectopic and supernumerary parathyroid
glands can occur as well. The blood supply to the superior and inferior parathyroid
glands comes from the inferior thyroidal artery in most patients, and tracing an
enlarged inferior thyroidal branch is often of help in locating a parathyroid
adenoma [4].

Parathyroid adenomas are typically uniformly hypoechoic relative to the thyroid
gland and appear as well-circumscribed oval nodules. Large adenomas may assume
a bilobed or lobulated configuration or develop internal cystic changes. When seen
immediately adjacent to the thyroid, the curvilinear echogenic margin of the thyroid
capsule should be appreciable and will help in localizing the nodule as external to
the thyroid [4] Parathyroid adenomas are highly vascular lesions supplied by a
prominent extrathyroidal feeding artery, usually the inferior thyroid artery. The
feeding artery enters the adenoma at one pole along its long axis. The vascularity of
an adenoma is peripheral in nature, encircling 90-270° of the gland; however, the
internal vascular flow is variable [4]. Exophytic thyroid nodules can be mistaken for
parathyroid lesions and rarely some parathyroid adenomas are located within the
thyroid gland. If there is a suspicion for an intrathyroid parathyroid adenoma,
samples from the FNA should also be sent for measurement of tissue parathyroid
hormone levels, which will be diagnostic for parathyroid adenoma [4].

The ultrasound assessment of lymph nodes should comprehend bilateral latero-
cervical levels I, III, IV, V, and VI. Normal lymph nodes have oval shape with fatty
center. Round shape, inner calcifications, loss of adipose center, markedly hypoecho-
genicity may reflect abnormal conditions and should be further investigated [4].
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Chapter 4
Overt Hyperthyroidism and Subclinical
Hyperthyroidism: Who and How to Treat

Check for
updates

Renato Cozzi

Several studies have shown an increased risk for cardiovascular disease in hyperthy-
roidism. Recent data issued from the Danish Civil Registration System and the
Danish National Patient Registry obtained in 85,856 hyperthyroid patients were
matched with 847,057 population-based controls and showed that the HR for mor-
tality was highest in the first 3 months after the diagnosis of hyperthyroidism (HR
4.62, 95% CI: 4.40-4.85) and remained elevated during long-term follow-up
(>3 years) (HR 1.35, 95% CI: 1.33—1.37). The risk for all examined cardiovascular
events was increased with the highest risk in the first 3 months after hyperthyroid-
ism diagnosis. The 3-month post-diagnosis risk was highest for atrial fibrillation
(AF) and arterial embolism, but the risks of venous thromboembolism, acute myo-
cardial infarction, nonischemic stroke, and percutaneous coronary intervention
were also increased two- to threefold.

4.1 Hyperthyroidism

In hyperthyroid states, thyrotoxicosis without hyperthyroidism (i.e., clinical condi-
tions with high plasma thyroid hormone levels, such as silent thyroiditis, postpar-
tum thyroiditis, subacute thyroiditis, iatrogenic, factitia, without hyperthyroidism)
has to be distinguished from thyrotoxicosis with hyperthyroidism (in which thyroid
hormones in excess are directly synthetized by the thyroid gland).

The prevalence of hyperthyroidism in the USA is 1.2% of the population (0.5%
overt, 0.7% subclinical). The commonest causes of thyrotoxicosis with hyperthy-
roidism are Graves’ disease (GD), multinodular toxic goiter, toxic adenoma, and
inappropriate TSH secretion (or TSHoma).
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4.1.1 Diagnosis

The first step is the evaluation of the degree of thyrotoxicosis. TSH value has the
highest sensitivity and specificity among the examinations of thyroid function and
can be used to screen hyperthyroid patients from those who are not, but to establish
the degree of hyperthyroidism FT4 as well as FT3 have to be assessed. Usually T3
and T4 hypersecretion is equimolar; in some patients, T3 hypersecretion is preva-
lent, and in these cases, the clinical picture is more severe (T3 toxicosis).

4.1.2 Treatment

Therapeutic options are antithyroid drugs (ATD), surgery, and radioiodine. The
preference of therapeutic strategy depends on clinical picture, endocrinologist’s and
patient’s preference, geographical area.

4121 GD
ATD

The aim of ATD treatment is to restore patients rapidly to euthyroidism, by reducing
thyroid hormone synthesis. The available drugs are thiamazole (methimazole), pro-
pylthiouracil (PTU), and carbimazole. They exert their effect similarly, by inhibit-
ing the oxidation and organification of iodine, blocking TPO and the synthesis of T3
and T4 by inhibiting the coupling of iodine and tyrosine. Anti-inflammatory and
immunosuppressive effects have been shown as adjunctive effects. PTU at the high-
est doses reduces the conversion of T4 to T3 in the peripheral tissues.

The first-choice antithyroid drug is thiamazole: it has a greater efficacy and a
longer half-life (it can be administered once or twice daily, at variance with the
shortest half-life of PTU, that has to be given three times daily). Its toxicity is low,
in contrast to PTU fatal liver toxicity that may require acute liver transplantation.
Contraindications in the use of thiamazole are at the first trimester of pregnancy,
side effects in patients refusing surgery or radioiodine, and thyroid storm, in which
the rapidity of the onset of action of PTU is preferred.

ATD and Side Effects
Agranulocytosis, liver toxicity, and vasculitis can be induces by ATD.

1. Agranulocytosis: The patient complains of fever and sore-ache, at the beginning
of ATD treatment (first 2-3 months). It is more frequent with PTU (0.27%) than
with thiamazole (0.11%) and in some cases (4%) may be fatal. Agranulocitosis
has a crossed reactivity, so ATD cannot be switched between themselves; it may
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be dose-related, and lowering the dosage or using the lowest dose may improve
the clinical picture.

2. Liver toxicity is rare (0.03%). High transaminase levels have not to be confused
with ATD-induced liver toxicity since transaminase levels are frequently
increased in patients with hyperthyroidism, and this finding does not contraindi-
cate the use of ATD. Thiamazole may induce a slight cholestatic hepatitis,
whereas PTU may determine a fulminant liver necrosis, requiring liver trans-
plantation. ATD has to be withdrawn if transaminase level becomes threefold
higher than ULNR.

3. Vasculitis is rare and involves mainly Asian patients.

4.1.2.2 Choice of Treatment

The choice of treatment depends on clinical presentation and thyroid physical
examination.

ATD

ATD should be used in patients with high probability of remission (mild hyperthy-
roidism, small goiter, slight TRAD increase), during pregnancy, in older patients, in
patients with comorbidities which lessen life expectancy, in patients who already
underwent surgery or neck irradiation, or who have a mild Graves’ ophthalmopathy
(GO) or when a rapid control of hyperthyroidism is required. Their contraindication
is the appearance of serious side effects.

Radioiodine

Radioiodine treatment is suggested in female patients desiring pregnancy in the next
future, when comorbidities which determine an operatory risk increase are present,
in patients already undergone to thyroid surgery or neck irradiation, in cases in
which a skillful thyroid surgeon is missing, in ATD intolerance or contraindication,
in those patients where ATD are unable to reach a stable control of hyperthyroidism,
in its recurrences. Radioiodine is contraindicated during pregnancy or breast feed-
ing, when pregnancy is planned at short term and in patients with poor therapeutic
compliance.

Surgery
Surgery is indicated in patients with large goiter and severe hyperthyroidism, severe

GO, female patients with active disease desiring to plan pregnancy at short term, in
medical treatment resistance patients with amiodarone-induced thyrotoxicosis in
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whom the persistence of severe hyperthyroidism may deteriorate clinical conditions
(severe arrhythmias, intractable congestive heart failure) or according to patient’s
preference.

Overview

In Italy and in Europe, ATD are the most preferred option (nearly 80% of patients)
followed by radioiodine (less than 20%) and surgery (the remaining). This strategy
is at variance with the choices in the USA, where therapeutic options are equally
subdivided between ATD (50%) and radioiodine (48%), whereas the percentage of
surgically treated patients is close to zero. The reason of this different therapeutical
behavior is that the prevalence of large goiters in the USA is lower, and the concern
of causing permanent surgical complications (recurrent palsy, hypoparathyroidism)
restrains the use of the surgical approach in the USA.

4.2 Multinodular Toxic Goiter (MTG): Toxic Adenoma

Therapeutic options include radioiodine or surgery. In some cases, a long-term ATD
treatment is appropriate.

1. In MTG, radioiodine induces hyperthyroidism remission in 50-60% of cases
after 3 months and in 80% at 6 months. In 20% of patients, a second radioiodine
treatment is needed. The risk of developing hypothyroidism is 4% after 1 year,
16% after 5 years, and 64% after 24 years. Radioiodine relieves compressive
symptoms in 46% of patients. In toxic adenoma, radioiodine normalizes thyroid
function in 75% of patients after 3 months and in 89% after 12 months.

2. Surgery is indicated in large goiter with or without compressive symptoms, when
thyroid tumor is suspected and when a rapid correction of hyperthyroidism is
indicated. Euthyroidism must be restored by ATD before surgery. Total or near
total thyroidectomy is indicated in MTG, whereas emithyroidectomy plus ist-
mectomy is the choice in toxic adenoma.

4.3 Thyrotoxic Storm

Thyrotoxic storm is a severe complication of hyperthyroidism, and its diagnosis is
clinical. Clinical picture includes fever, agitation, psychosis, tachycardia, arrhyth-
mias, congestive heart failure, nausea, vomiting, diarrhea, jaundice, liver failure.

Its grading scale is evaluated by the Burch and Wartofsky score (Table 4.1).

Precipitating factors are abrupt withdrawal of ATD treatment, thyroidectomy or
any other surgery without previous normalization of hyperthyroidism, intercurrent
acute extra-thyroidal diseases, previous radioiodine treatment (actinic thyroiditis)
without adequate ATD pretreatment.
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Table 4.1 Point scale for the diagnosis of thyroid storm

Burch & Wartofsky Score
Grading scale of thyroid storm severity

25-44—suggests impending | >45—highly suggestive of

<25—unlikely to represent storm | storm storm
Temp CNS Gl/liver HR Heart failure | Precipitant
99-99.9 |5 | Agitation |10 | N/V/D 10 |99— |5 |Pedal |5 | Negative |0

pts pts pts | 109 |pts |edema |pts pts
100-100.9 | 10 | Delirium |20 |Jaundice |20 |110- |10 |Rales |10 | Positive |10

pts pts pts | 119 |pts pts pts
101-101.9 | 15 | Seizure/ | 30 120- |15 | Atrial |15

pts | coma pts 129 | pts | Fib pts
102-102.9 | 20 130- |20

pts 139 | pts
103-103.9 | 25 >140 |25

pts pts
>104.0 30

pts

Scores totaled >45: thyroid storm; 25-44 impending storm; <25 storm unlikely

Treatment of thyrotoxic storm is based on PTU (its faster action and block of T4
toT3 conversion), propranolol, corticosteroids, potassium iodide, antipyretic drugs
and cooling, hydration, nutritional support, and respiratory measurement in ICU.

4.4 Hyperthyroidism and GO

Fast normalization of hyperthyroidism and a stable control of hormonal levels are
required. Risk factors such as smoking should be eliminated. In mild cases, ATD
and methylprednisolone bolus treatment plus radioiodine are the choice options. In
most severe cases, radioiodine is contraindicated and surgery has its main indica-
tion, obtaining rapidly a marked improvement of GO.

Therapeutic strategies for GO are variable throughout western endocrinologists:
in Italy surgery and steroid boluses followed by radioiodine are the preferred
options.

4.5 Amiodarone-Induced Thyrotoxicosis (AIT)

Patients treated with amiodarone may develop thyrotoxicosis. It occurs in 6% of
patients in iodine-sufficient areas and up to 10% in areas with endemic lack of
iodine. In some cases, the development of hyperthyroidism may occur in 12 months
after amiodarone withdrawal. In AIT, amiodarone should be withdrawn and replaced
by another antiarrhythmic agent. Amiodarone withdrawal may be followed by a
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paradoxical increase of thyroid hormone levels, with worsening of hyperthyroid-
ism. The pathogenesis of thyrotoxicosis depends on the high amount of iodine in
amiodarone tablets (AIT type 1) and to its direct toxicity on follicular cells (AIT
type 2), that causes a disruptive thyroiditis. In AIT type 1, high doses of ATD (plus
sodium perchlorate) should be used, in type 2 only steroids. However, the distinc-
tion between type 1 and type 2 forms is not always so clear, so both ATD and ste-
roids can be used together. In refractory forms, surgery is indicated.

