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Preface

Thyroid function  tests are utilized by essentially all medical practitioners, across 
every clinical setting, in patients from newborns to the elderly. They are the most 
frequently measured endocrine tests. The sensitive thyrotropin (TSH) assay reflects 
thyroid hormone feedback  to  the pituitary, and  is diagnostic of both  thyroid hor-
mone excess as well as deficiency. The log–linear relationship between serum TSH 
and  thyroxine  concentrations  means  that  small  changes  in  serum  thyroxine  are 
amplified by changes  in serum TSH. The availability of  the sensitive TSH assay 
in essentially all clinical laboratories has improved and simplified the assessment 
of thyroid function for the diagnosis of thyroid disease and to monitor treatment. 
Serum free thyroxine and thyrotropin concentrations, as well as other thyroid tests, 
can be measured utilizing an automated immunoassay platform that provides rapid 
and accurate results. This simplified approach to thyroid assessment, often requir-
ing only a serum TSH measurement, and rapid availability of the thyroid function 
tests results, has expanded the scope of thyroid testing and clinicians ordering and 
interpreting thyroid tests.

There  remain,  however,  many  challenges  in  selecting  the  appropriate  thyroid 
function test to order, the correct interpretation of results, and applying these results 
to the diagnosis and management of thyroid diseases. It is especially important to 
be  aware  of  limitations  of  thyroid  function  tests,  as  well  as  special  clinical  cir-
cumstances  that  can  influence  thyroid  function  measurements.  The  serum  TSH 
concentration, for example, may not accurately reflect thyroid status in many situ-
ations  including after prolonged hyperthyroidism when serum TSH remains sup-
pressed for months, in the presence of hypothalamic or pituitary disease, or due to 
a number of  interfering medications. The serum free  thyroxine, measured by  the 
analog method, is not accurate with high or low serum binding proteins and dur-
ing pregnancy. Hospitalized patients often have thyroid function test abnormalities 
that are transient and return to normal after recovery from the acute illness. Iodine 
excess and deficiency can dramatically influence thyroid function tests.

Significant  insights  have  been  gained  into  the  regulation  of  thyroid  hormone 
synthesis and especially the role of thyroid hormone metabolism in supplying tis-
sues locally with an adequate supply of thyroid hormone. In a number of instances, 
these  factors  influence  the  selection  and  interpretation  of  thyroid  function  tests. 
Polymorphisms, common sequence variations, in genes of components that regulate 
thyroid function and thyroid hormone action may also contribute to variability in 
thyroid function tests in a population.
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This volume draws on an outstanding international panel of experts in thyroid 
function tests and thyroid function assessment. They represent clinicians, clinical 
researchers, and basic science researchers, all with a focus on some aspect of the 
assessment of thyroid function. The chapters all provide a clinical perspective, but 
are informed by the most recent scientific advancements.

The  first  section  of  the  book  (Chaps. 1–3)  presents  the  most  recent  advances 
in  thyroid  physiology,  a  review  of  genetic  influences  on  thyroid  function  tests, 
and a discussion on the  influence of  iodine on thyroid function. In Chap. 1, Drs. 
Huang and de Castro Neves describe  thyroid hormone metabolism, emphasizing 
the  key  role  of  thyroid  hormone  activation  and  inactivation  in  thyroid  hormone 
action. Dr. Visser  is a world  leader  in studies of  thyroid metabolism and genetic 
influences on thyroid function. In Chap. 2, Dr. Visser and his colleagues, Drs. van 
der  Deure,  Medici,  and  Peeters,  provide  a  clear  view  of  this  important  and  rap-
idly expanding field. The population variation in the TSH “set point” (relationship 
between  serum TSH  and  thyroxine  in  an  individual),  for  example,  is  thought  to 
be genetically determined,  and  influences  the  evaluation of  thyroid  function  and 
thyroid function targets for treatment of thyroid disease. Dr. Zimmerman, an inter-
nationally recognized expert in iodine, and his colleague, Dr. Andersson, provide in 
Chap. 3 an in-depth treatment of the most significant influence on thyroid function 
throughout the world—iodine intake. The influence of iodine deficiency and excess 
on individual thyroid function is discussed, as well as the population effects on thy-
roid diseases and especially fetal and neonatal development.

The basics of thyroid function measurements, approaches, limitations, and clin-
ical  applications  are  described  for  the  major  categories  of  thyroid  function  tests 
(Chaps. 4–7). The authors of these chapters are innovators in the field, strongly iden-
tified with the origination or significant refinement of the core tests utilized in thy-
roid assessment. In Chap. 4, Dr. Hershman describes the measurement of TSH, the 
clinical application and utilization. This remains the cornerstone of thyroid testing, 
but must be interpreted with an understanding of the dynamics of thyroid regulation. 
An active controversy in thyroid measurement involves the appropriate use of serum 
thyroxine measurements and especially the value of the analog free thyroxine meas-
urement,  the most commonly used thyroxine assay. In Chap. 5, Dr. Stockigt pro-
vides a detailed assessment of thyroxine and triiodothyronine measurements and a 
clear message for their use and limitations. The most common etiology of thyroid 
disease is autoimmune, and the appropriate use of thyroid autoantibody measure-
ments remains confusing to many clinicians. In Chap. 6, Dr. Weetman and his col-
league, Dr. Ajjan, clearly describe the range of thyroid autoantibody tests and how 
they  should  be  utilized  clinically.  Thyroglobulin  measurement  is  the  key  tumor 
marker to follow thyroid cancer patients and Dr. Spencer and her colleague, Ivana 
Petrovic, describe the essential features of this measurement in Chap. 7. It is essen-
tial that clinicians using thyroglobulin measurements to monitor thyroid cancer are 
aware of the performance of the assay being used and the factors that can interfere 
with the measurement.

Application of thyroid function testing to the key clinical settings is discussed 
by expert clinicians and clinical researchers in Chaps. 8–13. The appropriate selec-
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tion  of  thyroid  function  tests  in  the  diagnosis  and  monitoring  of  thyroid  disease 
in the ambulatory setting is discussed by Drs. Farwell and Leung in Chap. 8. This 
is  the most common setting for  thyroid function test measurement and a rational 
approach is described. Specific issues of thyroid function in infants and children are 
discussed in Chap. 9 by Drs. LaFranchi and Balogh. Screening for thyroid disease 
among newborns has been a highly effective approach to prevent mental retarda-
tion. The assessment of thyroid function in newborns, especially premature infants, 
is challenging as are the interpretation of thyroid function tests in infancy through 
childhood. Illness has a significant impact on thyroid function tests and assessment 
in this group is described by Drs. LoPresti and Patil in Chap. 10. A logical approach 
to  these  patients  is  provided  as  are  ways  to  identify  those  patients  with  thyroid 
disease that need to be treated. Assessment of thyroid function in pregnancy is chal-
lenging and is being increasing recognized as a crucial time to normalize maternal 
thyroid status. Adverse outcome for mother and her child can result from thyroid 
hormone deficiency or excess. In Chap. 11, Drs. Lazarus, Soldin, and Evans care-
fully describe the use and limitations of thyroid tests in pregnancy and provide an 
approach to testing and monitoring thyroid function. The incidence of autoimmune 
thyroid disease increases significantly with age and in Chap. 12 Dr. Samuels pro-
vides a clear approach to the assessment of thyroid status in the elderly and interpre-
tation of thyroid studies. The influence of drugs on thyroid function testing remains 
a major clinical issue with recognition of an ever increasing list of medications that 
influence thyroid function and thyroid testing. In Chap. 13, Drs. Pearce and Anan-
thakrishnan comprehensively describe  these medications with a special emphasis 
on their mechanism of action and on iodine-containing medications.

I am most grateful to my colleagues for their enthusiasm and willingness to pro-
vide such outstanding contributions to this book. The editorial team at Springer is 
excellent and has been highly supportive and effective. My special thanks to Edi-
tor Laura Walsh, Associate Editor Dianne Wuori, Editorial Assistant Stacy Lazar, 
Senior Production Editor Jenny Wolkowicki and Crest Premedia Solutions for final 
production.

Los Angeles, CA   Gregory A. Brent
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1.1   Introduction

Thyroid hormone is a potent regulator of cellular proliferation and metabolic 
rate and must be maintained within an optimal range for normal development 
and health. The severe growth and neurologic injuries observed in children with 
untreated congenital hypothyroidism illustrate this. Thyroid hormone metabolism, 
which describes the biochemical activation and inactivation of thyroid hormones, is 
a powerful mechanism regulating thyroid hormone action. In this chapter, we will 
review the glandular synthesis of thyroid hormone and then discuss the metabolic 
pathways responsible for its activation and inactivation in peripheral tissues, focus-
ing on deiodination as the dominant pathway in postnatal vertebrates and the most 
clinically relevant for thyroid function testing in patients. Subsequent chapters will 
discuss other sites of regulation, including the genes regulating thyroid hormone 
production and action (Chap. 2), availability of iodine (Chap. 3), and thyrotropin 
regulation of the thyroid gland (Chap. 4).

While most treatable thyroid diseases are due to abnormal glandular secretion 
rather than deranged hormone metabolism, an understanding of the major metabolic 
pathways is invaluable in the interpretation of thyroid function tests, allowing the 
clinician to avoid the misdiagnosis of thyroid dysfunction in euthyroid individu-
als with altered metabolism and conversely to recognize the rare diseases that are 
caused by primary defects in metabolism.

G. A. Brent (ed.), Thyroid Function Testing, 
DOI �0.�007/978-�-44�9-�485-9_�, © Springer Science+Business Media, LLC 20�0
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1.2   Thyroid Hormone Synthesis and Plasma Transport

Thyroid hormone secretion is regulated by the hypothalamic-pituitary-thyroid axis 
and this system is discussed in depth in Chap. 4. In brief (Fig. �.�), the hypothala-
mus produces thyrotropin releasing hormone (TRH), which stimulates the pituitary 
to secrete thyrotropin. Thyrotropin, also called thyroid stimulating hormone (TSH), 
stimulates thyroid hormone synthesis and glandular secretion. Both active thyroid 
hormones, thyroxine (T4) and triiodothyronine (T3), exert negative feedback upon 
the hypothalamus and the pituitary. Assays to measure serum TSH, T4, and T3 are 
all routinely available in clinical laboratories and are adequate to diagnosis primary 
and central thyroid dysfunction.