4.6 Hyperthyroidism and Pregnancy

Diagnosis of hyperthyroidism requires the assessment of not only TSH but also FT3
and FT4, since in the first trimester of pregnancy, TSH is often below the range of
normal value due to the high placental BHCG levels that directly stimulate thyroid
function. As a consequence, values of thyroid hormones may be in the upper range
of normal value or slightly elevated. TRAb is negative and clinical symptoms are
missing. This clinical picture does not require any treatment and remits spontane-
ously after the third trimester. When hyperthyroidism is present before pregnancy,
normalization of thyroid hormones has to be reached before pregnancy, and the
therapeutical option depends on clinical presentation of hyperthyroidism. In most
severe cases, a definite treatment (surgery or radioiodine) for hyperthyroidism
should be pursued. In hyperthyroidism during pregnancy, ATD can be used, keeping
in mind that both thiamazole and PTU possess a slight teratogenic effect (thiam-
azole > PTU). In the first trimester, ATD treatment must be shifted to PTU, in the
second trimester, it can be shifted again to thiamazole. Treatment should pursue
slightly elevated FT3 and FT4 levels using the minimal effective ATD dose, to avoid
the development of goiter in fetus, and TSH remains suppressed. In most cases,
hyperthyroidism spontaneously remits during pregnancy and recurs after delivery.
During breast feeding, thiamazole is allowed.

After delivery, thyroid disfunctions develop in several patients (10% in the USA).
Postpartum thyroiditis is an autoimmune disease that develops in the first trimester
after delivery mainly in patients with high TPO titers. The typical form has a tripha-
sic course, beginning with hyperthyroidism 1-6 months after delivery, followed by
hypothyroidism and finally euthyroidism is restored. Many patients (43%) develop
hypothyroidism without hyperthyroid phase, 32% develops thyrotoxicosis without
reaching hypothyroidism. TRAb remains negative. Thyroid ultrasound may be
diagnostic. Propranolol is the only treatment to be used in the hyperthyroid phase.

4.6.1 Subclinical Hyperthyroidism (SH)

In this condition, TSH levels are below the normal range and FT3 and FT4 levels are
normal. In the USA and in Europe, the prevalence of patients with TSH < 0.1 mU/
ml not suffering from thyroid disease is close to 0.7% and with TSH < 0.4 mU/ml
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is 1.8%. In 12 months, overt hyperthyroidism develops in 0.5-0.7% of these,
whereas normal values are reached in 5—12%. The most frequent causes of SH are
multinodular goiter, mainly in older patients, and Graves’ disease in the younger,
toxic adenoma and thyroiditis, in which SH is transient. SH is associated with an
increase of cardiovascular risk, heart failure, and atrial fibrillation. SH may worsen
the risk of fractures in osteoporotic women.

The normalization of TSH levels is recommended in patients with persistent SH
older than 65 years, in those with cardiovascular risk factors or osteoporosis, in
post-menopausal women, and in symptomatic patients. Treatment option should be
issued considering basal thyroid disease, cardiovascular risk, comorbidities, the risk
of thyroid neoplasm in large goiter, and the age of patients.
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Chapter 5
Minimally Invasive Treatments of Benign
Thyroid Nodules: Techniques and Results

Check for
updates

F. Ferrari, L. M. Sconfienza, L. Nicosia, and G. Mauri

5.1 Background

Benign thyroid nodules are frequently found incidentally in the general population,
by palpation or clinical examination in 4-8% [1], by ultrasonography in 10-40%
[2], and in 50% by autopsy [3].

In the majority of cases, thyroid nodules are benign and asymptomatic, no treat-
ment is required and, according to current guidelines, should be only followed clini-
cally [4].

However, when thyroid nodules grow in size, they can lead to the onset of symp-
toms (dysphagia, dysphonia) or some esthetic concerns. In these cases, a treatment
may be necessary. Until recently, the first-line treatment for benign thyroid nodules
has been surgery, even though it is invasive and with some drawbacks [5].

In order to spare thyroidectomy, more and more frequently, benign thyroid nod-
ules are now treated by image-guided minimally invasive treatments.
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Image-guided ablation procedures have been used since the 1980s for ablation of
many tumor types in different organ systems, have rapidly expanded in the 1990s,
and are nowadays not only considered feasible but also recommended for several
diseases [6, 7]. Since their born, these techniques have been introduced in the treat-
ment guidelines for tumors of the liver [8], kidney [9], and bone, but also prostate,
breast, and lung.

In the thyroid, the first thermoablative treatments were performed in the 2000s:
Pacella et al. [10] used laser ablation (LA) in two volunteers with huge autono-
mously functioning nodules in 2000, and Kim et al. [11] used radiofrequency abla-
tion (RFA) for ablating 35 benign cold thyroid nodules in 30 euthyroid patients in
2006 (Fig. 5.1).

In this chapter, an overview of the different available ablative techniques will be
provided, with a particular focus on indications to treatment and clinical results.

Fig. 5.1 Laser ablation of benign thyroid nodule. (a) Optical fibers in ultrasound guidance device
(21G), (b) benign thyroid nodule pretreatment, (c¢) placement of optical fibers using dedicated
simulation software, (d) thyroid nodule reduction of 85% after 1 year from treatment
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5.2 Indications

Already in 2009, the Korean Society of Thyroid Radiology (KSThR) had included
some preliminary recommendations for thyroid RFA [12], focusing on indications
and efficacy in the treatment of thyroid nodules.

Since then, with the emergence of new evidence from clinical trials, these recom-
mendations have been progressively revised.

In a 2016 revision, the Korean Society of Radiology set the indication to local
ablative thermal treatment as a first-line treatment for benign thyroid nodules that
cause symptoms or esthetic concerns, as an alternative to surgery or radioiodine
therapy [13].

The same recommendations for the use in clinical practice of minimally invasive
thermoablation treatments have been achieved in Europe, with the guidelines of the
European Federation of Societies for Ultrasound in Medicine and Biology
(EFSUMB) on interventional ultrasound (INVUS)-guided procedures. More
recently, in 2018, the Italian Minimally Invasive Treatment Thyroid (MITT) Group,
based on literature review and consensus opinion of interdisciplinary experts, pro-
posed thermoablation treatments as first-line treatments for solid nonfunctioning
thyroid nodules that are benign at cytology when they become symptomatic and for
nonfunctioning benign multinodular goiter only in patients who refuse or who can-
not undergo surgery [14].

Recently, the guidelines have opened up the possibility to use thermoablative
treatments also in autonomously functioning thyroid nodule (AFTN) in patients
who refuse or cannot undergo traditional treatments with radioiodine or surgery or
when the preservation of normal thyroid tissue function is a priority, and it is rea-
sonable to expect at least 80% nodule volume ablation [15].

In any case, nodules need to be cytologically proven benign with at least two
samples before being ablated. A single cytological sample can be considered ade-
quate to confirm nodule benignity if the US appearance is at low risk of malignancy.

In 2020, the European Thyroid Association published a Clinical Practice
Guideline for the use of image-guided ablation in benign thyroid nodules that offers
a list of recommendations for a state-of-the-art use of thermal ablation in the man-
agement of benign thyroid lesions [16].

5.3 Techniques

The objective of thermal ablation is to induce irreversible cell injury and ultimately
tumor apoptosis and coagulative necrosis by the application of high temperatures.
Heat can be generated from a variety of sources, including radiofrequency (RF),
microwave (MW), laser, high-intensity focused ultrasound (HIFU). The most com-
monly used techniques in the treatment of benign thyroid nodules are laser and
radiofrequency.
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RF ablation (RFA) is achieved by using 18—19G cooled electrodes, which from
the nonisolated tips emit high-frequency alternating current into the surround-
ing tissue.

The tissue ions attempt to follow the change in direction of the alternating cur-
rent, creating ionic agitation and then heating by friction to obtain thermal coagula-
tion and denaturation of proteins.

Laser technology is based on the precise focal application of a laser light through
optical fibers, from 1 to 4, with 0.3 mm in diameter, inserted by means of a 21G
introducer needle, to achieve a local temperature increase and cell coagulative
necrosis [17]. Several laser types have been evaluated and used for thermal ablation:
the Nd: YAG laser (1064 nm), semiconductor diode laser (805 nm), and argon laser
(488 and 514 nm).

The laser fiber, compared to the needle electrode of RFA (especially the umbrella-
shaped one), is smaller and less traumatic, and so this technique hold the potential
of allowing the treatment even in small nodules located in difficult or risky position
for the RFA with minimal damage to adjacent structures [18, 19].

MW technology is based on the application of an electromagnetic wave
(915-2450 MHz) through a 14-16G antenna placed directly into the target lesion.
This wave causes oscillating electrical charge that, because of interaction with
water molecules, causes the electrical charge of the molecules to flip back and
forth. Movements of the water molecules produce temperature rise and thermal
damage to the cells. Besides, it has been demonstrated that modern microwave
ablation (MWA) devices are able to heat continuously at a faster rate to generate
greater temperatures than RF ablation systems [20]. Increased heating rates and
internal temperatures overcome vascular perfusion more effectively and generate a
larger area of necrosis. MWA operates independently of any electrical current con-
vection and is not limited by tissue impedance, due to water vaporization at high
temperatures, or by the presence of adjacent high-flow vascular structures (heat-
sink effects).

Finally, high-intensity focused ultrasound (HIFU) ablation is based on the appli-
cation of US energy at high intensity, focused in a small volume where it determines
a mechanical effect (cavitation) and an increase in temperature, with a consequent
cell death.

The HIFU technique has the particularity of being the only true source of extra-
corporeal energy able to hit the lesion without damaging the overlying tissue.

All of these techniques are performed under local anesthesia and in some cases
mild conscious sedation, in an outpatient setting.

Thanks to these characteristics, image-guided thermal ablations offer the possi-
bility of being a minimally invasive treatment with low morbidity, low costs and
time of intervention and postoperative hospitalization, and have also the ability to
be feasible in patients who are not candidates for surgery due to the presence of
comorbidities (advanced age, end-stage renal disease, etc.) or anatomical
limitations.
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5.4 Clinical Applications

In the multicenter prospective randomized trial conducted by Papini et al. [21], 200
nodules were randomized to percutaneous laser ablation (PLA) or follow-up.

Entry criteria were: solid thyroid nodule with volume of 6—17 mL, repeat benign
cytological findings, normal thyroid function, no autoimmunity, and no thyroid
gland treatment.

Nodule volume and local symptoms changes were evaluated at 1, 6, 12, 24, and
36 months, and it has been observed a progressive volume reduction after PLA until
12 months that remains stable until 3 years and a slow enlargement of untreated
nodules in the absence of thyroid function changes.

The efficacy and safety of thermal ablative treatments, particularly of RFA, has
also recently been confirmed by Jung et al.’s prospective multicenter study [22].

A total of 276 benign thyroid nodules, with a mean volume of 14.2 + 13.2 mL,
were ablated by trained radiologists using unified protocol: after 12 months, the
mean volume reduction was 80.3%, even greater in the following months (36-month
follow-up 89.2%), therapeutic success was obtained in 97.8% cases, mean symptom
and cosmetic scores showed significant improvements (p < 0.001), and the rate of
major complications (transient voice change, hyperthyroidism) was 1.0%.

In confirmation of the latter data, two multicenter studies have shown in particu-
lar that these treatments are well tolerated and the risk of major complications is
very low.

In 2012 Baek et al. [23], in their retrospective multicentric analysis, evaluated
clinical aspects and imaging features of complications encountered in 1459 patients
underwent to treatment of benign thyroid nodules with radiofrequency (RF)
ablation.

Forty-eight patients experienced complications (3.3%), of which 20 were major
and 28 minor.

In particular major complications such as voice change, nodule rupture with or
without abscess formation, hypothyroidism, or brachial plexus injury and minor
complications such as hematoma, vomiting, or skin burn were considered.

The other multicenter study was performed in Italy in 2015 by Pacella et al. [24]
on clinical records of 1534 consecutive laser-treated nodules.

In this study, the efficacy of the treatment, with a mean volume reduction of 72%
+11 (volume decrease from 27 + 24 ml to 8 = 8 ml (p < 0.001)) of the nodule treated,
was confirmed. Seventeen complications (0.9%) were registered: eight patients
(0.5%) with transitory voice changes and nine minor complications (0.5%) such as
subcapsular or perithyroidal hematoma and skin burn.

Besides, 30.2% of patients experienced side effects, such as mild and moderate
burning pain, with sensation of local heat, sometimes radiated; in all cases, these
side effects lasted a few seconds and disappeared as soon as the laser was
switched off.
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Confirming their safety, it should be noted that ablative treatments are able to
preserve the thyroid function without significant percentages of hypothyroid-
ism [25].

There is still debate regarding which technique could achieve better results. In
some studies, trying to compare directly the two techniques, no significant differ-
ences were seen, with some variability due to the experience of the operator per-
forming the procedure. Thus, probably, when performed by operators with the same
experience, laser and RFA can achieve the same clinical results [26].

Proper targeting of nodules in close proximity to vital structures such as neck
vessels, trachea, and laryngeal nerve requires a good manual skill in placing the
devices correctly in an anatomical region as small as the neck.

Mauri et al. [18] have, in fact, preliminarily demonstrated that RFA and PLA are
similarly feasible, safe, and effective in treating benign thyroid nodules when per-
formed by the same equipment.

Comparing the 59 patients who underwent RFA with the 31 patients who under-
went PLA, no difference was found between the two techniques in time course of
the relative volume reduction: in particular, it has been observed a % relative reduc-
tion at 6 and 12 months of 60 + 15% and 70 + 16% in PLA group and 64 + 14% and
74 + 14% in RFA group.

Technical success was always obtained, and no major complications occurred.

Though, it has been noticed that RFA is faster than PLA but requires signifi-
cantly higher energy.

Then Pacella et al. [18], in a multicenter retrospective analysis with matched
cohort composed of 138 patients from each group (RFA vs. PLA) selected after
adjustment with propensity score matching, confirmed that PLA and RFA had
nearly similar outcome, but PLA was slightly more effective than RFA in large
nodules.

Mean percentage volume reduction was of =59 + 18% and —63 + 18% at 6 and
12 months, for small and medium nodules; in nodules >30 mL PLA, there was sig-
nificantly higher percentage volume reduction at 6 and 12months (—69 + 19 vs.
=50+ 21, p=0.001 and =73 £ 18 vs. =54 =23 8, p = 0.001) in the LA group than
in the RFA group, respectively.

This could be explained by the difference execution technique: multiple optic
fibers for PLA can be simultaneously inserted in the nodule and moved during the
procedures with more “pull back” the bigger the nodule is, with a more homoge-
neous distribution of heat energy in the target area and thus with greater treatment
efficacy. Moreover, with the trans-isthmic approach of RFA, it might be more dif-
ficult to treat the deeper part of large nodules, which can be conversely easily
reached by a direct puncture of the nodule on its long axis like in PLA.

No differences in major complications rate was observed, but there was higher
rate of hematoma in RFA group (4.5% vs. 0.9% in PLA group): in fact, the needle
electrode of RFA (especially the umbrella-shaped one) is bigger and more traumatic
compared to the laser fiber.

More recently, Bernardi et al. [27], in a multicenter retrospective study, have
evaluated the rates of not only technique efficacy but also regrowth and retreatment
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in 406 patients treated with either RFA or PLA, and followed for 5 years after initial
treatment.

Both thermal ablation techniques result in a clinically significant and long-lasting
volume reduction of benign thyroid nodules.

They confirmed that both RFA and LA have a good efficacy: a reduction of 50%
after 1 year from the treatment was achieved in 85% of patients in the RFA group
and in 63% of patients in the PLA group.

The risk of regrowth (20% in the RFA and 38% in the PLA group) and needing
retreatment was lower after RFA (12% in the RFA and 24% in the LA group). The
need for retreatment was associated with young age, large baseline volume, and
treatment with low-energy delivery.

Given these percentage of efficacy and safety, it is clear that percutaneous abla-
tive treatments have become more and more suitable today than surgery in the treat-
ment of benign diseases.

Che et al. [28] have compared two groups of 200 patients with nodular goiters
each treated with surgery or by radiofrequency ablation in terms of efficacy, safety,
and cost-effectiveness during a 1-year follow-up (Fig. 5.2).

Fig. 5.2 Radiofrequency ablation. (a) Internally cooled electrode (14G), (b) benign thyroid nod-
ule pretreatment, (¢) needle in the nodules during thermal ablation with gas production, (d) thyroid
nodule reduction of 73% after 1 year from treatment
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For equal effectiveness in nodule volume decreased, RFA had, versus surgery,
minor rate of residual nodules (2.9% vs. 11.9%, P = 0.004), fewer complications
(1.0% vs. 6.0%, P = 0.002), preservation of thyroid function, and fewer hospitaliza-
tion days (2.1 vs. 6.6 days, P = 0.001), but the cost difference was not significant.

A different data emerges instead from the retrospective study of Bernardi et al.
[29] in which 37 patients who underwent RFA were retrospectively compared to 74
patients surgically treated.

In this study, RFA has a significantly reduced cost than surgery (€1661.50 vs.
€4556.30); besides, both RFA and surgery were safe, although RFA had less com-
plications and pain was rare.

They had similar effectiveness, with no effect on thyroid function in euthyroid
patients, but surgery had best results for the treatment of hot nodules: surgery had
normalized TSH in 100% of the patients with hot nodules while hyperthyroidism
was completely resolved only in 33% of patients underwent RFA.

This is consistent with what has already been reported by Deandrea et al. [30] and
Faggiano et al. [31], who showed that hyperfunction was fully controlled respec-
tively in 24% and 40% of patients with hot nodules at 6 and 12 months after RFA.

Therefore, due to its proven efficacy, safety, low incidence of complications, and
good preservation of thyroid function, radiofrequency ablation should be consid-
ered a first-line treatment for benign thyroid nodules.

Less results are found in the literature regarding the use of MWA and HIFU in
the treatment of thyroid nodules because of their recent introduction into clinical
practice.

Korkusuz et al. [32] compared volume reduction of 118 benign thyroid nodules
3 months after RFA, MWA, or HIFU. MWA and HIFU showed results comparable
to RFA in reducing nodule volume and were equally effective and safe, without
major complications.

The effectiveness and safety of ultrasound-guided microwave ablation in the
treatment of benign thyroid nodules is also confirmed by Liu et al. [33] in their
study based on 435 patients’ experience.

Despite the limited number of studies, Lang and Wu [34] made a review about
the HIFU treatment in benign thyroid nodules in 2017. From the analysis of five
original articles, they showed that, just after single session of HIFU ablation, there
was an overall nodule volume reduction ranged between 45% and 68%, depending
on nodule size and length of follow-up; no major complications were reported in all
of the studies. However, larger-scale, prospective trials with longer follow-up period
are indeed required to confirm this.
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Chapter 6
Obesity: Classification and Diagnosis

Anna Ferrulli

6.1 Introduction

Despite significant investments into researching obesity, obesity prevalence contin-
ues to rise at alarming rates worldwide [1], and the phenomenon is extremely com-
plex. In order to counteract this situation, the obesity epidemic should be strategically
tackled at the global level [2].

Several scientific societies agree in defining obesity as a chronic, relapsing dis-
ease, underlying pathological disfunctions, and having complications leading to
morbidity and mortality. Therefore, the outdated classification of obesity according
to the body mass index (BMI) measurement does not reflect the whole complexity
of the disease [2]. In the last years, a great effort by the scientific societies has been
performed to improve the diagnostic criteria for obesity, taking into account other
dimensions such as the etiology, degree of adiposity, and health risks.

This chapter aims to propose an update on the diagnostic criteria of obesity and
different classification typologies, reflecting disease pathophysiology and specific
complications.

Furthermore, different phenotypes of individuals with obesity, reflecting the adi-
posity degree, the fat distribution, the genetic profile, etc. have been widely described
in this chapter.

Although a globally accepted definition of obesity is still lacking, the different
definitions and classifications highlight the heterogeneity of the disease and empha-
size the need of a new approach for the cure of obesity [3]. A personalized approach
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based on a multidisciplinary assessment of the patient with obesity, and not only on
BMI, should be strongly recommended.

6.2 Definition and Diagnosis of Obesity

6.2.1 Body Mass Index

Obesity was defined as a disease by the American Association of Clinical
Endocrinologists (AACE) in 2012, by the American Medical Association (AMA) in
2013, and subsequently, by multiple medical professional and national associations
[4]. According to the definition of “disease,” obesity meets the following essential
criteria: (1) impairment of the normal functioning of some aspect of the body; (2)
characteristic signs and symptoms; (3) complications that confer morbidity and
mortality [5]. A more complete and inclusive definition of obesity has been provided.

A long-term energy imbalance between too many calories consumed and too few
calories expended has been commonly identified as the fundamental cause of obe-
sity. However, numerous other factors could affect the chronic positive energy bal-
ance in obesity: age, sex, genetics, neuroendocrine factors, gut microbiota,
composition, concomitant medications, socio-cultural level, lack of knowledge,
homeostatic hunger, uncontrolled eating, and emotional eating [6, 7].

The traditional definition of obesity is based on the BMI compute, a ratio between
weight to the squared height (Kg/m?) of a subject. This formula easily approximates
body fat percentage and stratifies people into categories; it was developed about
200 years ago by Quetelet and represents an imprecise mathematical estimate [2, 8].

According to the BMI, general population is classified into five categories:

BMI < 18.5 kg/m? Underweight

BMI 18.5-24.9 kg/m? Normal weight

BMI 25-29.9 kg/m? Overweight

BMI 30-34.9 kg/m? Class I obesity

BMI 35-39.9 kg/m? Class II obesity

BMI > 39.9 kg/m? Class III obesity (morbid obesity)

The use of BMI for the diagnosis of obesity is even now widespread, due to its
convenience, safety, and minimal cost, although BMI ignores several significant
factors affecting adiposity, leading to a large error and misclassification [2].
Furthermore, the error in the diagnosis of obesity generates important effects on
healthcare costs [2].

Except in persons who have increased lean weight as a result of intense exercise
or resistance training (e.g., bodybuilders), BMI usually correlates with percentage
of body fat, but this relationship is independently influenced by sex, age, and race
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Table 6.1 WHO classification of overweight and obesity (1998)
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Disease risk
BMI (kg/ | Obesity Men < 102 cmy; Men > 102 cm;
m?) class women < 88 cm women > 88 cm
Underweight | <18.5 - -
Normal 18.5-24.9 - -
Overweight 25.0-29.9 Increased High
Obesity 30-349 |1 High Very high
35-39.9 |1I Very high Very high
Extreme >40 I Extremely high Extremely high
obesity

[9]. For example, in the South Asia population, the BMI-adjusted percent body fat
is greater than other populations. In the United States, obesity is defined as a BMI
of 27.3 kg/m? or more for women, and a BMI of 27.8 kg/m? or more for men. These
definitions were based on the gender-specific 85th percentile values of BMI for
persons 20-29 years of age. In children, obesity is defined as >95th percentile of
BMI (overweight as >85th percentile) as a function of age and gender using CDC
growth charts [10].

In 1998, however, the National Institutes of Health (NIH) Expert Panel on the
Identification, Evaluation, and Treatment of Overweight and Obesity in Adults
adopted the World Health Organization (WHO) classification for overweight and
obesity [11, 12]. In this classification, waist circumference has been added as an
additional parameter to define the risk of morbidity, in addition to BMI. According
to the WHO classification, an increased risk for comorbid conditions (hypertension,
type 2 diabetes mellitus, and cardiovascular disease) has been assigned to individu-
als with higher BMI compared to individuals with normal weight (BMI of
18.5-25 kg/m?) (Table 6.1). This classification is characterized by a predominant
applicability for the Caucasian population. For example, Asian populations are
known to be at increased risk for diabetes and hypertension at lower BMI ranges
than those for non-Asian groups due to predominance of central fat distribution.
Consequently, the WHO has suggested lower cutoff points for consideration of ther-
apeutic intervention in Asians: a BMI of 18.5-23 kg/m? represents acceptable risk,
23-27.5 kg/m? confers increased risk, and 27.5 kg/m? or higher represents high risk
[11, 13]. According to the WHO classification, an increased waist circumference
can also be a marker for increased risk even in persons with normal body weight.

6.2.2 Adiposity

Nowadays, the whole scientific community has recognized that the BMI cannot be
the only tool for diagnosing and classifying obesity. In fact, obesity is a remarkably
heterogeneous condition with varying cardiovascular and metabolic manifestations
across individuals, which may be different depending on gender and age [14, 15]. In
2017, a more complete and inclusive definition of obesity has been provided by the
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American Association of Clinical Endocrinologists (AACE) and American College
of Endocrinology (ACE) in a position statement; in fact, it was defined as an adipos-
ity-based chronic disease (ABCD) [16].

Adipose tissue is an extraordinarily dynamic, metabolically active organ involved
in multiple biological processes. In humans, two principal types of adipose tissue
can be recognized: the brown adipose tissue (BAT), localized in supraclavicular and
paravertebral regions, and the white adipose tissue (WAT). The latter includes sub-
cutaneous adipose tissue (SAT) and visceral adipose tissue (VAT) surrounding
abdominal organs [3]. A significant association between the excess of fat deposition
in VAT and in deep SAT and an increased mortality and morbidity risk has been
demonstrated [17, 18].

A pathological expansion of fat mass and/or unhealthy distribution of body fat
could induce dysfunctions of adipose tissue, leading in turn to cardiometabolic
complications such as dyslipidemia, insulin resistance, hypertension, atherosclero-
sis, and adverse cardiac remodeling [15, 19, 20]. Although it is well known that
visceral/ectopic fat accumulation represents the major contributor to cardiometa-
bolic risk above and beyond the BMI, fat distribution assessment into clinical prac-
tice remains crucial for an initial screening. For this reason, the European Association
for the Study of Obesity (EASO) has recently argued that the simple measure BMI
should continue to be used within International Classification of Diseases (ICD)-11,
associated with a deeper assessment and classification of obesity typology [2].

6.3 Classification of Obesity

Based on the size and distribution of adipose tissue, four different phenotypes of
obesity could be identified.