Thyroid hormones are composed mostly of iodine (65% of T4’s weight; 58% of 
T3’s weight) which is primarily derived from the diet. In nonpregnant adults, a daily 
dietary iodine intake of �00–�50 µg is sufficient to meet the synthetic requirements 
of the normal thyroid [�]. Ingested iodine is rapidly absorbed from the stomach and 
intestine and, once in the circulation, it becomes available for uptake into the thy-
roid gland. Thyroid follicular cells are uniquely adapted to concentrate iodine and to 
incorporate it into thyroid hormone (Fig. �.2). The sodium/iodide symporter (NIS) 
is a membrane protein on the basolateral surface of thyroid follicular cells that 
actively transports circulating iodide into the thyrocyte. This property of NIS is 
exploited in clinical practice to perform diagnostic thyroid imaging (scintigraphy) 
with tracer amounts of I-�23 and also to deliver ablative therapies with I-�3�. 

Fig. 1.1   Hypothalamic-
pituitary-thyroid axis. The 
hypothalamus and pituitary 
stimulate thyroid secretion, 
primarily in the form of the 
prohormone T4 which is 
then converted into T3 by 
outer-ring deiodination in 
peripheral tissues. Both T4 
and T3 feedback negatively 
on the hypothalamus and 
pituitary
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Intracellular iodide is then oxidized and conjugated onto tyrosine residues of the 
large glycoprotein thyroglobulin via a process called “organification”. This tyrosine 
iodination reaction can add either one iodine atom (resulting in monoiodotyrosine 
or MIT) or two (resulting in diiodotyrosine or DIT), and the subsequent “coupling” 
of two iodinated tyrosines produces both T4 (formed by the coupling of two DIT 
molecules) and T3 (formed by the coupling of one DIT molecule and one MIT 
molecule). Mature thyroglobulin thus contains both T4 and T3, present in a ratio of 
about �5:� [2].

Thyroglobulin is stored within the center of thyroid follicles in a matrix called 
colloid and this constitutes a large reservoir of preformed hormone, equivalent to 

Fig. 1.2   Thyroid hormone synthesis. Circulating iodide ( I -) is transported into the thyroid fol-
licle by the sodium/iodide symporter ( NIS). Thyroperoxidase ( TPO) catalyzes the oxidation and 
organification of intracellular iodine onto tyrosine residues of thyroglobulin ( Tg), forming mono-
iodotyrosine ( MIT) and diiodotyrosine ( DIT). Iodinated tyrosine residues couple to form T4 and 
T3. Thyroglobulin is endocytosed, undergoes proteolysis in lysosomes, and T4 and T3 are released 
into the bloodstream
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several weeks of normal secretion. This storage property is unique to the endo-
crine glands and permits continued thyroid hormone availability during transient 
iodine deficiency and other environmental goitrogen exposures which might oth-
erwise temporarily impair thyroid hormone synthesis. Thyroid hormone secretion 
begins with the endocytosis of colloid from the apical membrane of thyroid follicu-
lar cells. Thyroglobulin then undergoes lysosomal proteolysis to release T4 and T3, 
which subsequently enter the circulation at a ratio of about ��:� [3]. The difference 
between this secreted T4 to T3 ratio and the �5:� T4 to T3 ratio in thyroglobulin 
can be explained by the intrathyroidal conversion of T4 to T3 as discussed below 
in the section on deiodination. Thyroglobulin proteolysis also releases uncoupled 
iodinated tyrosine residues which are metabolized by iodotyrosine deiodinases to 
release free iodide which in turn is recycled for organification.

Many of the biochemical reactions required for thyroid hormone synthesis are 
catalyzed by the thyroperoxidase enzyme. In addition, several other thyroid-spe-
cific proteins such as NIS, the thyroid oxidases which generate H2O2 for iodine oxi-
dation [4], and the iodotyrosine deiodinases responsible for iodine recycling [5] are 
also required for normal thyroid hormone synthesis. These thyroid-specific proteins 
have been investigated in animal models, and also in humans through the clinical 
study of patients with germline mutations that present as congenital hypothyroidism 
or euthyroid goiter [6].

Thyroid hormones have poor aqueous solubility and most T4 and T3 in the 
circulation are bound to plasma proteins. The major binding protein in humans is 
thyroxine-binding globulin, which binds about 68% of circulating T4 and 80% of 
circulating T3, followed by albumin and transthyretin (previously termed thyroxine 
binding prealbumin) [7]. Only about 0.02% of serum T4 and 0.3% of serum T3 is 
normally free (unbound) and available to enter cells and signal thyroid hormone 
action. An understanding of this “free hormone concept” is important in clinical 
practice, as several inherited and acquired conditions can alter the amount of these 
serum binding proteins and/or their affinity for thyroid hormones. While free thy-
roid hormone concentrations are normal in such individuals, these binding abnor-
malities can mimic the laboratory findings of central thyroid disease and care must 
be taken to avoid misdiagnosis. For example, congenital thyroxine-binding globulin 
deficiency presents with a low serum total T4 and normal serum TSH (mimicking 
central hypothyroidism) and familial dysalbuminemic hyperthyroxinemia (caused 
by a mutant albumin protein with abnormally high T4 avidity) presents with a high 
serum total T4 and a normal serum TSH (mimicking syndromes of inappropriate 
TSH secretion). In addition, as discussed in Chap. �3, many common medications 
can induce binding abnormalities and abnormal serum thyroid function tests by 
increasing (estrogen) [7] or decreasing (L-asparaginase) [8] serum thyroxine-bind-
ing globulin or by decreasing T4 binding affinity (salicylates, phenytoin) [9]. Diag-
nostic considerations in the measurement of free versus total thyroid hormone in 
such patients are discussed in depth in Chap. 5.

Serum thyroid hormone binding proteins serve two important physiologic func-
tions. The first is to prolong the serum half-life of thyroid hormones by reducing 
their renal clearance. The second is to promote a homogenous level of T4 and T3 
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in the circulation. This latter allows local thyroid status to be governed by tissue 
specific factors that regulate intracellular T3 availability, such as thyroid hormone 
transporters (Chap. 2) and the metabolic pathways (conjugation, deiodination) 
described in the following sections.

1.3   Thyroid Hormone Action

In brief, thyroid hormone signaling begins with the binding of either T4 or T3 to 
nuclear thyroid hormone receptors (discussed in Chap. 2). Upon ligand binding, 
these receptors complex with other transcriptional cofactors and then interact with 
regulatory sequences of thyroid hormone responsive genes to increase or decrease 
transcription. While both T4 and T3 can mediate thyroid hormone responses,T3 is 
more potent and binds the thyroid hormone receptor with �5-fold greater affinity 
than T4 [7]. Because of this, T3 is often referred to as the “active” ligand and T4 as 
the “prohormone”.

1.4   Thyroid Hormone Metabolism

The majority of thyroid hormone secreted by the gland is in the form of the prohor-
mone T4, which is later converted to T3 by deiodination in peripheral tissues. This 
activation pathway is responsible for the majority (80%) of T3 in the circulation, 
illustrating the importance of thyroid hormone metabolism in normal physiology. 
The term thyroid hormone metabolism refers to the activation of T4 into T3 and 
also the various inactivating pathways for T4 and T3. In this section, we will first 
review nondeiodinative “alternate” pathways of thyroid hormone metabolism and 
then focus on deiodination, which is the dominant pathway in humans and the most 
clinically relevant for thyroid function testing in patients.

1.5   Alternative Pathways of Thyroid Hormone Metabolism

This section will briefly review the two major nondeiodinative “alternate” path-
ways of thyroid hormone metabolism, conjugation and side-chain modification 
(Fig. �.3).

1.5.1   Conjugation

The phenolic hydroxyl group of thyroid hormone can be conjugated by sulfotrans-
ferases or glucuronidases [�0, ��].
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The sulfation of T4 and T3 promotes their subsequent inactivation by type � 
deiodinase (D�). Because sulfotransferases are minimally expressed in postnatal 
tissues, this is a minor pathway in patients. However, during fetal development 
when there is combined high expression of sulfotransferases and D�, sulfation is a 
potent inactivating pathway. Interestingly, sulfation is a reversible modification and 
so sulfatases may “rescue” sulfated T4 and T3 from inactivation. During fetal devel-
opment, it is speculated that these enzymes work in concert to generate a large res-
ervoir of sulfated thyroid hormone that is rapidly inactivated in tissues that express 
D� and reactivated in other tissues that express sulfatase activity, thus modulating 
thyroid hormone availability in a tissue-specific fashion.

Glucuronide conjugation also promotes the inactivation of thyroid hormone by 
increasing its biliary excretion. Because glucuronidase expression is normally mini-
mal, this is a minor pathway in most patients. However, inactivation can become 
significant in individuals taking anticonvulsants or other medications that stimu-
late glucuronidation. Hypothyroid individuals taking such medications may require 
higher doses of levothyroxine to maintain euthyroidism.

1.5.2   Alanine Side-Chain Modification

The alanine side chain of thyroid hormone can be modified by oxidative deamina-
tion or decarboxylation [�0, ��].

Oxidative deamination converts T4 and T3 into tetrac and triac, respectively. 
Both tetrac and triac have been identified in the serum of healthy individuals and 
thus occur endogenously. Both these acetic acid analogs can bind nuclear thyroid 
hormone receptors and possess thyromimetic activity. Of note, triac has much 

Fig. 1.3   Alternative pathways of thyroid hormone metabolism. Conjugation and side-chain modi-
fication are illustrated
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higher affinity for TRβ� over TRα�. Because of this unique selectivity, triac has 
been explored as a therapy for TRβ specific pathologies, such as the syndrome of 
resistance to thyroid hormone (Chap. 2) [�0].