6.3.1 The Metabolically Unhealthy Obesity (MUO)

Individuals with BMI > 30 kg/m?, body fat percentage > 30%, and high visceral fat
mass, associated with metabolic syndrome, type 2 diabetes, and atherosclerotic car-
diovascular diseases, are defined as suffering from MUO [21]. Insulin resistance
and abdominal obesity play a crucial role in the pathophysiology underlying the
development of unhealthy obesity. The term “insulin resistance” usually indicates
resistance to the effects of insulin on glucose uptake, metabolism, or storage. In
obesity and type 2 diabetes, a decreased insulin-stimulated glucose transport and
metabolism in adipocytes and skeletal muscle, and an impaired suppression of
hepatic glucose output have been observed [22]. These functional defects may be
due to an impaired insulin signaling in all three target tissues and, in adipocytes, to
a downregulation of the major insulin-responsive glucose transporter, GLUT4.
Moreover, in both muscle and adipocytes, insulin binding to its receptor, receptor
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phosphorylation and tyrosine kinase activity, and phosphorylation of insulin recep-
tor substrates (IRSs) are reduced. Advances over the last decade have expanded our
understanding in the role of adipocytes in the development of insulin resistance. A
wide variety of molecules including hormones such as leptin, cytokines (e.g., TNF-
a) and substrates (e.g., fat-free acids) have been released from the adipose tissue
and have been involved in the regulation of energy balance and glucose homeosta-
sis, suggesting a crucial role of the adipose organ in affecting insulin sensitivity and
secretion, through cellular and molecular mechanisms [21].

Studying hormonal differences after an oral glucose tolerance and assessing an
impaired glucose homeostasis test may be useful to identify individuals with propen-
sity for a MUO phenotype [23]. Higher plasma glucose-dependent insulinotropic
polypeptide, lower postglucose load glucagone-like-peptide-1 (GLP-1), and higher
levels at baseline and after glucose load have been reported in individuals with MUO,
suggesting a deficiency in glucagon suppression, as one of the possible underlying
mechanisms [24]. Compared to subjects with metabolically healthy obesity (MHO),
MUO individuals show a decreased adipose tissue expression of genes involved in
glucose uptake and lipogenesis. Furthermore, the subjects had an omental adipocyte
size greater than MHO, while subcutaneous adipocyte size was related to metabolic
health, and possibly progression from hepatic steatosis to fibrosis [21]. Liver, muscle,
and adipose tissue insulin action has been foud to be directly related to intrahepatic
triglyceride (IHTG) content in individuals with obesity [25], specifically the progres-
sive increase in IHTG content is associated with progressive impairment of insulin
action in liver, skeletal muscle, and adipose tissue, therefore the assessment of IHGT
could be useful to establish to entity of metabolic dysfunction in obesity [25].

In MUO subjects, increased blood pressure, plasma triglyceride levels, very low
density lipoprotein (VLDL) apoB100 concentrations, VLDL apoB100 secretion
rates, and decreased plasma adiponectin concentrations, insulin sensitivity in the
liver, skeletal muscle, and adipose tissues account for an increased risk for cardio-
vascular diseases [21].

6.3.2 The Metabolically Healthy Obesity (MHO)

Despite the high BMI, individuals with MHO exhibit a healthy metabolic profile,
characterized by high insulin sensitivity, favorable lipid profile and low pro-
inflammatory cytokine levels in plasma and adipose tissue [26]. Establishing
whether an individual with obesity can be defined “metabolically healthy” is not
easy; in fact, more than 30 different definitions have been used in different studies.
In most cases, MHO was defined as having <2 of the following five metabolic syn-
drome criteria: high systolic and diastolic blood pressures, high plasma triglycerides
concentration, low HDL-C concentration, high fasting blood glucose, and a large
waist circumference (>102 cm for men; >88 cm for women); or <1 abnormal com-
ponent excluding waist circumference [27]. Additional criteria, including high
plasma total cholesterol, LDL-cholesterol, and C-reactive protein concentrations,
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Table 6.2 Proposed criteria for the diagnosis of metabolically healthy obesity (MHO)

Basic criteria

Absence of diagnosis or therapy
for cardiometabolic diseases

Absence of prediabetes, T2D, hypertension, dyslipidemia,
NAFLD, CKD, or CVD; or treatment with blood pressure,
lipid, or diabetes medications

Healthy cardiometabolic profile

Fasting triglycerides <95 mg/dL

HDL-C >40 mg/dL in men and >50 mg/dL in women
Fasting glucose <100 mg/dL

2-h OGTT glucose <140 mg/dL

Blood pressure

<130/85 mmHg

Advanced criteria

Intrahepatic lipid content (for
those not having NAFLD
diagnosis)

<5% of liver volume by imaging or
<5% of hepatocytes with intracellular triglycerides by
histology

Insulin sensitivity

GIR >8 mg/kg FFM/min during an HECP (insulin infusion

rate: 40 mU/m?*/min)

CKD chronic kidney disease, CVD cardiovascular disease, FFM fat-free mass, GIR glucose infu-
sion rate, NAFLD nonalcoholic fatty liver disease, HECP hyperinsulinemic-euglycemic clamp
procedure, OGTT oral glucose tolerance test, 72D type 2 diabetes

2-h blood glucose concentrations during an oral glucose tolerance test, and indices
of insulin sensitivity/resistance [based on: the homeostasis model assessment of
insulin resistance (HOMA-IR) score, the Matsuda index (an index of whole-body
insulin sensitivity), the glucose infusion rate during a hyperinsulinemic-euglycemic
clamp procedure, and the insulin suppression test] have also been used to determine
MHO [28].

In order to avoid that people who are reported as having MHO are often not truly
healthy, recently, Smith et al. [28] proposed more rigorous criteria, based on (a) the
absence of cardiometabolic diseases, (b) a healthy cardiometabolic blood profile,
(c) the absence of advanced criteria, such as normal insulin sensitivity and normal
intrahepatic lipid content (Table 6.2).

The prevalence of MHO is extremely variable due to the different criteria used
to define metabolic health, and ranges from 6% to 60% of adults with obesity [29,
30]. In general, MHO is more common in women than in men, in younger than in
older adults, in people with BMI < 35 kg/m? than in people with BMI of 35 kg/m?
or higher, and in the European population than in those from Africa, South America,
and South Asia (Indian ancestry) [28]. Although MHO has been described as a
benign condition, many studies have shown that MHO condition increases by itself
the risk for CVD, chronic kidney disease, and fatty liver disease. In this regard,
Schroder and colleagues, who followed a cohort of obese patients for 10 years,
showed a progression from MHO to metabolically unhealthy obesity (MUO),
highlighting that the MHO phenotype does not seem to be a harmless condi-
tion [31].
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6.3.3 The Metabolically Obese Normal Weight
(MONW) Phenotype

This obesity phenotype has been described for the first time in the 1980s by
Ruderman et al. [32]. This category includes individuals who are not obese by stan-
dard weight tables but who, nonetheless, have metabolic disabilities that are typi-
cally associated with adult-onset obesity.

Individuals with MONW exhibit a higher percentage of VAT, a high fat mass,
hyperinsulinemia, lower insulin sensitivity, dyslipidemia, and higher plasma levels
of pro-inflammatory cytokines [3]. As for the MHO, the prevalence of this condition
varies from 7% to 20%, depending on the number of metabolic abnormalities and
considered cut points. In most cases, patients with MONW are older, former smok-
ers, hypertensive, and sedentary than healthy individuals [33]. To identity MONW,
higher waist circumference (women: 75.5 vs. 73.1 cm; men: 88.0 vs. 85.1 cm),
higher glycated hemoglobin (6.1% vs. 5.3%), higher triglycerides (1.47 vs.
1.11 mmol/L), and higher levels of high-sensitive C-reactive protein (0.81 vs.
0.51 mg/L), and lower levels of HDL-cholesterol (1.28 vs. 1.49 mmol/L) should be
considered [21].

Two other useful markers to identify MONW phenotype could be: the triglycer-
ides index [fasting triglycerides (mg/dL) x fasting glucose (mg/dL)]/2 which is
higher compared to normal weight population [34], and an excessive deposition of
VAT compared to overweight or obese subjects, called “thin-on-the-outside fat-on-
the-inside” (TOFI) [35].

In these individuals, cardiometabolic complications may go undetected for years
because normal body weight masks the need for early detection and treatment.

In order to improve this diagnosis, the measure of waist circumference should be
recommended in men witha BMI>23.8kg/m?and in women witha BMI>22.5 kg/m?.

6.3.4 Normal Weight Obese (NWQO) Syndrome

Excessive body fat (>30%) despite normal body weight (BMI 18.5-24.9 kg/m?) has
been described as normal weight obesity (NWO) syndrome. Sex- and age-adjusted
cutoff values for NWO have been proposed by some investigators. These were
defined as the combination of a normal BMI and an increased body fat percentage:
20-39 years, >19% and >32%; 40-59 years, >21% and >33%; and 60-79 years,
>24% and >35% for men and women, respectively.

Obviously, this condition predisposes to the development of noncommunicable
chronic diseases, especially cardiometabolic diseases. NWO individuals exhibit
higher blood pressure, increased fasting glucose levels, and worse lipid profile com-
pared to normal weight subjects [36].

The mechanisms underlying the NWO status could be identified in higher oxida-
tive stress level and early inflammation status [37]. Several single-nucleotide
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polymorphisms (SNPs) related to inflammatory genes have been identified in NWO;
they concern the IL-6 gene (strong correlation between HOMA-IR and body fat per-
centage) [38], IL-15 receptor-alpha and methylenetetrahydrofolate reductase
(MTHFR) enzyme (relationship between adipose tissue and skeletal muscle) [33],
TNF-a gene (sarcopenic obesity susceptibility) [39], TP53 codon 72 in exon 4 (reduc-
tion of appendicular skeletal muscle mass index with increased sarcopenia risk) [40].

Together these conditions lead to an increased risk of cardiovascular diseases
mortality which is 2.2-fold higher compared with that of individuals with low total
body fat mass [41]. Worldwide prevalence has been estimated near to 10%, although
there is a wide variation between the studies carried out thus far. This variation is
due to ethnic differences, different methodologies used to assess body composition,
and different cutoff points established for the diagnosis of NWO. NWO conditions
occur more frequently in women than in men, especially aged over 55 years.

6.3.5 Sarcopenic Obesity (SO)

Sarcopenic obesity is a clinical and functional condition characterized by the coex-
istence of excess fat mass (FM) and sarcopenia [42]. Sarcopenia is defined as a
reduced skeletal muscle mass or myopenia, with consequent muscle dysfunction
with low muscle strength (dynapenia) and performance. Sarcopenic obesity is more
common in older individuals, but this condition can affect also younger patients
with disability, during acute or chronic diseases [chronic kidney disease, chronic
obstructive pulmonary disease, congestive heart failure, cancer, after bariatric sur-
gery (particularly in the absence of nutritional supervision)], HIV infection, or sub-
mitted to long-lasting incongruous dietary regimens and weight cycling [42].

The prevalence of SO ranges from 2.75% to over 20%, depending on the applied
diagnostic criteria and the methods of body composition assessment. Sarcopenic
obesity is characterized by increased mortality and functional limitations, represent-
ing an important public health concern [43, 44].

Several pathways seem to be involved in the pathogenesis of the obesity/muscle
impairment syndrome. For example, age-related changes in body composition lead
to a muscle mass and strength progressive decline; both visceral fat and intramuscu-
lar fat tend to increase, while subcutaneous fat in other regions of the body declines.
Fat infiltration into muscle is associated with lower muscle strength and leg perfor-
mance capacity [45]. Physical inactivity represents another important risk factor for
body weight gain; conversely, obesity leads to physical inactivity and decreased
muscle strength. In turn, muscle atrophy induces reduction in metabolic rate both at
rest and during physical activity and may further aggravate the sedentary state, all
of which can cause weight gain [46].

Pro-inflammatory cytokines, such as IL-6 or TNF-a, produced by adipose tissue
(especially visceral fat) or infiltrating macrophages, induce inflammation, accelerating
muscle catabolism. A positive correlation has been shown between pro-inflammatory
cytokines and fat mass, and a negative correlation with muscle mass [47]. Increased
pro-inflammatory cytokine levels could affect protein metabolism both directly,
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Table 6.3 Clinical features of obesity phenotypes

MUO MHO MONW NWO SO
BMI (kg/m?) >30 >30 18.5-25 18.5-25 >30
VAT/FM High VAT | Low VAT | High VAT FM > 30% | High VAT
FFM Normal/low | High Normal Normal Low
Metabolic complications Present Absent | Present Absent Present
Cardiovascular complications | Present Absent Present/silent | Present Present

through its effect on muscle amino acid balance, and indirectly, through insulin sensi-
tivity [21]. In fact, an involvement of inflammatory molecules in the etiopathogenesis
of insulin resistance has been demonstrated through a cross-talk between cytokine
receptors and insulin receptor signaling [48]. Since insulin is a powerful anabolic hor-
mone, insulin resistance may result in muscle catabolism in individuals with obesity.

Depressed secretion of growth hormone (GH) and insulin-like growth factor I
(IGF-I), consequent to high circulating free fatty acids levels in obesity, reduced tes-
tosterone circulating levels, and malnutrition/weight loss could be considered other
possible mechanisms contributing to muscle impairment in individuals with obesity.

The diagnosis of SO represents a key problem and requires body composition
evaluation, metabolic, functional, and genetic approaches.