Decarboxylation of the thyroid hormone alanine side chain produces the thy-
ronamine derivatives of 3-T�AM and T0AM. These derivatives are present endog-
enously and, in experimental systems, mediate potent effects on cardiac function 
(negative inotropy and chronotropy) and body temperature (hypothermia) [�2]. 
Early studies indicate that these actions are independent of the thyroid hormone 
receptor and signal instead through the G protein-coupled trace amine receptor 
TAAR� [�3, �4].

1.6   Thyroid Hormone Deiodination

Monodeiodination is the major pathway of thyroid hormone metabolism in humans. 
As illustrated in Fig. �.4, the sequential removal of iodine atoms can lead to either 
substrate activation or inactivation. The prohormone T4 contains four iodine atoms, 
two on its “outer” phenolic ring and two on its “inner” tyrosyl ring. Removal of a 

Fig. 1.4   Thyroid hormone deiodination. Outer-ring deiodination, catalyzed by D� and D2, acti-
vates the T4 prohormone into T3. Inner-ring deiodination, catalyzed primarily by D3, inactivates 
T4 and T3
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single iodine atom from thyroxine’s outer ring converts it into the more biologically 
potent T3. This reaction is catalyzed by type � (D�) and 2 (D2) deiodinase. Con-
versely, inner-ring deiodination converts both T4 and T3 into inactive metabolites, 
rT3 and T2 respectively. While both type � (D�) and 3 (D3) deiodinase are capable 
of inner-ring deiodination, outside of embryonic development (where thyroid hor-
mone sulfation facilitates D�-mediated inner-ring deiodination), D3 is the major 
inactivating enzyme.

Outer-ring deiodination is responsible for the majority of T3 production in euthy-
roid individuals, explaining the observation that adequate levothyroxine (T4) mon-
otherapy produces normal serum T3 concentrations in hypothyroid patients. While 
a small amount of T4 activation occurs in the thyroid gland itself, the vast majority 
of T4 to T3 conversion occurs in peripheral tissues and is catalyzed by both D� and 
D2. In the euthyroid state, D3-mediated inner-ring deiodination is responsible for 
inactivating 80% of daily thyroid hormone production [�5].

1.7   The Iodothyronine Deiodinase Enzyme Family

Each of the three deiodinase enzymes (D�, D2, and D3) is encoded by a distinct gene 
( DIO1 on human chromosome �p32–p33; DIO2 on human chromosome �4q24.3; 
DIO3 on human chromosome �4q32). While all three deiodinases share significant 
sequence homology and the rare amino acid selenocysteine in their active cent-
ers, each has a unique anatomic and developmental pattern of distribution as well 
as distinct enzymatic properties (Table �.�). Working in concert, these features 
allow the deiodinases to modulate thyroid hormone signaling in a temporally and 

Table 1.1   Human iodothyronine deiodinases
D� D2 D3

Enzyme activity Outer-ring deiodina-
tion and inner-ring 
deiodination

Outer-ring  
deiodination

Inner-ring deiodination

Tissue expression Liver
Kidney
Thyroid

Central nervous system
Pituitary
Brown fat
Cardiac and skeletal 

muscle

Uterus
Placenta
Central nervous system
Skin

Substrates rT3, T4, T3S, T4S T4, rT3 T3, T4
Positive regulators Thyroid hormone Cold exposure

Bile acids
Cyclic AMP
Deubiquitination

Thyroid hormone
Angiogenic factors
TGF-β family
Hypoxia
Hedgehog family

Negative regulators Cytokines
Illness/fasting

Thyroid hormone
Sonic hedgehog

Glucocorticoids



9� Thyroid Hormone Metabolism

anatomically specific manner by altering both systemic and local T3 availability. 
This ability of deiodination to alter local thyroid status is important for the regula-
tion of thyroid hormone action during development and was first characterized in 
amphibians, where rapid peaks and D2 and D3 activity are required for normal 
metamorphosis [�6]. More recent studies indicate that the local modulation of thy-
roid status by deiodination is similarly important for the development of mamma-
lian species [�7, �8], as well as for cellular proliferation and metabolism in injured 
tissues such the ischemic myocardium [�9] and certain cancers [20]. The molecular 
features of the deiodinases and their impact on local thyroid status is beyond the 
scope of this chapter, so the reader is directed to a number of excellent reviews 
listed in the references [2�–23]. This section will focus specifically on the impact 
of deiodination on systemic thyroid status as these manifest as changes in serum 
thyroid function tests.

1.7.1   Type 1 Deiodinase (D1)

D� is unique amongst the deiodinases in its ability to catalyze both outer-ring and 
inner-ring deiodination. D� is also the only deiodinase with high sensitivity to inhi-
bition by propylthiouracil, a feature that is exploited clinically in the treatment of 
thyrotoxicosis and also experimentally in enzymatic studies of deiodination. While 
D� is capable of both T4 activation and inactivation, it has much higher affinity for 
the activating pathway and its contribution to thyroid hormone inactivation is nor-
mally minimal. A single exception to this occurs during embryonic development, 
when fetal sulfotransferases are highly expressed and conjugate large amounts of 
T4 and T3 into sulfated forms which are excellent substrates for D�-mediated inner-
ring deiodination. D� is also the major clearance pathway for the inactive metabo-
lite rT3, via outer-ring deiodination.

In postnatal humans, high D� activity has been documented in the liver and 
kidney, with lower expression in the thyroid and pituitary. Together with D2, D� 
catalyzes the outer-ring deiodination of T4 in peripheral tissues, which is the major 
source of T3 in the circulation. Clinical studies of hypothyroid adults performed in 
the presence or absence of propylthiouracil (which inhibits D�, but not D2), indi-
cate that D� is likely the minor source of serum T3 in the euthyroid state [24, 25]. 
However, in the setting of thyrotoxicosis, D�’s contribution increases and about half 
of serum T3 production is attributed to D� [26]. Because of this, propylthiouracil 
is often used in the therapy of severely hyperthyroid adults as it not only decreases 
glandular secretion but also rapidly inhibits D�-catalyzed T4 to T3 conversion.

1.7.2   Type 2 Deiodinase (D2)

D2 catalyzes the outer-ring deiodination of T4 into T3, and is the major source 
of serum T3 production in the euthyroid state. In comparison to D� (the other 
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activating deiodinase), D2 has a much higher affinity for T4 (with a low nanomo-
lar Michaelis constant), and its enzymatic activity is insensitive to inhibition by 
propylthiouracil.

In humans, D2 is expressed in the central nervous system, thyroid, placenta, and 
cardiac and skeletal myocytes. In addition to its major role in the provision of circu-
lating T3, D2 is a potent mechanism to increase local T3 concentrations in critical 
structures such as the pituitary (where D2-generated T3 is required for feedback 
regulation of TSH secretion) [27] and brown fat (where D2-generated T3 is required 
to promote uncoupling and adaptive thermogenesis) [28, 29]. This theme has been 
recapitulated more recently in other settings, including the developing growth plate 
of embryonic bones [�7].

1.7.3   Type 3 Deiodinase (D3)

D3 is the physiologic inactivator of thyroid hormones, catalyzing the inner-ring 
deiodination of both T4 and T3 into rT3 and T2, respectively. During pregnancy, 
D3 is highly expressed in the uteroplacental unit [30, 3�] and also in the tissues of 
the developing fetus itself [32]. This activity limits the transfer of maternal thyroid 
hormone to the fetus, thus explaining the high maternal-to-fetal gradients of serum 
thyroid hormone that are characteristic of normal gestation. While D3 expression 
falls precipitously at birth, becoming undetectable in most tissues other than the 
central nervous system and skin, it remains the major path of thyroid hormone deg-
radation, inactivating 80% of daily thyroid hormone production in adults [�5].

1.8   Thyroid Hormone Metabolism and T3 Homeostasis

Thyroid hormone metabolism is a powerful homeostatic mechanism that reacts 
dynamically during iodine deficiency and the derangement of glandular secretion 
to maintain normal concentrations of the active thyroid hormone T3 (discussed in 
depth in Chap. 3).

1.8.1   Iodine Deficiency

Iodine is the major component of thyroid hormone, and when dietary iodine intake 
falls below �00 µg/day, thyroid hormone synthesis is compromised. Clinical mani-
festations of iodine deficiency include goiter and, in the young, growth failure and a 
form of mental retardation called cretinism. Recent estimates indicate that 2 billion 
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individuals, including one third of the world’s pediatric population, have insufficient 
iodine intake and are at risk for iodine-deficiency disorders [33]. Cretinism thus 
remains the most common preventable cause of mental retardation worldwide and 
the elimination of iodine deficiency is an ongoing international health effort [�]. Of 
note, all negative sequelae of iodine deficiency can be prevented (but not reversed) 
by increasing dietary intake, either through supplementation or food fortification.

A number of compensatory mechanisms work in concert during iodine deficiency 
to preserve T3 availability. Within the thyroid gland itself, tyrosine iodination shifts 
to favor monoiodination over diiodination. This increases the MIT to DIT ratio in 
thyroglobulin and, consequently, the T3 to T4 ratio of secreted thyroid hormones. 
Iodine deficiency also increases the fractional conversion of T4 to T3 in peripheral 
tissues. This outer-ring deiodinase activity is largely PTU-insensitive, indicating 
catalysis by D2 [2�]. The net effect of these changes is a decrease in the serum T4 
to T3 ratio, which is characteristic of both iodine deficiency and early hypothy-
roidism. This explains the observation that serum T3 concentrations are often nor-
mal in early iodine deficiency, even in individuals with hyperthyrotropinemia and 
marked hypothyroxinemia. While these compensatory mechanisms cannot prevent 
the pathology of severe iodine deficiency, they are protective when deficiency is 
transient or mild.

1.8.2   Hypothyroidism

Thyroid hormone deiodination is altered in the hypothyroid state. As with iodine 
deficiency, the fractional conversion of T4 to T3 by D2 in peripheral tissues is 
increased, leading to a decrease in the serum T4 to T3 ratio. This explains why 
serum T3 is typically normal in mild or early hypothyroidism, even after hyper-
thyrotropinemia and hypothyroxinemia develop. The serum T4 to T3 ratio may be 
depressed even further in those patients who have autoimmune thyroiditis as the 
cause of their hypothyroidism, due to impaired thyroperoxidase activity and inef-
ficient organification.

In addition, tracer kinetic experiments and clinical studies of serum thyroid 
function tests obtained during levothyroxine therapy indicate that thyroid hormone 
clearance is decreased in hypothyroid patients [34, 35]. This is the rationale for the 
clinical recommendation to reassess thyroid function 6 months after the restoration 
of euthyroidism, after thyroid hormone clearance has normalized [36]. Recent ani-
mal studies have provided an explanation for this reduced clearance by document-
ing decreased expression of D3, the thyroid hormone-inactivating enzyme, in the 
setting of hypothyroidism [37].

The net effect of these two changes, increased T4 to T3 conversion and decreased 
thyroid hormone turnover, is to maintain normal serum T3 concentrations in the set-
ting of early thyroid insufficiency. Because of this, the measurement of serum T3 is 
not helpful in the diagnosis of hypothyroidism.
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1.8.3   Hyperthyroidism

Tracer kinetic studies in adults indicate that the plasma turnover of thyroid hor-
mones is increased during hyperthyroidism [34], and rodent studies support that 
this is due to increased expression of the thyroid hormone-inactivating deiodinase 
D3 [37]. This accelerated clearance of circulating thyroid hormones can be viewed 
as a general adaption to reduce the severity of biochemical thyrotoxicosis, and the 
induction of high focal D3-expression reported in certain structures like the brain 
[37] suggests that critical tissues such as the central nervous system may be afforded 
even greater protection by local T3 inactivation.

While TSH suppression is the most sensitive single indicator of primary hyper-
thyroidism, serum T4 and T3 measurements are also helpful to assess the severity 
of biochemical derangement and to gauge the response to therapy. This is especially 
true early in treatment as TSH secretion may take many months to recover. Discord-
ance between serum T4 and serum T3 is, not infrequently, a source of confusion in 
the treatment of hyperthyroid patients and this is usually characterized by a dispro-
portionately high T3 (a low serum T4 to T3 ratio). While in rare cases this is due 
to thyrotoxicosis facticia from exogenous liothyronine (T3), it is most often due to 
changes in thyroid hormone synthesis and metabolism.

Graves’ disease is the most common cause of hyperthyroidism and it is often 
associated with T3 predominance (a low T4 to T3 ratio). Intrathyroidal changes are 
a major contributor to this, as both the T3 to T4 ratio in thyroglobulin and glandular 
D2 activity (which promotes intrathyroidal conversion of T4 into T3) are increased 
in Graves’ disease. These effects are compounded by the administration of thiona-
mide medications, which antagonize tyrosine iodination and further raise both the 
MIT to DIT ratio and theT3 to T4 ratio in thyroglobulin. All these effects contribute 
to a higher T3 to T4 ratio in secreted thyroid hormones. In addition, the peripheral 
conversion of T4 into T3 is increased in hyperthyroidism by the induction of hepatic 
D�, which is paradoxically stimulated by high levels of thyroid hormone. This deio-
dinase activity is specifically targeted in thyroid storm by high dose propylthiouracil 
therapy which, in addition to its primary antithyroid action, inhibits D� activity.

All the above factors decrease the serum T4 to T3 ratio in hyperthyroid patients, 
and an awareness of this is helpful in the management of patients who have low 
serum TSH, low free T4, but a high serum free T3. While these results are some-
times mistaken for central hypothyroidism or overtreatment with antithyroid medi-
cation, the hypertriiodothyronemia usually signifies persistent hyperthyroidism and 
antithyroid therapy should be increased accordingly.

1.9   Altered Thyroid Hormone Metabolism as a Cause  
of Abnormal Thyroid Function Testing

The preceding section describes the homeostatic role of thyroid hormone metabo-
lism in the maintenance of T3 availability during iodine deficiency and thyroid 
dysfunction. In contrast, this section describes primary changes in thyroid hormone 
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metabolism which cause secondary changes in thyroid status. Because such changes 
commonly occur in response to illness and the administration of certain medica-
tions, an understanding of these effects is important for the interpretation of serum 
thyroid function tests (discussed in detail in Chap. �0). Finally, we will review two 
rare conditions where tumoral deiodinase expression causes clinically significant 
derangement of systemic thyroid status.

1.9.1   Low-T3 Syndrome

Critical illness is commonly associated with the derangement of serum thyroid 
function tests. These changes are variable [38], but almost always include a fall in 
serum T3 and a rise in serum rT3. For this reason, they are referred to as the “low-
T3 syndrome”, and the terms “nonthyroidal illness” and “euthyroid sick syndrome” 
are synonyms. While the low-T3 syndrome is common, affecting up to 75% of 
hospitalized patients [39], its etiology is incompletely understood and there is con-
troversy regarding the role of thyroid hormone supplementation in affected patients 
[39–4�].

The physiology of the low-T3 syndrome is multifactorial and complex. Because 
it is discussed in depth in Chap. �0, this section will only focus on specific changes 
in thyroid hormone metabolism. T3 production is decreased in the low-T3 syn-
drome, due both to the suppression of the hypothalamic-pituitary-thyroid axis and to 
a decrease in peripheral T4 to T3 conversion [39]. Animal and patient studies indi-
cate that a fall in D� [42–45], rather than D2 [46], accounts for the latter. Of note, 
while this decrease in D� contributes to both the high serum T4 to T3 ratio (from 
decreased T4 outer-ring deiodination) and the high serum rT3 (from decreased rT3 
clearance) that are characteristic of the low-T3 syndrome, D� deficiency alone can-
not explain the primary finding of hypotriiodothyronemia, illustrated by the fact that 
mice with genetic D� deficiency have normal serum T3 concentrations [47–49].

In addition to the above changes, recent postmortem studies also implicate D3 
reactivation as a contributor to the low-T3 syndrome [50]. While high D3 expres-
sion is normally restricted to embryonic development, the reactivation of high D3 
activity in the liver and skeletal muscle has been documented in critically ill patients 
[44, 5�]. The specific D3 activity in these tissues correlates with the serum rT3 to T4 
ratio, indicating that this inner-ring deiodinase activity contributes to the derange-
ment of serum thyroid function tests. In certain patients, the accelerated inactivation 
of circulating thyroid hormone may be facilitated by an increase in the free hormone 
fraction due to a decrease in the quantity [52, 53] and/or binding affinity [54, 55] of 
thyroxine binding globulin.

The net effect of this decrease in D� and increase in D3 is a shift from T4 activa-
tion to T4 inactivation. Combined with a D3-mediated increase in thyroid hormone 
clearance, this shift in the pattern of thyroid hormone deiodination can explain many 
of the changes observed in the low-T3 syndrome, especially in those patients where 
serum T3 falls rapidly. From the standpoint of clinical practice, an appreciation of 
the low-T3 syndrome’s high incidence is helpful to avoid misdiagnosing central 
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hypothyroidism in critically ill patients who have low circulating thyroid hormone 
concentrations and simultaneously normal serum TSH concentrations. Serial moni-
toring of thyroid function tests in such patients will often reveal that endogenous 
thyroid function is normal on recovery.

1.9.2   Medications that Alter Thyroid Hormone Metabolism

Medications are a common cause of abnormal thyroid function tests (discussed 
in detail in Chap. �3). This section focuses specifically upon those medications 
which alter thyroid hormone metabolism via either deiodinative or nondeiodinative 
pathways.

Certain medications decrease T4 to T3 conversion and thus raise the serum T4 to 
T3 ratio (Table �.2). As described above, propylthiouracil is a specific inhibitor of 
D� activity and this feature is exploited in the treatment of thyroid storm. A number 
of other medications with unrelated indications also share the property of inhibiting 
T4 outer-ring deiodination, including propranolol, amiodarone [56], and iopanoic 
acid [57]. In certain euthyroid individuals who chronically take propranolol or ami-
odarone, compensatory mild hyperthyroxinemia may develop [58], similar to the 
pattern observed in mice with genetic D� deficiency [47, 48, 59]. Such individuals 
generally have normal serum TSH concentrations and a careful medication history 
is helpful to distinguish this medication effect from the rare syndrome of inappro-
priate TSH secretion. The initiation of high glucocorticoid doses is also associated 
with an acute increase in the serum T4 to T3 ratio. This effect is usually transient 
and resolves spontaneously during chronic glucocorticoid administration [57].

In contrast, other medications accelerate the metabolism of circulating thyroid 
hormone via a nondeiodinative hepatic pathway that likely involves the glucoro-
nidation and subsequent biliary excretion of thyroid hormones [7]. This group of 
drugs includes rifampin, phenobarbitol, and the anticonvulsants phenytoin and car-
bamazepine. In general, these medications preferentially promote the clearance of 
T4 over T3. In patients with preexisting hypothyroidism, this acceleration in thyroid 
hormone clearance can increase requirements for exogenous levothyroxine, and 

Table 1.2   Changes in thyroid hormone metabolism can alter the serum T4 to T3 ratio
Serum T4 to T3 ratio Potential causes
Decreased Iodine deficiency

Mild hypothyroidism
Hyperthyroidism
T4 to T3 hyperconversion in D2-expressing follicular thyroid cancer
Medications: thionamides, anticonvulsants

Increased Selenium deficiency
SBP2 deficiency
Illness, the “low-T3 syndrome”
Medications: amiodarone, propranolol
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biochemical monitoring is recommended after the initiation of these medications. 
In contrast, in the absence of coexisting thyroid disease, glandular secretion com-
pensates for increased inactivation and, as a rule, euthyroidism is maintained with 
normal serum thyroid function tests. However, there are rare reports of children on 
chronic anticonvulsant therapy who manifest the combination of mild hypothyrox-
inemia with simultaneously normal TSH and T3 concentrations (Table �.2) [60]. An 
awareness of medication effects is important to avoid the misdiagnosis of central 
hypothyroidism in such patients.