The main clinical features of obesity phenotypes are reassumed in Table 6.3.

6.4 Secondary Causes of Obesity

Secondary causes of obesity are rare and can be classified into endocrinological,
genetic, and iatrogenic etiologies. About 2-3% of “essential”” obesity in pediatric age
is of endocrine or genetic origin (secondary obesity) [49]. Actually, this percentage
could be higher, since secondary causes of obesity are generally underdetected and
undertreated. Therefore, the evaluation of individuals with obesity should include
screening for potentially treatable endocrine, neurologic, and genetic conditions, other
than assessing the degree of obesity and screening for the associated comorbidities.
The main secondary causes of obesity are reassumed in Table 6.4.

6.4.1 Endocrine Causes
6.4.1.1 Cushing’s Syndrome

Pituitary or adrenal tumors, ectopic adrenocorticotropic hormone (ACTH) secre-
tion, or exogenous glucocorticoids could induce a hypercortisolism condition [50].
Cortisol is involved in the regulation of metabolisms of carbohydrate (by promot-
ing gluconeogenesis and glycogenesis in the liver and by decreasing the sensitivity
of peripheral tissue to insulin, with consequent increase of glucose plasma level),
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Table 6.4 Secondary causes of obesity

Endocrine causes

— Hypothyroidism

— Cushing syndrome

— Polycystic ovary syndrome

— Growth hormone deficiency

— Hypothalamic obesity

— Hypogonadism

— Pseudohypoparathyroidism
Genetic causes

Monogenic obesity

— Leptin and leptin receptor deficiency
— POMC deficiency

— Melanocortin receptor 4 deficiency
— Prohormone convertase deficiency

— BDNF and TrkB insufficiency

— SIM 1 insufficiency

Syndromic obesity

— Prader—Willi syndrome

— Bardet-Biedl syndrome

— Beckwith-Wiedemann syndrome
— Alstrom—Hallgren syndrome

— Carpenter syndrome

— Cohen syndrome

latrogenic causes

Drugs

— Antidiabetic drugs: Insulin, sulfonylureas, thiazolidinediones, inhibitors of dipeptidyl
peptidase 4 (DPP-4)

— Central acting drugs: Clozapine, olanzapine, amitriptyline, paroxetine, carbamazepine,
gabapentin, valproates

Smoking cessation

Eating disorders

protein (by increasing peripheral protein catabolism), and lipid (by enhancing the
activation of lipoprotein lipase in adipocytes, and in turn, by increasing fat accu-
mulation). Glucocorticoids are also involved in the differentiation of adipose stro-
mal cells into mature adipocytes. It has been found that the glucocorticoid action
is regulated by the activity of the 11p-hydroxysteroid dehydrogenase, in particular
type 1, which is widely expressed in adipose tissue and enhances the local effect
of cortisol by promoting the conversion of inactive cortisone into active corti-
sol [51].

Central obesity occurs in 80-90% of individuals with Cushing’s syndrome and is
characterized by a predominant localization of the adipose tissue in the face (moon
face), neck, dorsocervical area (buffalo hump), supraclavicular area (fat pads),
retro-orbital space (exophthalmos), trunk, and abdomen, with wasting of the
extremities.
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Diagnosis of Cushing’s syndrome is primarily based on the signs and symptoms
of the disorder. Nevertheless, a significant number of these patients present only
with simple obesity or with type 2 diabetes mellitus. A study has found a significant
rate (9.33%) of Cushing’s syndrome in a population of patients with simple obesity,
suggesting that patients with obesity should be routinely screened for Cushing’s
syndrome [52].

6.4.1.2 Hypothyroidism

The link between obesity and autoimmune thyroid dysfunction (AITD), the main
cause of hypothyroidism in adults, is now well established. In fact, the prevalence
of AITD in obesity has been reported to be 12.4% in children and between 10% and
60% in adults [53]. This relationship is not surprising because thyroid hormones
regulate energy metabolism and thermogenesis and play a critical role in glucose
and lipid metabolism, food intake, and the fatty acids oxidation [54].

The main contributor of weight gain in hypothyroidism is the reduced resting
energy expenditure (REE), which comprises around 60% of total energy expendi-
ture in adult man. Measurable differences in REE have been described also with
smaller variation in thyroid function.

Eisenberg and Distefano [55] studied in a population of thyroidectomized
patients the association between the administered and adsorbed doses of levothy-
roxine T4 (L-T4) and serum TSH levels, showing that a change in serum TSH from
4.0 to 0.4 mU/L corresponds to a quite substantial (approximately 40%) increase in
the absorbed dose of L-T4.

A 7-8% difference in REE corresponds to a daily difference in metabolism of
around 10 g of lipid. Thus, assuming unaltered energy intake and activity energy
expenditure, differences in thyroid function tests might theoretically be associated
with several body weight variations [56].

The accumulation of fluid rich in glycosaminoglycans may represent another
mechanism contributing to body weight gain in hypothyroidism [50].

Regardless of AITD, higher TSH levels (at the upper limit of the normal range or
slightly increased) have been observed in obese children, adolescents, and adults,
with a positive correlation with BMI [53]. Despite the higher plasma TSH levels,
TSH receptors are less expressed on adipocytes of obese vs. lean individuals, induc-
ing downregulation of thyroid hormone receptors and thyroid hormone action,
thereby further increasing plasma TSH and FT3 concentrations and constituting a
condition of peripheral thyroid hormone resistance [57]. This sequence of events
would be reversed by weight loss, which restores the size and function of mature
adipocytes [57].

The last European Society of Endocrinology Clinical Guidelines on the Endocrine
Work-up in Obesity recommended to test all patients with obesity for thyroid func-
tion and to treat overt hypothyroidism (elevated TSH and decreased FT4) in obesity
irrespective of auto-antibodies positivity [58].
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6.4.1.3 Polycystic Ovaries Syndrome (PCOS)

Obesity represents an important risk factor for the clinical and biochemical mani-
festations of PCOS in women who are genetically predisposed [6]. Studies have
shown that about 50% of women with PCOS are obese [50].

A different hormonal environment has been observed in women affected from
PCOS and obesity, compared to normal-weight PCOS-affected women [59].
Primarily, women with obesity, particularly those with the abdominal obesity phe-
notype, are usually more insulin resistant and more hyperinsulinemic than their
normal-weight counterparts [60].

In turn, hyperinsulinemia increases androgen levels via stimulation androgen
biosynthesis in the ovarian theca cell and via suppression of sex hormone binding
globulin (SHBG) by the liver [50].

In fact, the presence of obesity, particularly the abdominal phenotype, in PCOS
women appears to increase the availability of active androgens and estrogens and
worsen hirsutism, menstrual cyclicity, and fertility rate. A key role in the pathogen-
esis of ovarian hyperandrogenism in PCOS is played by hyperactivity of the
P450c17 enzyme, which is located in the ovarian theca-interstitial cells and in the
adrenal gland [61].

Weight loss and insulin-sensitizing agents, such as metformin, have been associ-
ated with improvement of hyperandrogenism and metabolic parameters of PCOS.

6.4.1.4 Growth Hormone Deficiency

GH and IGF-1 exert important metabolic actions and regulate body composition,
REE, bone mineral density, and lipid metabolism. Specifically, GH inhibits lipopro-
tein lipase, increases hormone-sensitive lipase, stimulates adipocytes lipolysis,
enhances protein synthesis, and increases muscle mass.

Growth hormone (GH) deficiency in adults is characterized by decreased muscle
mass, increased trunk fat deposition, and reduction of total body water. A GH defi-
ciency should be supposed in individuals with a history of hypothalamic or pituitary
disease, with subnormal serum insulin-like growth factor-1 (IGF-1) concentration
or subnormal serum GH response to a potent stimulus such as insulin-induced
hypoglycemia [50].

The relationship between GH deficiency and obesity is complex and bidirec-
tional. Although primary GH deficiency leads to centripetal adiposity, visceral obe-
sity could be associated with a secondary reduction in serum GH levels [62].
Increased concentrations of leptin, insulin, free fatty acids (FFAs), and IGF-1 seem
to be involved in modulation of GH release [63].

6.4.1.5 Hypogonadism

Obesity and male hypogonadism are often associated, there is a two-way relation-
ship between the two conditions. Data from prospective studies show that patients
with hypogonadism are at increased risk of becoming obese. On the other hand,
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among obese patients, the incidence of androgen deficiency is high [64].
Hypogonadism impairs fertility, sexual function, bone mineralization, fat metabo-
lism, and cognitive function, deteriorates muscle mass, and alters body composition
[65]. However, hypogonadism is often underdiagnosed as secondary cause of obe-
sity, despite its great impact on quality of life. Hyperestrogenism, metabolic endo-
toxiemia, and hyperleptinemia represent the three major risk factors in the
pathogenesis of hypogonadism [66].

The increased adipose tissue in obesity induces an overexpression of the enzyme
aromatase, with consequent increased conversion of testosterone into estradiol. In
turn, the hyperestrogenism decreases lutein hormone (LH) pituitary secretion
through a negative feedback action that impairs the synthesis and production of
testosterone from Leydig cells [67].

Concerning the metabolic endotoxemia, an hypercaloric and hyperlipidic diet
might facilitate the transition of bacterial endotoxins from gut lumen into the blood
stream. The reduced testosterone levels in obesity and its immunosuppressive action
result in a reduced ability of the individual to fight infections [66].

Furthermore, the hyperleptinemia observed in individuals with obesity inhibits
the precursor of testosterone, the human chorionic gonadotropin (hCG)-stimulated
androstenedione. Leptin receptors have been found to be expressed in murine and
human Leydig cells [68].

In women, menopause condition is often associated with body weight gain. The
loss of estrogen and progesterone and the rapid decline of GH induce increased lean
body mass and increased visceral fat and visceral fat/subcutaneous fat ratio, with
prevalent abdominal obesity.

6.4.1.6 Pseudohypoparathyroidism

Pseudohypoparathyroidism (PHP) type la is an inherited condition (autosomal
dominant) characterized by target organ unresponsiveness to several hormones,
including TSH, PTH, LH, and FSH, due to inability to activate adenyl cyclase.

PHP type la is caused by the germline loss of functional mutations in the gene
encoding of the subunit of Gs (GNAST), a protein coupling the membrane hormone
binding domain with adenylate kinase.

These genetic mutations are responsible for reduced lipolytic response to epi-
nephrine (due to decreased intracellular cAMP levels), accelerated differentiation of
fibroblasts to adipocytes and GH deficiency, and consequently of the body
weight gain.

Somatic features of PHP type la (Albright’s hereditary osteodystrophy) include
short stature, obesity rounded face, subcutaneous ossifications, and shortening and
widening of long bones in the hands and feet (brachydactyly mostly affecting the
fourth and fifth rays), and less frequently, mental retardation, in association with
hyperphosphatemia and hypocalcemia.
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6.4.1.7 Hypothalamic Disorders

Obesity associated with damage of the hypothalamic region is characterized by
hyperphagia.

Craniopharyngioma (especially following surgery), inflammatory processes
such as sarcoidosis and tuberculosis, vascular damage, head trauma, and cranial
radiotherapy could be implicated in the pathognesis of hypothalamic obesity [69].
In the more severe conditions, hypothalamic obesity could be associated with
multiple endocrine dysfunctions as amenorrhea or impotence, diabetes insipidus,
and thyroid or adrenal insufficiency [69]. Other symptoms such as convulsion,
hypothermia or hyperthermia, somnolence, headache, vomiting, and visual dis-
turbances may occur in individuals with hypothalamic obesity [21, 69].

6.4.2 Genetic Causes

Obesity is a complex, heritable trait influenced by the interplay of genetics, epi-
genetics, metagenomics, and the environment. Single-gene and syndromic causes
of obesity can be distinguished. Obesity based on mutation of one gene has been
defined as monogenic obesity; it mainly involves the hypothalamic leptin—-melano-
cortin pathway, which is known to play a critical role in the regulation of energy
homeostasis.

6.4.2.1 Leptin and Leptin Receptor Deficiency

Leptin receptor (LepR) deficiency is an autosomal-recessive endocrine disorder
causing early onset severe obesity, hyperphagia, and pituitary hormone deficiencies,
such as hypothalamic hypothyroidism and hypogonadotropic hypogonadism.
However, recognition is challenging and prevalence is unknown. A recent epide-
miological study estimated the prevalence of LepR deficiency in European popula-
tion, corresponding to 1.34 per one million people [70]. Other features reported in
patients with LepR deficiency are hyperinsulinemia and frequent infections, prob-
ably related to a reduction in circulating CD4+ T cells, abnormal T-cell proliferation
and abnormal release of cytokines.

The leptin deficiency is due to homozygous frameshift or missense muta-
tions of the OB gene (7q31.3), which are inherited as an autosomal recessive
trait. The diagnosis of congenital leptin deficiency has been confirmed by ana-
lyzing serum leptin levels or the presence of mutations in the OB gene. The
treatment consists of the administration of physiological doses of leptin, result-
ing in substantial improvement of body weight, reduced appetite, and normal
pubertal development [50].
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6.4.2.2 POMC Deficiency

Pro-opiomelanocortin (POMC) is the precursor of ACTH, lipotropin, a-melanocyte-
stimulating hormone (a-MSH), B-MSH, and endorphin. POMC peptides produced
by hypothalamus act as endogenous ligands for the melanocortin 4 receptor
(MC4R), a brain-expressed Gas-coupled GPCRs involved in weight regulation [50].