1.9.3   Tumoral D3 and Consumptive Hypothyroidism

D3 activity has been documented in several human tumors, including glioblastoma 
multiforme, astrocytomas, and TSH-secreting pituitary adenomas [6�, 62]. In rare 
patients who have the combination of both high specific D3 activity and large tumor 
burden, the amount of circulating thyroid hormone inactivated by inner-ring deiodi-
nation can exceed the synthetic capacity of even the normal hypothalamic-pituitary-
thyroid axis. This condition is termed consumptive hypothyroidism and it has been 
reported in children with large infantile hemangiomas [63] as well in adults with 
massive vascular [64] or fibrous [65] tumors.

Like primary hypothyroidism, affected individuals present with hyperthyrotro-
pinemia +/− low serum concentration of T4 and T3. In addition, serum concentra-
tions of rT3, the byproduct of T4 inactivation, are markedly elevated. Unlike other 
forms of hypothyroidism, serum T3 often falls to a greater degree than T4 in indi-
viduals with consumptive hypothyroidism.

Because the clearance of circulating T4 and T3 is accelerated, frequent labora-
tory monitoring is indicated and supernormal doses of thyroid hormone may be 
required to restore euthyroidism. Since consumptive hypothyroidism is due to 
tumoral enzyme activity rather than thyroid deficiency, hypothyroidism resolves 
spontaneously with tumor involution or resection [�5, 66].

1.9.4   Tumoral D2 in Metastatic Follicular Thyroid Carcinoma

While most patients with thyroid cancer have normal thyroid function tests upon 
presentation, a low serum T4 to T3 ratio has been observed in certain individu-
als with follicular thyroid carcinoma and large tumor burden. This phenomenon 
is distinct from the general thyrotoxicosis described in other patients with func-
tional metastases of follicular thyroid cancer. A recent clinical study revealed that 
this depressed T4 to T3 ratio is due to T4 to T3 hyperconversion from tumoral D2 
expression, with specific D2 activity manyfold higher than in normal thyroid tissue 
[67]. Affected individuals can have persistent hypothyroxinemia despite levothy-
roxine doses sufficient to cause TSH suppression and hypertriiodothyronemia [68]. 
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Consistent with the above pathophysiology, this unusual thyroid function test pat-
tern resolves with tumor resection.

1.9.5   Selenium Deficiency and Inborn Errors 
in Selenoprotein Synthesis

Because the iodothyronine deiodinases are selenoproteins, dietary selenium defi-
ciency and defective selenoproteins synthesis can both impact thyroid hormone 
metabolism. While mild selenium deficiency typically has no impact on thyroid 
status, a high serum T4 to T3 ratio has been reported in children with severe defi-
ciency [2�, 69]. This is hypothesized to be due to decreased T4 to T3 conversion 
and, consistent with this, hepatic D� activity is decreased in rodent models of sele-
nium deficiency [70].

Of note, certain populations have coexisting iodine deficiency and selenium 
deficiency. In this scenario, the supplementation of selenium without iodine can 
precipitate a rapid fall in circulating thyroid hormones, presumably due to the res-
toration of normal inactivating pathways that require selenium-containing deiodi-
nases. Because this can cause severe hypothyroidism in such at-risk individuals, 
iodine supplementation should begin before or simultaneously with selenium sup-
plementation [7�].

The synthesis of eukaryotic selenoproteins, including the deiodinases, requires 
specialized trans-acting factors including selenocysteine insertion sequence (SECIS) 
binding protein 2 (SBP2) and the elongation factor EF-sec. Recently, human muta-
tions in SBP2 have been reported [72, 73]. These mutations are associated with 
decreased deiodinase activity (D2) and affected individuals have abnormal serum 
thyroid function tests characterized by high serum T4, low serum T3, and mild 
hyperthyrotropinemia. This pattern can be explained by impaired outer-ring deio-
dination and it is reminiscent of the phenotype observed in mice with genetic defi-
ciencies of D2 [29, 74] +/− D1 [47, 59]. While the prevalence of this or similar 
defects are unknown, these families represent the first and novel demonstration of 
altered deiodination from a human germline mutation and suggest the possibility 
that genetic abnormalities in selenoprotein function may impact thyroid status in 
other clinical settings.
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In this review we will discuss the possible effects of polymorphic variation in the 
genes important for thyroid hormone synthesis, metabolism, and action, on the 
interindividual variation in thyroid functions tests. The genes involved are summa-
rized in the following outline of thyroid hormone production and action, but their 
role is discussed in detail in other sections (Chaps. 1 and 4). In addition to these 
genes, we will also briefly discuss the possible contribution of genetic variation in 
the thyroid-specific transcription factors which are known to be important for thy-
roid development and regulation: TTF1, TTF2, and Pax8.

2.1  The Hypothalamus-Pituitary-Thyroid Axis

The production of thyroid hormone occurs in the follicular cells of the thyroid and 
involves the following steps (Fig. 2.1) [1]:

1. Cellular uptake of iodide by the Na/I symporter (NIS) located in the basolateral 
membrane.

2. Release of iodide through the apical membrane into the follicular lumen via pen-
drin and/or other transporters.

3. Generation of H2O2 by the enzyme dual oxidase 2 (DUOX2) located in the apical 
membrane.

4. Iodination of tyrosine residues in thyroglobulin (Tg) with generation of mono- 
and diiodotyrosine (MIT, DIT); generation of thyroxine (T4) by coupling of two 

T. J. Visser ()
Department of Internal Medicine, Erasmus MC, Room Ee502,  
Erasmus University Medical School, Dr. Molewaterplein 50,  
3015 GE Rotterdam, The Netherlands
e-mail: t.j.visser@erasmusmc nl



22 W. M. van der Deure et al.

DITs and of triiodothyronine (T3) by coupling of MIT and DIT. Both iodination 
and coupling are catalyzed by thyroid peroxidase (TPO) and require H2O2.

5. Endocytosis of Tg and hydrolysis by lysosomal enzymes, resulting in the libera-
tion of MIT, DIT, T4, and T3.

6. Deiodination of excess MIT and DIT residues by iodotyrosine dehalogenase 
(DEHAL), and reutilization of the iodide liberated for thyroid hormone synthesis.

7. Secretion of T4 and T3 at the apical membrane by an as yet unknown mecha-
nism.

Under normal conditions the thyroid predominantly secretes the prohormone T4 
and only a small amount of the active hormone T3. Most T3 is generated by enzy-
matic outer-ring deiodination of T4 in peripheral tissues. Alternative inner-ring dei-
odination of T4 results in the generation of the inactive metabolite rT3. Inner-ring 
deiodination is also an important route for the degradation of T3. Three deiodinases 
(D1-3) are involved in these reactions; D1 and D2 are capable of activating T4 to 
T3, whereas D3 is responsible for inactivation of T4 to rT3 and of T3 to 3,3′-T2. 
These deiodinases are expressed in various tissues, including liver, kidney, brain, 
pituitary, thyroid, and skeletal muscle.

The production of thyroid hormone by the thyroid gland is regulated by the 
hypothalamus-pituitary-thyroid (HPT) axis (Fig. 2.2) [2]. Thyroid hormone is 
secreted in response to thyroid-stimulating hormone (TSH), which is synthe-
sized in and released from the pituitary. TSH consists of a (common)  subunit 
and a TSH-specific  subunit, and exerts its effect via binding to the TSH receptor 
(TSHR) on the thyroid follicular cells. In turn, TSH production is stimulated by 
hypothalamic thyrotropin-releasing hormone (TRH). The production of TRH and 

Fig. 2.1  Overview of thyroid hormone synthesis
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TSH is down-regulated by thyroid hormones, a process known as negative feedback 
regulation. Also, other hypothalamic hormones and drugs, such as somatostatin, 
cortisol, and bromocriptine lower TSH production. Besides the regulation by TSH, 
thyroid hormone synthesis is also dependent on the availability of iodine.

Thyroid hormone is transported in the circulation tightly bound to different pro-
teins, largely, thyroxine-binding globulin (TBG), transthyretin (TTR), and albumin. 
However, it is the free fraction of T4 and T3 which is available for metabolism and 
action in the tissues. The above mentioned deiodinases have their active sites located 
in the cytoplasm, and most thyroid hormone actions are initiated by binding of T3 
to its nuclear receptors (TRs). Cellular uptake of thyroid hormone does not occur by 
passive diffusion, but is mediated by specific transporters. These include different 
members of the monocarboxylate transporter (MCT) and organic anion transporting 
polypeptide (OATP) families. TRs are encoded by two genes: THRA which codes 
for different TR isoforms and THRB which codes for different TR isoforms.

2.2  Influence of Genetic Variation on Thyroid Function Tests

In healthy subjects, serum thyroid parameters show substantial interindividual vari-
ability, whereas the intraindividual variability is within a narrow range [3]. Together 
with environmental factors such as diet and smoking, genetic factors contribute 

Fig. 2.2  Overview of hypothalamus-pituitary-thyroid-peripheral tissues axis
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significantly to this interindividual variability, resulting in a thyroid function set-
point that is different for each individual. This is demonstrated by different studies 
in which heritability accounted for ~30–65% of the overall variation in serum TSH, 
FT4, and FT3 levels [4–6] (Table 2.1).

Polymorphisms are frequent variations in the nucleotide sequence of the genome 
that occur in at least 1% of a population, whereas mutations have a lower frequency. 
These variations seem to play an important role in the interindividual variation in 
serum thyroid function tests, and contribute to each individual’s unique HPT axis 
setpoint. Since these variations are stable throughout life, they may not only affect 
serum levels, but also thyroid hormone bioactivity throughout life.

Table 2.1  Estimates of the genetic contribution to the variation in serum thyroid hormone levels 
from different studies

Proportion of variance in serum thyroid hormone levels attributable to genetic effects

Hansen et al. [4] Samollow et al. [5] Panicker et al. [6]
TSH 64% 37% 65%
FT4 65% 35% 39%
FT3 64% 64% 23%

Table 2.2  Genetic defects associated with abnormal thyroid function tests
Phenotype Gene Inheritance Chromosome
Central hypothyroidism TRHR

TSH
AR
AR

8p23
1p13

Resistance to TSH, thyroid hypoplasia, and 
hypothyroidism

TSHR AR 14q13

Hyperthyroidism and goiter TSHR AD 14q13
Thyroid dysgenesis and hypothyroidism PAX8

TTF1
TTF2

AR
AD
AD

2q12–q14
14q13.3
22q33

Thyroid dyshormonogenesis, hypothyroidism,  
and goiter

NIS
Tg
DUOX2
TPO
DEHAL1

AR
AR
AR
AR
AR

19p13.2–p12
8q24.2–q24.3
15q15
2p25
6q24q25

Hypothyroidism, goiter, and deafness Pendrin AR 7q31
High total T4/T3, normal FT4/FT3 TBG

TTR
ALB

X-linked
AD
AD

Xq22
18q11
4q11

Low total T4/T3, normal FT4/FT3 TBG X-linked Xq22
Mental retardation, high serum T3 MCT8 X-linked Xq13
High TSH/FT4/rT3, low T3 SBP2 AR 9q22
TRHR thyrotropin releasing hormone receptor, TSH thyroid stimulating hormone  subunit, TSHR 
TSH receptor, PAX8/TTF1/TTF2 thyroid transcription factors, NIS sodium iodide symporter, Tg 
thyroglobulin, DUOX2 dual oxidase 2, TPO thyroid peroxidase, DEHAL1 iodotyrosine dehaloge-
nase 1, TBG thyroid binding globulin, TTR transthyretin, ALB albumin, MCT8 monocarboxylate 
transporter 8, SBP2 selenocysteine cis element binding protein 2, AR autosomal recessive, AD 
autosomal dominant
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Many studies, in which the effects of certain polymorphisms on serum thy-
roid hormone levels are studied, have been published in the last few years. These 
studies usually involve comparisons of many polymorphisms with several clinical 
endpoints, resulting in a high risk of type I statistical errors. For this reason, rep-
lication of data in independent cohorts is essential before any conclusions can be 
drawn. In this chapter we review the different studies that have been published 
on this subject, and discuss the consequences of polymorphisms and mutations 
in different thyroid hormone pathway genes on serum thyroid function tests. An 
overview of the genetic defects associated with abnormal thyroid function tests can 
be found in Table 2.2.

2.3  Genetic Variation in Thyroid-Regulating Genes: TRH, 
TRHR, TSH, TSHR

Central hypothyroidism is a rare disorder with an estimated frequency of 0.005% in 
the general population [7]. It is characterized by insufficient TSH secretion result-
ing in low levels of thyroid hormones, caused by either pituitary or hypothalamic 
defects. Theoretically, it could result from mutations in the TRH, TRHR, and TSH 
genes. Several clinical reports have suggested isolated TRH deficiency as a cause 
of central hypothyroidism [8, 9]. However, to date, no patients with mutations in 
the TRH gene have been described. Collu et al. described the first patient with a 
mutation in the TRHR causing central hypothyroidism. A 9-year-old boy was found 
to have compound heterozygous mutations in the 5′-part of the gene [10]. Recently, 
a family has been described with complete resistance to TRH due to a homozygous 
nonsense mutation in the TRH receptor [11].

Central hypothyroidism due to a mutation in the TSH gene was first described 
in 1990 [12]. In these patients, TSH is undetectable or very low, and the administra-
tion of TRH does not result in a rise in serum TSH. Among the currently known 
mutations, most are located in the coding region of the gene [12, 13]. However, 
a mutation that led to TSH deficiency caused by exon skipping has also been 
described [14]. All affected patients were homozygous. No data regarding the influ-
ence of polymorphisms in TRH, TRHR, and TSH genes on thyroid function tests 
are available.

Many mutations in TSHR have been described which can be divided into germ-
line or acquired mutations. Acquired gain-of-function mutations result in a pheno-
type of toxic adenoma or toxic multinodular goiter [15]. Germline gain-of-function 
TSHR mutations were first identified in two French families in 1992 [16]. It causes 
autonomous thyroid growth and function, resulting in a phenotype of hyperthy-
roidism and goiter. On the other hand, germline loss-of-function TSHR mutations 
are associated with TSH resistance and congenital hypothyroidism [17]. In a subset 
of these patients, the mutations in the TSHR are partially inactivating [18]. In partial 
resistance TSH is elevated, but the peripheral hormone levels are normal: a condi-
tion known as euthyroid hyperthyrotropinemia [18]. In these patients, the size of the 
thyroid is normal or enlarged.
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Polymorphisms in TSHR have been extensively studied in the context of the 
development of autoimmune thyroid disease. Although early studies investigating 
TSHR polymorphisms in Graves’ disease proved inconclusive, more recent studies 
have provided convincing evidence for association of the TSHR region with 
Graves’ disease. Strongest associations were obtained for two SNPs (single nucle-
otide polymorphisms) (rs179247 and rs12101255), both located in intron 1 of the 
TSHR. [19–21]. Data on the influence of TSH polymorphisms on thyroid function 
tests, on the other hand, are sparse: so far only one polymorphism has been shown 
to influence serum thyroid hormone levels. In several Caucasian populations, the 
TSHR-Asp727Glu polymorphism is associated with lower levels of plasma TSH, 
but not with FT4 [22–24]. This could point toward a higher sensitivity of the vari-
ant versus the wild-type TSHR, since less TSH is needed to produce normal FT4 
levels. Although there is one in vitro study showing that the TSHR-Glu727 variant 
results in an increased cAMP response of the receptor to TSH [25], others have 
not been able to replicate this [26, 27]. A different explanation would be that the 
Asp727Glu polymorphism is linked to another polymorphism elsewhere in the 
gene. The TSHR-Asp727Glu polymorphism is found to be within a linkage dis-
equilibrium block starting at intron 8 and extending about 10 kb beyond the 3′-UTR 
of the TSHR gene [28].

2.4  Genetic Variation in Thyroid Transcription Factors:  
PAX8, TTF1, TTF2

The paired-box gene PAX8 is important for the development of the thyroid gland 
and for the regulation thyroid-specific gene expression, including NIS, Tg, and TPO 
[29]. The PAX8 gene is located on human chromosome 2q12–q14. Homozygous 
inactivation of the Pax8 gene in mice results in a complete lack of the development 
of thyroid follicles [30]. Most animals die within the first 3 weeks of life unless they 
are treated with thyroid hormone. The first patient with thyroid dysgenesis resulting 
from a heterozygous nonsense mutation in PAX8 was reported in 1998 by the group 
of Di Lauro [31]. Since then several other patients with congenital hypothyroidism 
have been identified with heterozygous mutations in the paired-box domain of the 
PAX8 protein.

No associations have been reported between polymorphisms in PAX8 and thy-
roid function tests. A nonsynonymous Phe329Leu SNP has been identified, but it 
lies outside the paired-box domain and probably has little effect on PAX8 function 
[32]. In addition to the thyroid, PAX8 is also expressed in the central nervous sys-
tem and the kidneys.

TTF1 is a homeobox-containing protein belonging to the NKX2 family of tran-
scription factors and is also referred to as NKX2.1. TTF1 is expressed predomi-
nantly in the thyroid, lung, and brain, in particular the basal ganglia. Homozygous 
Ttf1 knockout mice are born without thyroid gland and also lack lung parenchyma 
[33]. In patients, different mutations in TTF1 result in varying dysfunction of the 
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organs where TTF1 is expressed, including congenital hypothyroidism, respira-
tory distress, and choreoathetosis [34–36]. In the deCODE population study in Ice-
land, polymorphisms in the region of the TTF1 gene on chromosome 14q13.3 have 
recently been associated with an increased risk of thyroid cancer as well as with 
lower serum TSH levels [37].

TTF2 is a forkhead gene which is now also termed FOXE1. Like PAX8 and TTF1, 
TTF2 is an essential transcription factor for the development of the thyroid gland, 
but it is not involved in the regulation of thyroid function. Mice with homozygous 
inactivation of the Foxe1 gene exhibit an ectopic or absent thyroid gland and a cleft 
palate [38]. Heterozygous missense mutations have been identified in patients with 
thyroid dysgenesis, cleft palate, choanal atresia and spiky hair [39, 40]. After the 
first report, this is also referred to as the Bamforth–Lazarus syndrome.

In the deCODE study, polymorphisms in the FOXE1 locus on human chromo-
some 22q33 have been associated with an increased risk for thyroid cancer as well 
as with lower serum TSH and T4 levels and higher serum T3 levels [37]. Contradic-
tory reports have appeared on the possible association of the poly-Ala stretch (14 or 
16 residues) in TTF2 with thyroid dysgenesis [41, 42]. Furthermore, an SNP in the 
5′-UTR of FOXE1 has been associated with cleft palate [43].

2.5  Genetic Variation in Thyroid Hormone Synthesis Genes: 
NIS, Pendrin, Tg, TPO, DUOX2, DEHAL

The cloning and characterization of NIS was reported in 1996 by the group of Car-
rasco [44, 45]. It mediates the electrogenic thyroidal uptake of I− together with Na+ 
in a stoichiometry of 1:2. NIS is also involved in iodide transport in other tissues 
such as the breast and intestine [46, 47]. The NIS gene is located on chromosome 
19p13.2–p12 and consists of 15 exons. Different homozygous and compound het-
erozygous NIS mutations have been reported in patients with congenital hypothy-
roidism because of a thyroid hormone synthesis defect [48]. To our knowledge, no 
studies have been reported regarding the possible effects of polymorphisms in the 
NIS gene.

The precise role of pendrin in the transport of iodide in the thyroid follicle is still 
subject to debate [48, 49]. Pendrin earned its name because mutations in this gene 
have been identified in patients with Pendred syndrome, which is a recessive dis-
order characterized by sensorineural deafness and hypothyroidism resulting from a 
thyroid hormone synthesis defect (dyshormonogenesis) [48, 49]. However, pendrin 
mutations may also result in a selective hearing defect without thyroid dysfunction 
[50]. The hearing impairment is the result of a malformation of the cochlea, where 
pendrin plays an important role in the secretion of bicarbonate into the endolymph 
[51]. As far as we know, there have been no reports of an association of polymor-
phisms in the pendrin gene with thyroid function.