POMC is associated with ACTH deficiency, hyperphagia with severe early onset
obesity and red hair pigmentation.

6.4.2.3 MCR4 Deficiency

Among the causes of monogenic obesity, MCR4 deficiency represents the most
frequent (1-2.5% of individuals with obesity). The melanocortin 4 receptor (MC4R)
is involved in energy balance control and mediates most of the anorectic effects of
leptin [50]. Mutations in the MC4R gene are associated with accelerated linear
growth that is disproportionate for the degree of obesity and leads to increased adult
final height. GH pulsatility is maintained in MC4R deficiency, suggesting a role for
MC4R in controlling hypothalamic somatostatinergic tone. Individuals carrying
MC4R mutations exhibit significantly higher fasting insulin levels. Both of these
factors may contribute to the accelerated growth phenotype characteristic of MC4R
deficiency [71]. Nowadays, no specific therapy for MCR4 deficiency exists.

Several congenital and genetic disorders may be associated with severe obesity.
Syndromic forms of obesity often joined dysmorphic features, developmental delay,
and mental retardation.

6.4.2.4 Prader-Willi Syndrome

Prader—Willi syndrome (PWS) is a multisystem disorder with an estimated preva-
lence in several studied populations of 1/10,000-1/30,000 [72]. The absence of
paternally expressed imprinted genes at 15q11.2-q13 through paternal deletion of
this region (65-75% of individuals), maternal uniparental disomy 15 (20-30%), or
an imprinting defect (1-3%) represent the causes of Prader—Willi syndrome [72],
leading to the lack of the small nuclear ribonucleoprotein polypeptide N
(SNRPN) gene.

Clinically, PWS is characterized by severe hypotonia with feeding difficulties in
early infancy, followed in later infancy or early childhood by excessive eating and
gradual development of morbid obesity, delay in motor milestones and language
development. All individuals have some degree of cognitive disability [72]. The
physical aspect is characterized by short stature, facial dysmorphism, strabismus,
scoliosis, slender hands with a hypoplastic ulnar bulge, and hypopigmentation of
hair, eyes, and skin. Furthermore, individuals with PWS (both males and females)
develop hypogonadism, with consequent genital hypoplasia, incomplete pubertal
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development, and often, infertility, GH insufficiency, type II diabetes mellitus
(especially, individuals with obesity).

Obesity management is crucial in the care of patients with PWS to prevent sev-
eral metabolic complications [50].

Other less frequent syndromic forms of obesity and their clinical features are
summarized in the Table 6.5.

Table 6.5 Syndromic forms of obesity

Syndromes

Gene
mutation

Short
stature/
decrease
in height
velocity

Delayed
psychomotor
development

Other clinical features

Prader-Willi

15q11.2-q13

Yes

Yes

Facial dysmorphism, hypotonia,
small hands and feet,
hypogonadism

Bardet-Biedl

BBS1, BBS4,
BBS9,
BBS10

Yes

Yes

Polydactyly, retinitis pigmentosa,
hypogonadism, kidney disorders

Alstrom

ALMSI1

Yes

No

Hearing loss, dilated
cardiomyopathy,
hypergonadotropic hypogonadism,
hypothyroidism, acanthosis
nigricans resulting from
hyperinsulinemia

Cohen

VPS13B/
COH1

Yes

Yes

Microcephaly, hypotonia, retinal
dystrophy, myopia, thick hair and
eyebrows, long eyelashes,
down-slanting and wave-shaped
eyes, smooth or shortened nasal
philtrum, and prominent upper
central incisors

Carpenter

RAB23/
MEGF8

Yes

Yes

Macrosomia, umbilical hernia,
craniosynostosis, brachydactyly,
cutaneous syndactyly, preaxial
polydactyly in the toes and
postaxial polydactyly in the hands,
congenital cardiac malformations,
hypogonadism, cryptorchidism

Albright’s
hereditary
osteodystrophy
(AHO)

GNAS

Yes

Yes

Round face, brachydactyly,
subcutaneous ossifications,
pseudohypoparathyroidism,
hypocalcemia

WAGR

11p13 region
PAX6/WTI1

Yes

Yes

Wilms tumor, aniridia (absence of
the colored part of the eye, the
iris), genitourinary anomalies,
mental retardation
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6.4.3 Iatrogenic Causes
6.4.3.1 Medication

Several medications can induce obesity by promoting hunger and by decreasing
resting state metabolism [69]. Drug categories that are most frequently associated
with weight gain are: antidepressants (citalopram, mirtazapine, amitriptyline, par-
oxetine), antipsychotics (olanzapine, lithium, clozapine, quetiapine, risperidone,
ziprasidone), anti-epileptics (carbamazepine, gabapentin, valproic acid), antidiabet-
ics (insulin, sulfonylurea derivates), anti-hypertensives (a-adrenergic blockers,
[-adrenergic blockers), corticosteroids, proton pump inhibitors, protease inhibitors,
anti-histamines [69].

6.4.4 Eating Disorders

Eating disorders are serious psychiatric disorders characterized by abnormal eating
or weight-control behaviors. Among eating disorders, bulimia nervosa and binge
eating disorder are often accompanied by, or can lead to obesity (30—45%) [73, 74].

Bulimia nervosa is characterized by recurrent episodes of binge eating (i.e., eat-
ing large amounts with loss of control) and compensatory behaviors to prevent
weight gain: self-induce vomiting, or less frequently, inappropriate use of medi-
cines, fasting, extreme exercise [75].

Binge eating disorder is characterized by distressing, recurrent episodes of binge
eating, with fewer compensatory behaviors than in bulimia nervosa [75]. Feelings
of lack of control and distress may play a role in the pathogenesis of binge eating
disorder. Specifically, stress leads to increased appetite (in comfort food), induces
abdominal obesity, and may counteract the effects of a healthy diet [69].

Bulimia nervosa and binge eating disorder are often associated with neuropsy-
chiatric disorders such as atypical depression, attention deficit hyperactivity disor-
der (ADHD); about 15% of patients have multiple comorbid impulsive behaviors,
including substance abuse, impulse buying, compulsive shopping, and multiple
sexual relationships [75].

Interactions between impairments in cognitive control and increased emotional
reactivity, food-cue reactivity, and craving may underlie emotion dysregulation and
promote binge eating disorders.
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Chapter 7
Complications of Obesity

Caterina Conte

7.1 Introduction

Obesity is associated with a constellation of systemic complications. Obesity-
related metabolic abnormalities are mostly due to adipose tissue dysfunction and
ectopic fat deposition in skeletal muscle, liver and other organs and tissues.
Individuals with obesity have greater fat and lean body mass, along with greater
energy expenditure at rest, greater cardiac output, increased heart rate and blood
pressure and a greater mass of pancreatic beta cells than individuals without over-
weight or obesity. All these metabolic and haemodynamic maladaptations to excess
body mass and adiposity, along with an underlying state of chronic low-grade
inflammation triggered by adipose tissue dysfunction, contribute to excess work-
load for organs and systems, eventually leading to organ damage and dysfunction.
This chapter will focus on complications associated with obesity and the pathogenic
mechanisms underlying them.

7.2  Metabolic Syndrome

The term “metabolic syndrome” identifies a cluster of metabolic risk factors that
increase the risk of type 2 diabetes and atherosclerotic cardiovascular disease [1, 2].
The metabolic syndrome is characterized by abdominal obesity, atherogenic dys-
lipidaemia (elevated triglycerides and apolipoprotein B-containing lipoproteins and
reduced high-density lipoprotein cholesterol [HDL-C]), increased arterial blood
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pressure and impaired glucose metabolism (insulin resistance, impaired fasting glu-
cose, type 2 diabetes). Individual components of the metabolic syndrome are entan-
gled with obesity, with elevated blood pressure exhibiting the strongest association.
The prevalence of metabolic syndrome ranges from 43% to 78% in men with obe-
sity and from 24% to 65% in women with obesity [3].

7.2.1 Altered Glucose and Lipid Metabolism

Obesity and abdominal obesity are potent determinants of insulin resistance and
type 2 diabetes [4—6], insulin resistance being present even in obese subjects with
normal glucose tolerance [7]. As high as 85% of individuals with type 2 diabetes
have overweight or obesity [8]. Diabetes risk increase versus normal weight con-
trols is greater in younger than older subjects, ranging from 1.38-fold to 3.07-fold
in individuals with high BMI older than 85 years or aged 35—44 years, respectively
[9]. The pathophysiology of insulin resistance in obesity is complex and involves
adipose tissue dysfunction, lipotoxicity, gut dysbiosis and low-grade chronic inflam-
mation [10-12]. In brief, adipose tissue expansion may associate with inadequate
vascularization leading to adipose tissue hypoxia, fibrosis and eventually adipocyte
death [13]. These events trigger macrophage infiltration, with low-grade inflamma-
tion and release of proinflammatory cytokines (e.g. tumour necrosis factor alpha
[TNF-a], interleukin 6 [IL-6] and IL-1p) that promote and sustain adipocyte dys-
function and insulin resistance. These phenomena result in increased lipolysis with
release of free fatty acids (FFAs) from adipose depots, especially visceral adipose
tissue [14]. Excess lipid availability in obesity leads to ectopic accumulation of tri-
glycerides and bioactive lipid metabolites such as diacylglycerol (DAG), ceramides
and acylcarnitines in liver and skeletal muscle [15—17], where they interfere with
insulin signalling through different pathways. Insulin resistance in skeletal muscle
results in decreased glucose utilization and storage, increasing glucose availability
to other metabolic pathways such as de novo lipogenesis in the liver. Furthermore,
visceral adipose tissue lipolysis delivers FFAs to the liver through the portal vein,
providing substrates for the production of large triglyceride-rich very low-density
lipoproteins (VLDL) [18, 19]. Increased secretion of chylomicrons from the gut and
impaired hepatic and peripheral clearance of triglycerides and triglyceride-rich
lipoproteins also contribute to obesity-associated dyslipidaemia [20].

7.2.2 Metabolic Dysfunction-Associated Fatty Liver Disease

The definition of metabolic dysfunction-associated fatty liver disease (MAFLD)
has been recently proposed to describe hepatic steatosis associated with over-
weight/obesity, type 2 diabetes, or metabolic abnormalities (i.e., abdominal
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obesity, elevated blood pressure, low HDL cholesterol, high triglycerides, predia-
betes, homeostasis model assessment [HOMA]-insulin resistance >2.5 units or
elevated high-sensitivity C-reactive protein) in normal weight individuals [21,
22]. According to some [21, 22] but not all [23] experts, the term MAFLD should
replace the definition of non-alcoholic fatty liver disease (NAFLD), which encom-
passes non-alcoholic fatty liver (NAFL), non-alcoholic steatohepatitis (NASH),
and advanced fibrosis and cirrhosis. NAFLD is strictly associated with all compo-
nents of the metabolic syndrome. Approximately one-quarter of the European
population is affected by NAFLD [24], its prevalence increasing with increasing
BMI, from nearly 70% in those who are overweight (BMI 25-29.9 kg/m?) up to
90% in individuals with obesity (BMI >30 kg/m?) [25], particularly those with
severe obesity undergoing bariatric surgery [26]. As the new definition is very
recent, few epidemiological data are available on MAFLD. It has been reported
that the new definition has a similar prevalence compared with NAFLD, but it may
have a lower incidence [27]. MAFLD is associated with increased risk of hepato-
cellular carcinoma, cirrhosis, cardiovascular disease, renal disease and can-
cer [28].

As compared with the previous definition “NAFLD”, the term MAFLD empha-
sizes the role of metabolic risk factors in the pathophysiology of liver steatosis,
overweight/obesity being one of the main features needed for diagnosing
MAFLD. In the liver of individuals with metabolic abnormalities, FFA overflow
from lipolysis and dietary lipids, de novo lipogenesis stimulated by hyperinsu-
linemia and/or impairments in FFA disposal (FFA oxidation and re-esterification
into triglycerides that are secreted as very low density lipoproteins [VLDL]) even-
tually lead to accumulation of triglycerides and liver steatosis, which can evolve
into steatohepatitis and in some cases lead to cirrhosis [29]. Mitochondrial dys-
function and production of toxic lipid metabolites resulting from overwhelmed
FFA metabolism in the liver trigger oxidative stress, endoplasmic reticulum stress
and proinflammatory pathways, i.e. the main mechanisms underlying the develop-
ment of inflammation and fibrosis [29]. In addition, functional and compositional
alterations in gut microbiota may affect several metabolic pathways, enhancing de
novo lipogenesis and sustaining alterations in glucose and lipid metabolism that
perpetuate liver damage [30]. Gut dysbiosis may also increase intestinal permeabil-
ity, thus allowing translocation of microorganisms and microbial products into the
portal circulation (metabolic endotoxemia) and eventually triggering pro-inflam-
matory processes in the liver [31].