Human Tg is a large 660 kDa protein consisting of two identical subunits consist-
ing of 2,748 amino acids. The gene covers ~300 kb on chromosome 8q24.2–q24.3 
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and contains 37 exons; the mature mRNA is ~8.7 kb in size [52, 53]. Tg provides 
the substrate for the synthesis of thyroid hormone and is the most abundant pro-
tein in the follicular lumen. It is not surprising, therefore, that Tg is a major anti-
gen against which antibodies are produced in patients with autoimmune thyroid 
disorders.

Many mutations in Tg have been identified in patients with congenital hypothy-
roidism due to dyshormonogenesis. The interested reader is referred to the OMIM 
section of the NCBI website (http://www.ncbi.nlm.nih.gov/omim). Also, the cog/
cog mouse has severe hypothyroidism because of a homozygous missense muta-
tion in Tg [54]. Polymorphisms in the Tg gene have been associated with a risk for 
autoimmune thyroid disease [53, 55, 56], but to our knowledge no evidence has 
been reported for the association of Tg polymorphisms with thyroid function tests.

Human DUOX2 is a large and complex protein containing 1,548 amino acids, 
the sequence of which indicates the presence of 7 transmembrane domains, an 
NADPH-binding domain, an FAD-binding domain, a heme-binding domain, two 
calcium-binding EF hands, and a peroxidase domain. It catalyzes the oxidation of 
NADPH from the cytoplasm and delivers its product (H2O2) to the luminal surface 
of the apical membrane where it is utilized as a substrate for TPO [57]. Proper 
expression of DUOX2 requires the presence of the maturation factor DUOXA2, a 
protein consisting of 320 amino acids and five transmembrane domains [58]. They 
are encoded by genes located in a cluster on human chromosome 15q15 which also 
contains the homologous DUOX1 and DUOXA1 genes [58].

A variety of mutations have been identified in DUOX2 [59, 60] and recently 
also in DUOXA2 [60, 61] in patients with thyroid dyshormonogenesis. However, 
associations of polymorphisms in these genes with thyroid function tests have so 
far not been reported.

TPO is a glycoprotein consisting of 933 amino acids and containing a single 
transmembrane domain. A short C-terminal domain is located in the cytoplasm, but 
most of the protein is exposed on the luminal surface of the apical membrane which 
also contains a heme-binding domain, the active center of the enzyme [62]. TPO 
is encoded by a gene which covers about 150 kb on chromosome 2p25, distributed 
over 17 exons. In addition to full-length TPO-1, different splice variants have been 
characterized, including the TPO-2 variant which is generated by skipping of exon 
10, resulting in the loss of 57 amino acids in the middle of the protein [62]. TPO-2 
has no enzyme activity and its function is unknown.

Many TPO mutations have been identified in patients with thyroid dyshormono-
genesis, see for instance [63, 64]. To our knowledge association have not been 
reported so far of polymorphisms in TPO with thyroid function tests.

DEHAL1 is a 289-amino acid protein containing an N-terminal membrane 
anchor and a conserved nitroreductase domain with an FMN-binding site [65–67]. 
Functional DEHAL1 probably exists as a homodimer. The DEHAL1 gene is located 
on chromosome 6q24–q25 and consists of 5 exons. DEHAL1, also termed IYD, 
catalyzes the reductive deiodination of MIT and DIT by NADH. Since DEHAL1 
lacks an NADH-binding sequence, iodotyrosine deiodinase activity requires the 
involvement of a reductase, which has not yet been identified.
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Recently, homozygous missense mutations in DEHAL1 have been identified 
in patients with hereditary hypothyroidism [68, 69]. Remarkably, patients are not 
always identified at neonatal screening, and hypothyroidism develops later in life, 
probably depending on the iodine intake. Since this may occur in the first year(s) 
and is not immediately recognized, it may result in mental retardation. So far, asso-
ciations of polymorphisms in DEHAL1 with thyroid function tests have not been 
reported.

2.6  Genetic Variation in Thyroid Hormone Receptor  
Genes: TR, TR

Thyroid hormone action is initiated by binding of T3 to its receptor (TR), which 
is located in the nucleus. TRs are associated with T3 response elements of target 
genes, and binding of T3 to the TR leads to stimulation or suppression of gene 
transcription. TRs are encoded by the THRA gene located on chromosome 17q11.2 
and the THRB gene located on chromosome 3p24.3. THRA encodes five proteins, 
of which only TR1 has intact DNA and T3 binding domains. THRB encodes three 
proteins that can bind DNA and T3. TR is the predominant TR in brain, heart, and 
bone, whereas TR is the predominant TR in the liver, kidney, thyroid, and pituitary 
[70, 71].

Mutations in TR can lead to thyroid hormone resistance syndrome. Over 100 
different heterozygous TR mutations have been identified, almost all located in 
the ligand-binding domain. The estimated frequency is 1/50,000 [72, 73]. As TR is 
the predominant TR in the negative feedback regulation of the HPT axis, increased 
serum thyroid hormones and nonsuppressed TSH are the hallmarks of the diagnosis. 
Amongst others, clinical features include goiter, short stature, decreased weight, 
tachycardia, cardiomyopathy, hearing loss, attention deficit hyperactivity disorder, 
decreased IQ, and dyslexia. These are due to a relative hypothyroid state in TR-
expressing tissues and a relative hyperthyroid state in TR-expressing tissues [74].

A limited number of studies have been published about the association of genetic 
variation in TR and serum thyroid parameters [23, 75]. Sørensen et al. found the 
THRB-intron9-G>A polymorphism to be associated with higher serum TSH in a 
Danish twin population. Although replication in a Caucasian population showed a 
similar trend, it did not reach statistical significance [75].

No patients with mutations in TR have been identified yet. Various mouse 
models with knock-in mutations in TR have been generated [76–79]. In all mod-
els, TSH was (moderately) elevated. Depending on the mutation, T3 and T4 levels 
ranged from slightly decreased to slightly increased. In general, these mice showed 
a higher mortality, delayed growth, reduced fertility, delayed bone development and 
signs of impaired cardiac function and neuropsychiatric abnormalities (e.g., ataxia 
and anxiety-related behavior).

Sørensen et al. studied the possible relationship of two polymorphisms in THRA 
(i.e., THRA-A2390G, rs12939700) with serum thyroid parameters in a large 
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population of Danish twins and found no significant associations [75]. Furthermore, 
no studies have been published on the association of genetic variation in TR and 
serum thyroid parameters.

2.7  Genetic Variation in Serum TH Transport Proteins: TBG, 
TTR, and Albumin

Thyroid hormones circulate in serum bound to the carrier proteins TBG, TTR (for-
merly known as thyroxine-binding prealbumin or TBPA) and albumin. These pro-
teins provide a large and stable pool of circulating thyroid hormone, distributing the 
water-insoluble hormone to all tissues. In humans TBG, TTR, and albumin carry 
about 75%, 15%, and 10%, respectively, of T4 and T3 [80–82].

The TBG gene is located on the long arm of the X chromosome (Xq22.2) and is 
composed of five exons [83]. Mutations in the TBG gene can lead to three different 
phenotypes according to serum TBG concentrations in affected hemizygous males: 
complete TBG deficiency, partial TBG deficiency, and TBG excess [84]. TBG defi-
ciency is associated with very low levels of total T4 and T3. Since unbound hor-
mone levels are normal, patients are euthyroid and TSH levels are normal. TBG 
excess gives rise to increased levels of total T4 and T3, again with normal levels of 
FT4 and FT3. To date, approximately 30 variants have been associated with TBG 
defects [83]. These are either nonsense or missense mutations, randomly distributed 
throughout the TBG gene. Gene duplications or triplications have been shown to be 
the cause of TBG excess [85].

The TTR gene is located on chromosome 18q11.2–q12.1. Circulating TTR is 
a tetramer of identical 127-amino acid subunits. More than 80 different mutations 
in this gene have been reported. Most mutations are related to amyloid deposition, 
affecting predominantly peripheral nerves and/or the heart. These mutations can 
lead to diseases such as amyloidotic polyneuropathy, amyloidotic vitreous opaci-
ties, cardiomyopathy, oculoleptomeningeal amyloidosis, meningocerebrovascular 
amyloidosis, and carpal tunnel syndrome [86]. Interestingly, only a small portion 
of the gene mutations is nonamyloidogenic. Some mutations increase the affinity 
of T4, leading to a state called euthyroid hyperthyroxinemia: increased total T4 and 
T3 levels, with normal levels of FT4, FT3, and TSH. This has been shown for the 
Ala109Thr, Ala109Val and Thr119Met mutations [87, 88]. A decreased concentra-
tion or affinity of TTR is not associated with variations in serum concentrations of 
thyroid hormones [89].

Familial dysalbuminemic hyperthyroxinemia (FDH) was first identified in 1979 
by Hennemann et al. [90]. Like other conditions associated with euthyroid hyper-
thyroxinemia, it is characterized by increased levels of total T4, but normal levels 
of FT4 and TSH. It is caused by mutations in the albumin gene. The most common 
mutation in this respect is Arg218His: it produces an albumin molecule with 10- to 
15-fold higher affinity for T4 than wild-type albumin, and a fivefold increase in 
affinity for T3 [91]. Two other mutations have been identified, i.e., Arg218Pro and 
Leu66Pro [91]. The latter induces a selective increase in affinity for T3.
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Although polymorphisms have been identified in the TBG, TTR, and albumin 
genes, none has been linked to alterations in serum thyroid hormone levels.

2.8  Genetic Variation in TH Transporters: MCT8,  
MCT10, OATPs

Both TRs and deiodinases are located intracellularly. Therefore, transport of thyroid 
hormone across the cell membrane is required for hormone action and metabolism. 
Based on the lipophilic structure of thyroid hormones, it was assumed that they 
enter cells through passive diffusion. However, it has become increasingly clear that 
there are specific thyroid hormone transporters, and that the activity of these trans-
porters in part determines the intracellular thyroid hormone concentration [92].