Lipid accumulation in the liver initiates hepatic insulin resistance, which
enhances gluconeogenesis and decreases glycogen synthesis and glucose uptake,
with a net increase in hepatic glucose production that, along with impaired glucose
uptake by insulin-resistant skeletal muscle, contributes to raising blood glucose.
Initially, pancreatic beta cells increase insulin production in an attempt to overcome
insulin resistance, leading to chronic hyperinsulinemia. In the long term, the ability
of pancreatic beta cells to secrete insulin declines, leading to impaired insulin secre-
tion, hyperglycaemia and overt type 2 diabetes [32].
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7.2.3 Elevated Blood Pressure

Obesity is a strong risk factor for primary hypertension [33, 34], with 60-85% of
individuals with obesity having elevated blood pressure [3]. Several mechanisms
are involved, including activation of the sympathetic nervous system (SNS), kidney
compression by excess visceral, perirenal and renal sinus fat, stimulation of the
renin—angiotensin—aldosterone system (RAAS) and aldosterone-independent min-
eralocorticoid receptor activation [35]. Sympathetic overdrive in obesity reflects
disease severity [36], is strongly associated with visceral adiposity and may be due
to chronic hypoxemia secondary to an imbalance between oxygen demand and sup-
ply (increased demand and altered respiratory mechanics) [35]. Interactions between
adipokines, inflammatory cytokines and central autonomic regulatory pathways
most likely play a role [37]. Importantly, SNS overactivity is reversible with weight
loss [38]. Activation of the RAAS in obesity involves secretion of angiotensinogen,
mineralocorticoids and mineralocorticoid releasing factors (e.g., leptin) by dysfunc-
tional adipose tissue [39, 40]. Overdrive of the SNS may also increase renin secre-
tion by the juxtaglomerular apparatus of renal nephrons [39]. Renin converts
angiotensinogen to angiotensin I, which in turn is converted to angiotensin II by the
angiotensin-converting enzyme 1, leading to vasoconstriction, adrenal aldosterone
secretion and retention of sodium and water by the kidneys. Dysfunctional adipose
tissue in obesity releases angiotensinogen, mineralocorticoids and adipokines such
as leptin that enhance the secretion of mineralocorticoids, further activating the
RAAS [34, 39, 40]. Compression of the kidney and renal arteries by excess fat tis-
sue can also contribute to the onset of arterial hypertension due to increased activity
of the RAAS that, together with aldosterone-independent mineralocorticoid recep-
tor activation, increases renal sodium resorption. As in a vicious cycle, endothelial
dysfunction and vascular stiffening secondary to hypertension, increased systemic
vascular resistance due to neurohormonal stimulation, low-grade chronic inflamma-
tion and oxidative stress may further worsen blood pressure control and lead to
hypertensive heart disease [41, 42].

7.2.4 Metabolically Healthy and Unhealthy Obesity

It has been proposed that some people with obesity and fewer or no metabolic alter-
ations may not be at increased cardiovascular risk. These individuals are referred to
as metabolically healthy obese individuals [43]. The prevalence of metabolically
healthy obesity ranges between 12% and 35% depending on the type of population
and the definition of metabolic health used, with wide geographical variations [3,
44]. Individuals with metabolically healthy obesity are relatively protected against
the development of cardiometabolic diseases compared to those with obesity and
metabolic alterations. Recent studies suggest that alterations in adipose tissue func-
tion and body fat distribution are key factors underlying the metabolic altered
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phenotype, which is characterized by lower subcutaneous fat mass, adipocyte
hypertrophy, a pro-inflammatory adipose tissue phenotype and a reduced ability to
accumulate triglycerides in adipose tissue that may cause ectopic fat deposition and
visceral fat inflammation, thus contributing to the development of insulin resistance
and chronic cardiometabolic diseases [43]. However, metabolically healthy obesity
is most likely a transition phase towards a metabolically unhealthy state, as sug-
gested by studies demonstrating a 34% and 58% increased risk of developing car-
diovascular events in metabolically healthy overweight and obese individuals,
respectively, as compared with metabolically healthy normal weight controls [45]
and that those with metabolically healthy obesity are four times more likely to
develop type 2 diabetes than normal weight controls [46].

7.3 Vascular System

7.3.1 Cardiovascular and Cerebrovascular Disease

Ischemic heart disease, heart failure and stroke all have hypertension and obesity-
associated metabolic alterations as their main pathophysiological mechanisms.
Hyperproduction of proinflammatory adipokines (e.g. leptin, TNF-a, IL-6, IL-18
and resistin) and reduced secretion of anti-inflammatory adipokines such as adipo-
nectin by dysfunctional adipose tissue, particularly visceral adipose tissue, play a
fundamental role in the development of atherosclerosis and cardiovascular disease
in obesity [41, 47]. Locally, epicardial adipose tissue, i.e. the visceral adipose tissue
of the heart situated between the myocardium and the visceral layer of the pericar-
dium, is a potential source of inflammatory mediators and an independent cardio-
vascular risk factor that associates with fatal and non-fatal cardiovascular events
[48]. It has been reported that the risk of death from ischaemic heart disease or
stroke increases by 39% per 5 kg/m? increase in BMI [49]. More recent evidence
confirmed that adult individuals with overweight/obesity have an earlier onset of
incident cardiovascular disease, a greater proportion of life lived with cardiovascu-
lar morbidity, and shorter overall survival compared with adults with normal
BML. In particular, the lifetime risk for incident cardiovascular disease (including
fatal and nonfatal myocardial infarction, fatal and nonfatal stroke, congestive heart
failure and cardiovascular death) in men and women is 21% and 32% greater for
overweight, 67% and 85% greater for obesity and 3.1-fold and 2.5-fold higher for
morbid obesity, respectively, as compared with normal weight [50]. Although obe-
sity as assessed by BMI shows a strong association with cardiovascular morbidity
and mortality, BMI does not inform on body composition and regional fat distribu-
tion, and individuals with similar BMI may have different cardiometabolic risk
[51]. Abdominal adiposity as assessed by waist circumference is a strong and inde-
pendent predictor of all-cause and cause-specific mortality, and measurement of
waist circumference should complement BMI in the assessment of patients with
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obesity [52]. Atherosclerotic cardiovascular and cerebrovascular disease is not the
only obesity-associated complication affecting the circulatory system.

7.3.2 Prothrombotic State

Individuals with obesity are at increased risk of venous thromboembolism, includ-
ing deep vein thrombosis and pulmonary embolism (PE). The risk of VTE increases
by 37-47% for each 1-standard deviation higher BMI [53] and is 53% higher in
those with substantially increased waist circumference (i.e. >102 cm for men and
>88 cm for women) as compared with individuals without abdominal obesity [54].
The increase in intra-abdominal pressure secondary to excess adiposity hinders the
venous return from the lower limbs, causing venous stasis (also favoured by a sed-
entary lifestyle) and predisposing to deep vein thrombosis of the lower limbs and
potentially life-threatening pulmonary embolism [55]. Low-grade chronic inflam-
mation [56] and impaired fibrinolysis [57] associated with obesity may also contrib-
ute to a thrombogenic state. Furthermore, Mendelian randomization analyses
support a causal association between genetically predicted obesity and venous
thromboembolism [58, 59].

7.4 Respiratory System

Obesity strongly impacts the respiratory system. The increase in intra-abdominal
pressure due to excess adiposity, together with the narrowing of the upper airways
caused by the pressure of the surrounding soft tissues, the increase in adipose tissue
in the mediastinum and—in patients with sarcopenic obesity—a reduction in the
mass of respiratory muscles, impair chest expansion, causing hypoventilation and
hypoxemia [60, 61]. Obstructive sleep apnoea (OSA) is a sleep-related breathing
disorder characterized by periodic narrowing and collapse of the pharyngeal airway
during sleep. Having OSA increases the risk of cardiometabolic disease [62—-64],
cognitive impairment and dementia [65, 66]. Obesity is the main risk factor for
OSA, which is present in as high as 40% of individuals with obesity [67]. Excess
body mass is often accompanied by an increase in adipose tissue within the tongue
and pharynx, making the upper airways more prone to collapse during sleep.
Reduction of lung volume due to increased abdominal fat and recumbent posture
during sleep as well as impaired neuroanatomic breath control due to hormonal
imbalances may also contribute to narrowing of the airway [68].

Individuals with obesity have an increased respiratory rate to compensate for
hypoventilation and hypoxemia due to altered respiratory mechanics. In the obesity-
hypoventilation syndrome (OHS), obesity-induced alterations in the respiratory
mechanics and a reduction in the central respiratory drive that hampers the compen-
satory increase in respiratory rate eventually lead to daytime hypercapnia. The
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syndrome is defined by the combination of obesity, sleep-disordered breathing and
awake daytime hypercapnia (awake resting PaCO, > 45 mm Hg at sea level), after
excluding other causes for hypoventilation [69]. OHS is estimated to affect 8-20%
of individuals with obesity who seek evaluation for sleep-disordered breathing and
is associated with increased risk of mortality, chronic heart failure, pulmonary
hypertension and hospitalization due to hypercapnic respiratory failure [70]. Most
patients (90%) with OHS have concomitant OSA [71]. The two disorders have been
called into question as responsible for pulmonary hypertension, which is found in
50-88% of patients with OHS and in 20—47% of patients with OSA [72]. Chronic
thromboembolic pulmonary disease, left ventricular hypertrophy, chronic heart fail-
ure (either with preserved or reduced ejection fraction) may also contribute to pul-
monary hypertension in subjects with obesity.

Obesity and overweight are also associated with asthma. The risk increases with
increasing BMI category, from 1.2-fold in overweight up to 3.3-fold in those with
morbid obesity as compared with normal weight individuals [73]. Asthma in obesity
appears to be more severe than in normal weight individuals, in both children and
adults. The pathogenic mechanisms linking obesity and asthma are not fully under-
stood, but specific nutrient imbalances (e.g. vitamin D deficiency, excess dietary
saturated fatty acids or fructose), gut dysbiosis, hereditary factors, alterations in
cytokine (IL-6) and adipokine (leptin and adiponectin) levels contributing to inflam-
mation and obesity-induced metabolic abnormalities likely play a role [74].

7.5 Gastrointestinal System

Gastrointestinal complications of obesity may involve all portions of the gastroin-
testinal tract. Gastroesophageal reflux disease (GERD) encompassing non-ero-
sive reflux disease, erosive esophagitis, and Barrett’s oesophagus is a common
finding in obesity, being present in approximately 50-60% of obese individuals
[75, 76]. The risk of GERD is 73% greater in patients with obesity, and abdominal
obesity increases by nearly twofold the risk of erosive esophagitis and Barrett’s
oesophagus as compared with normal weight controls [77, 78]. Increased intra-
abdominal pressure causing an increase in intragastric pressure is the main mecha-
nism linking obesity and GERD, although obesity-associated metabolic
abnormalities and gastric distension secondary to overeating may also play a role
[79]. Further obesity-associated complications involving the upper gastrointestinal
tract include oesophageal dysmotility, oesophageal adenocarcinoma that may arise
from Barrett’s oesophagus, erosive gastritis and gastric cancer [80]. Colonic
diverticulosis is another common finding in obesity. Its prevalence has been
reported to be nearly 50% in adults with obesity undergoing colonoscopy, and the
risk of diverticular disease is 40% greater in those with obesity as compared with
normal weight individuals [81, 82]. Increased intra-abdominal pressure due to
excess visceral fat, gut dysbiosis leading to increased methane production and
greater intraluminal pressure and unhealthy eating habits (e.g. low fibre
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consumption) likely explain the association between colonic diverticulosis and
obesity [82]. Other obesity-associated complications involving the lower gastroin-
testinal tract include colonic polyps and colorectal cancer [80] and inflammatory
bowel disease [83].

Gallstone disease (cholelithiasis) is another prevalent complication that affects
individuals with obesity. In fact, risk factors for gallstone disease include obesity
and several obesity-associated factors, such as rapid weight loss, weight cycling,
high-calorie diet, medications, type 2 diabetes, metabolic syndrome, dyslipidaemia,
smoking and sedentary lifestyle [84, 85]. Gallbladder disease has been reported in
approximately a quarter of patients with severe obesity, and the risk of developing
gallstones increases by 63% every 5-unit increase in BMI [85, 86]. Increased cho-
lesterol synthesis and secretion in to the bile leading to cholesterol saturation and
gallstone formation may explain, at least in part, the association between obesity
and gallstone disease [87, 88]. It has also been proposed that gallstone disease (and
cholecystectomy) increases the intrahepatic triglyceride content and contributes to
liver insulin resistance [89]. As in a vicious cycle, liver insulin resistance might
promote gallstone disease by increasing bile lithogenicity [89]. Finally, obesity is
also associated with liver steatosis (NAFLD/MAFLD), hepatic cirrhosis, hepatocel-
lular carcinoma and diseases of the pancreas (acute pancreatitis and pancreatic can-
cer) [80].

7.6 Kidney and Urinary System Disorders

7.6.1 Chronic Kidney Disease

Having obesity increases the risk of developing albuminuria without kidney failure
(estimated glomerular filtration rate [eGFR] >60 mL/min/1.73 m?) by 51% and
chronic kidney disease (CKD) stage 3 or worse (estimated glomerular filtration rate
below 60 mL/min/1.73 m?) by nearly 30% [90]. A progressive increase in the inci-
dence of histologically diagnosed obesity-related glomerulopathy, from 0.2% in
1986-1990 to 2.0% in 1996-2000, has been reported [91]. CKD in obesity may
arise secondary to uncontrolled hypertension and atherosclerosis, or chronic hyper-
glycaemia, but the risk of CKD has also been reported to be independently associ-
ated with obesity and no metabolic abnormalities [92, 93]. Haemodynamic
adaptations to obesity play a major role in the development of CKD. Initially, excess
body weight is associated with renal vasodilation and glomerular hyperfiltration.
Compression of the renal tubules, hyperglycaemia, high protein intake, hyperinsu-
linemia and elevated blood pressure, impaired renal autoregulation and mineralo-
corticoid receptor activation have been postulated as contributing factors [35]. Over
time, worsening hypertension and other obesity-related risk factors for CKD (e.g.
type 2 diabetes, altered lipid metabolism and hyperuricaemia) lead to progression of
kidney damage and eventually end-stage renal disease [94].
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7.6.2  Other Disorders

Obesity is also associated with other urological complications, such as urinary
incontinence and nephrolithiasis. Incontinence risk increases by 20-70% per 5-unit
increase in BMI [95]. Both BMI-defined obesity and central obesity have been asso-
ciated with urinary incontinence in both sexes, and with stress urinary incontinence
in women [96]. Sex differences may be related to biomechanical and neuroendo-
crine factors. In women with obesity, the increase in intra-abdominal pressure and
pelvic fat can stress the pelvic floor and alter urodynamics, predisposing to stress
incontinence [97]. Men have greater pelvic floor strength and may be less suscep-
tible to these mechanisms. A neurogenic component due to obesity-associated
peripheral neuropathy may also be involved [97]. Obesity and abdominal obesity
have also been associated with overactive bladder, especially in women [96, 98].
The risk of kidney stone disease is also increased in patients with obesity, being
1.3- to 2.1-fold that of normal weight individuals [99]. Obesity-related factors may
also affect the composition of kidney stones, with hypertension, type 2 diabetes and
visceral fat being associated with higher risk of uric acid stones [100, 101]. More in
general, all individual components of the metabolic syndrome may contribute to the
development of kidney stone disease [102].

7.7 Musculoskeletal System

7.7.1 Bone and Joint Diseases

Excess weight imposes a mechanical overload on the joints, making obesity a risk
factor for the development of osteoarthritis. Proinflammatory adipokines and cyto-
kines secreted by both visceral and local (e.g. intra-articular) fat depots may also be
involved in the development of osteoarthritis and other obesity-associated musculo-
skeletal disorders [103]. Obesity increases the risk of knee osteoarthritis by 2.7- to
4.5-fold as compared with normal weight [104, 105]. An increase in compressive
load on the spine, together with the loss of muscle mass often seen in patients with
obesity, may cause biomechanical changes and posture alterations leading to degen-
eration of the intervertebral discs and low back pain [103]. The obesity pan-
demic is deemed responsible for the increasing incidence and prevalence of gouty
arthritis due to the deposition of uric acid crystals. Hyperuricemia is often associ-
ated with insulin resistance and the state of chronic low-grade inflammation that
characterizes excess adiposity [106]. Consistently, the risk of developing gout in
those with obesity is more than twice the risk of normal weight individuals [107]. It
has been proposed that obesity-associated chronic low-grade inflammation may
impact bone mass [ 108]. However, there is evidence that increasing BMI and insulin
resistance are associated with increased bone mineral density and do not affect frac-
ture risk [109].
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7.7.2 Sarcopenic Obesity

The definition “sarcopenic obesity” indicates obesity with altered body composition
due to low skeletal muscle function and mass. Several metabolic changes occur in
the skeletal muscle of individuals with obesity that may negatively impact muscle
mass and function. Inflammation and oxidative stress exert catabolic effects and
may induce anabolic resistance in skeletal muscle, ectopic fat accumulation results
in lipotoxicity, alterations in muscle stem cell may determine a shift towards adipo-
cyte differentiation, and mitochondrial dysfunction leads to less efficient energy
production and exacerbated oxidative stress [110]. Furthermore, individuals with
obesity reduce their level of physical activity as the disease progresses, due to func-
tional limitations imposed by increasing body mass and musculoskeletal complica-
tions. Physical inactivity further worsens skeletal muscle health [111]. Prevalence
estimates of sarcopenic obesity vary widely depending on the definition used, rang-
ing from nearly 3% to over 20% [112]. Despite being associated with significantly
increased morbidity and mortality [113], sarcopenic obesity is often overlooked.
The European Association for the Study of Obesity (EASO) has suggested using a
simple, rapid and inexpensive method such as the SARC-F questionnaire [114] to
identify sarcopenia, possibly in conjunction with the hand-grip test [115] for assess-
ing muscle strength [116]. However, the most adequate diagnostic criteria for sarco-
penic obesity are still debated [112].

7.8 Reproductive System

Obesity is associated with impaired fertility in both men and women. In women of
childbearing potential, excess leptin interferes with the development of the domi-
nant follicle and maturation of oocytes in the ovary and alters endometrial receptiv-
ity [117]. In normal conditions, leptin is involved in the regulation of
gonadotropin-releasing hormone (GnRH) pulsatile secretion from the pituitary
[118]. In obesity, central leptin resistance reduces GnRH secretion, affecting the
release of gonadotropins. Obesity, especially abdominal obesity, is also associated
with an increase in free circulating androgens, which may contribute to anovulation
[117]. In patients with polycystic ovary syndrome (PCOS) who undergo assisted
reproduction therapy, obesity is associated with lower pregnancy and live birth rates
[119]. Pregnant women with obesity are at increased risk of adverse pregnancy
outcomes such as gestational diabetes, hypertensive disorders of pregnancy [120]
and miscarriage [121]. Furthermore, in utero exposure to obesity may alter gene
expression and induce metabolic abnormalities in the offspring [122].

In men with obesity, hypogonadism is common, due to an increase in circulating
oestrogens secondary to enhanced conversion of testosterone to oestradiol by adi-
pose tissue aromatases [123]. Leptin resistance may also play a role by altering the
hypothalamus—pituitary—testes axis [123]. Hypogonadism may lead to impaired
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spermatogenesis and subfertility, as well as with erectile dysfunction, which may
also be a consequence of the psychological impact of obesity [124].

7.9 Neurological and Psychological Disorders

Individuals with obesity are at increased risk of neuro psychiatric diseases. An asso-
ciation between obesity, cognitive impairment (e.g. deficits in learning, memory
and executive functioning) and dementias such as Alzheimer’s disease and vascular
dementia has been reported, neuroinflammation and obesity-related comorbidities
(e.g. hypertension) being the most likely underlying pathogenic mechanisms [125].
Obesity-associated chronic low-grade inflammation may precipitate local inflam-
mation within the hypothalamus, affecting synaptic plasticity, contributing to neu-
rodegeneration, and initiating brain atrophy. These events lead to disturbances of
extra-hypothalamically-mediated cognitive function [126]. Obesity, particularly
abdominal obesity, is associated with a 26-38% increased risk of depression [127].
The relationship is bidirectional, with obesity increasing the risk of developing
depression, and vice versa. Biological (genetics, hyperactivation of the hypotha-
lamic—pituitary—adrenal axis due to elevated cortisol levels and immuno-
inflammation, neuroendocrine regulators of energy metabolism including leptin and
insulin and gut dysbiosis), psychological and behavioural factors have been postu-
lated to play a role in this bidirectional association [128]. Weight stigma, i.e. the
social rejection and devaluation that accrues to those who do not comply with pre-
vailing social norms of adequate body weight and shape [129], may also deeply
impact mental health. The greater the weight stigma, the worse the physiological
health status of overweight and obese adults, with greater odds of eating distur-
bances, depressive symptoms, anxiety and body image dissatisfaction [130].

Finally, emerging evidence indicates that individuals with obesity are at increased
risk of peripheral neuropathy, even in the absence of altered glucose metabolism
[131, 132]. The prevalence of polyneuropathy has been reported to be lowest (3.8%)
in lean controls, intermediate (11.1%) in subjects with obesity and normoglycaemia
and highest (34.6%) in subjects with obesity and diabetes [131].

7.10 Nutritional Deficiencies

Epidemiological evidence indicates that vitamin D deficiency is extremely com-
mon in people with obesity [133]. Several mechanisms have been hypothesized to
explain the association between hypovitaminosis D and obesity, including a lower
dietary intake of vitamin D, reduced exposure to sunlight due to less outdoor physi-
cal activity, reduced intestinal absorption, reduced hydroxylation in adipose tissue
and 25 (OH) D sequestration in adipose tissue [134]. It has been hypothesized that
vitamin D deficiency could contribute to obesity or hinder weight loss, affect
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calcium balance, impair immune response or have a causal role in insulin resistance
[135], but studies that assessed the metabolic effects of vitamin D supplementation
in obesity have yielded conflicting results [136, 137]. Several other nutritional defi-
ciencies likely due to poor dietary habits have been reported in people with obesity,
including vitamin B1 (thiamine), iron, folate and zinc deficiency [138—141].

7.11 Cancer

The International Agency for Research on Cancer (IARC) has identified 13 cancers
associated with overweight and obesity, namely adenocarcinoma of the oesophagus,
gastric cardia, colon and rectum, liver, gallbladder, pancreas, postmenopausal breast
cancer, endometrium, ovary, renal cell carcinoma, meningioma, thyroid cancer and
multiple myeloma [142]. In contrast to other cancers, cancers associated with obe-
sity have become more frequent during the past two decades, accounting for up to
40% of all cancers [49, 143]. The number of cases is highest in high-income coun-
tries and is expected to rise in low- and middle-income countries [142]. Mechanisms
linking obesity and cancer development include increased levels of insulin and insu-
lin growth factor 1, altered adipokine production and subclinical chronic low-grade
inflammation, dysfunctional adipose tissue microenvironment, gut dysbiosis caus-
ing increased gut permeability, inflammation and carcinogenic metabolite produc-
tion, certain dietary habits common among people with obesity (e.g. increased red
and processed meat or low fibre consumption) and altered steroid metabolism with
increased oestrogen levels targeting breast and endometrium [144, 145]. Of note, a
reduction in excess body fatness through intentional weight loss may counteract the
mechanisms involved in cancer development and help prevent obesity-associated
cancers [146].

7.12 Immunity and Infections

An association between obesity and infections has emerged in recent years [147].
Subjects with obesity are more prone to infections, and obesity appears to affect the
outcome of certain infectious diseases, particularly viral respiratory infections such
as influenza and, as recently and widely demonstrated, coronavirus disease 2019
(COVID-19) [148, 149]. Having obesity increases by 46% the risk of severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) infection, and by 113%, 74%
and 48% the risk of hospitalization, intensive care unit admission and mortality for
COVID-19, respectively [150]. Several obesity-related factors may increase the sus-
ceptibility of individuals with obesity to infectious diseases, including altered respi-
ratory mechanics, dysregulated immune system and comorbidities such as diabetes
or atherosclerosis [147, 150, 151]. Recent evidence from studies on COVID-19
indicates that abdominal adiposity plays a key role [152, 153], likely due to
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proinflammatory mediators secreted by dysfunctional visceral adipose tissue and
reduced lung expansion imposed by the increase intra-abdominal pressure caused
by excess abdominal fat. Individuals with obesity are also at an increased of devel-
oping infectious complications such as sepsis, pneumonia and bacteraemia follow-
ing surgical procedures, Helicobacter pylori infection and exhibit a lower antibody
response to certain vaccinations including influenza, hepatitis B and tetanus [151].

Finally, obesity has also been associated with certain autoimmune diseases such
as autoimmune thyroiditis, rheumatoid arthritis, multiple sclerosis, psoriasis and
psoriatic arthritis [154]. Evidence also exists of a link between obesity and autoim-
mune diabetes.

7.13 Conclusions

Obesity is a chronic and complex disease that significantly increases all-cause and
cardiovascular mortality [49]. Individuals living with obesity are burdened by a
constellation of complications that deeply impact health status and quality of life
[155]. Use of BMI is very practical, but BMI does not reflect body composition and
the complexity of obesity. Measurement of waist circumference [52] and tools such
as the Edmonton obesity staging system (EOSS) [156] or the Cardiometabolic
Disease Staging (CMDS) system [157] should be included in the assessment of
obesity-related health risk, as they may better reflect morbidity and mortality asso-
ciated with increased adiposity.

Weight loss interventions may reduce both obesity-associated morbidity and
mortality [158, 159]. Implementing multidisciplinary strategies to prevent obesity
and achieve weight loss in those with overweight/obesity is therefore of the utmost
importance.
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