2.8.1   MCT8 and MCT10

Monocarboxylate transporter 8 (MCT8) has been characterized as an active and 
specific thyroid hormone transporter [93]. The MCT8 gene is located on the X 
chromosome (Xq13.2) and contains six exons. Mutations in the MCT8 gene cause 
a syndrome of severe psychomotor retardation and high serum T3 levels in affected 
male patients, known as the Allan–Herndon–Dudley syndrome [94, 95]. The neu-
rological deficits are probably explained by an impeded uptake of T3 in MCT8-
expressing central neurons and, hence, an impaired brain development. This has 
been reviewed in detail elsewhere [94, 95].

Since mutations in the MCT8 gene have such profound effects, the question 
arises whether small changes in the MCT8 gene may affect transport activity as 
well. Only two studies exist on the relationship between MCT8 polymorphic vari-
ants and serum thyroid hormone levels [96–98] (Table 2.3). Dominguez-Gerpe and 
colleagues studied the Ser107Pro polymorphism (rs6647476), which is the only 
established nonsynonymous polymorphism in MCT8 [98]. In their study, 276 
healthy Spanish men were genotyped for this polymorphism. They found no asso-
ciation with serum thyroid hormone levels or with mRNA levels coding for MCT8 
or thyroid hormone-responsive genes in white blood cells or in T3-stimulated 

Table 2.3  Effect of common variation in MCT8 and MCT10 on thyroid function tests
Gene Polymor-

phism
Location Change Effect on serum thy-

roid hormone levels
In vitro effect

MCT8 –
rs6647476
rs5937843

Exon
Exon
Intron

Ser33Pro
Ser107Pro
G > T

No effect observed
No effect observed
Not consistent

Not determined
No effect observed
Not determined

MCT10 rs14399 3′-UTR C > A No effect observed Not determined
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fibroblasts. We also genotyped this polymorphism in a population of 156 healthy 
men and women and found no association between this variant and serum thy-
roid parameters. Hemizygous carriers of a different polymorphism, i.e., rs5937843, 
located in intron 5 of the MCT8 gene, had lower FT4 levels compared to wild-type 
male subjects. However, we failed to replicate these findings in the homozygous 
female carriers in the same population.

MCT10 has been characterized by Kim et al. in 2002 [99] as a T-type amino 
acid transporter, facilitating the cellular uptake and efflux of aromatic amino acids. 
Although this was not immediately clear, we have later shown that MCT10 is an 
active iodothyronine transporter [100]. The MCT10 gene is located on chromosome 
6q21–q22 and has the same gene structure as MCT8. The MCT10 protein also has 
~50% amino acid identity with the MCT8 protein.

To date, only one study has been published regarding the possible association of 
genetic variation in the MCT10 gene with serum thyroid parameters. We showed 
that a common polymorphism (rs14399) in the 3′-UTR region of the MCT10 gene is 
not associated with serum thyroid hormone levels [97]. The only established nonsyn-
onymous polymorphism identified in human MCT10 is Lys508Gln (rs17072442), 
with a minor allele frequency of ~2%. Considering the type of amino acid change, it 
would be interesting to investigate the association of this polymorphism with serum 
thyroid parameters and other thyroid-related endpoints.

So far, patients with mutations in MCT10 have not been identified. Consider-
ing the wide tissue distribution of MCT10 expression and its swift T3 transport, 
it is quite likely that MCT10 mutations are associated with significant alterations 
in tissue and/or serum thyroid hormone concentration. As is the case with MCT8, 
mutations in MCT10 may well result in a significant impairment of tissue T3 uptake 
and, thus, in manifestations of thyroid hormone resistance. To predict the phenotype 
of patients with MCT10 mutations, it would be highly interesting to study MCT10 
knockout mice, although it should be realized that MCT8 knockout mice do not 
show any neurological abnormality in sharp contrast with the clinical condition of 
patients with MCT8 mutations [101–103].

2.8.2   OATP1A2, 1B1, 1B3, and 1C1

The organic anion transporting polypeptides (OATPs) are a large family of trans-
porters responsible for Na+-independent transmembrane transport of amphipathic 
organic compounds, including bile salts, bromosulfophthalein, steroid hormones 
and numerous drugs [104]. Among the many ligands transported by OATPs, sev-
eral members of this large family also facilitate uptake of thyroid hormone. These 
include members of the OATP1 subfamily: 1A2 [105, 106], 1B1 [105, 107], 1B3 
[105], and 1C1 [108]; a member of the OATP2 subfamily: 2B1 [105]; and members 
of the OATP4 subfamily: 4A1 [106] and 4C1 [109]. The focus in this review will 
be on OATP1A2, 1B1, 1B3, and 1C1, since data regarding the effect of genetic 
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variants on serum thyroid hormone levels is available for only these four genes. 
These transporters show high sequence homology and are encoded by a gene cluster 
located on chromosome 12p12.

OATP1A2 has been shown to transport T3 and T4 with Km values of 7 μM and 
8 μM, respectively [106]. In addition, it was demonstrated that OATP1A2 facili-
tates not only transport of T4, T3, and rT3, but also of their sulfates T4S, T3S, and 
rT3S in transfected cells [110]. We analyzed the OATP1A2-Ile13Thr and -Glu-
172Asp polymorphisms for association with serum thyroid hormone levels. For 
the Ile13Thr polymorphism, no consistent associations with serum thyroid hor-
mone levels were found. In addition, no differences in thyroid hormone transport 
were observed between this variant and wild-type OATP1A2 in vitro. However, 
cells transfected with the Glu172Asp variant showed decreased transport com-
pared to cells transfected with wild-type OATP1A2. This variant was, however, 
not associated with serum thyroid parameters in two populations of Caucasians. It 
could, therefore, be concluded that this polymorphism might affect tissue thyroid 
hormone concentrations independent of serum levels. Alternatively, OATP1A2 
might not play an important role in thyroid hormone transport in a physiological 
situation.

OATP1B1 and OATP1B3 are exclusively expressed in the liver and share 
approximately 80% amino acid identity with each other [107, 111]. Recent stud-
ies have shown that OATP1B1 markedly stimulates uptake of the iodothyronine 
sulfates T4S, T3S, and rT3S but has little activity toward nonsulfated T4, T3, and 
rT3 [112]. Like OATP1B1, OATP1B3 preferentially transports the sulfated iodothy-
ronines as well as rT3 [110]. Polymorphisms in the OATP1B1 and OATP1B3 genes 
have been extensively studied as they impact on the interindividual variability of 
drug disposition and drug response [113]. To date, only one study has focused on 
associations between a polymorphism in the OATP1B1 gene, Val174Ala, and serum 
thyroid hormone levels. This polymorphism has been studied extensively: Niemi 
and colleagues have shown that the Val174Ala polymorphism leads to decreased 
function of OATP1B1 and thereby increases the systemic bioavailability of lipid-
lowering drugs [114].

As we saw that OATP1B1 preferentially transports sulfated hormones, i.e., T4S, 
T3S, rT3S, and E1S [112], we expected that the Val174Ala polymorphism would be 
associated with serum levels of iodothyronine sulfates and E1S. Indeed, this poly-
morphism was associated with higher serum T4S levels in 155 blood donors, while 
in a larger cohort of elderly Caucasians this same polymorphism was associated 
with 40% higher serum E1S levels. In vitro, OATP1B1-Ala174 showed a 40% lower 
induction of transport and metabolism of these substrates than OATP1B1-Val174 
[112]. Decreased hepatic uptake of T4S and E1S by OATP1B1-Ala174 compared 
with OATP-Val174 in vivo thus gives rise to higher T4S and E1S levels.

To date, no associations have been found between genetic variation in the 
OATP1B3 gene and serum thyroid hormone levels [110]: the OATP1B3-Ser112Ala 
and Met233Ile polymorphisms showed no association with serum thyroid parameters 
in a population of Caucasian blood donors. OATP1C1 shows a high preference for 
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T4 and rT3 [108]. In addition, T4S uptake is also facilitated by OATP1C1, although 
less effectively than T4 [115]. Together with the almost exclusive expression at the 
blood–brain barrier, this suggests that OATP1C1 is critical for T4 uptake into the 
brain. This important role is substantiated by Sugiyama and colleagues who showed 
that expression levels of Oatp1c1 in isolated rat brain capillaries are regulated by 
thyroid hormone concentrations [116]. Oatp1c1 is up-regulated in hypothyroid rats 
and down-regulated in hyperthyroid rats [116]. Considering the presumed function 
of T4 transport across the blood–brain barrier, mutations in OATP1C1 are expected 
to have a significant impact on brain development and function. Loss of OATP1C1 
function may well lead to neuronal deficits similar to that seen in subjects with 
untreated congenital hypothyroidism or in patients with MCT8 mutations [116]. It 
seems worthwhile to study this in Oatp1c1 knockout mice.

OATP1C1 is capable of T4, T4S, and rT3 transport, but polymorphisms in the 
OATP1C1 gene are not consistently associated with serum thyroid hormone lev-
els [115]. Although, the OATP1C1-Pro143Thr and C3035T polymorphisms were 
associated with serum thyroid parameters in 156 blood donors, we could not rep-
licate these findings in a much larger cohort of Danish twins. Nor did we observe 
any differences in uptake and metabolism of T4 and rT3 between these variants 
and wild-type OATP1C1. In addition, no associations were found between the 
OATP1C1-intron3C>T polymorphism and serum thyroid hormone levels [115]. 
However, both intron3C>T and C3035T polymorphisms, but not Pro143Thr, were 
associated with symptoms of fatigue and depression in a population of adequately 
treated hypothyroid patients [117]. This is of interest as recently a number of papers 
have reported on effects of polymorphisms in thyroid hormone pathway genes, 
independent of an effect on serum thyroid hormone levels [118, 119]. Many asso-
ciations between polymorphisms in thyroid hormone pathway genes and different 
clinical endpoints are independent of serum thyroid hormone levels, highlighting 
the importance of local regulation of thyroid hormones in tissues [120].

Table 2.4 presents a summary of the studies discussed above regarding the possi-
ble effects of polymorphisms in the different OATP1 transporters on serum thyroid 
hormone levels in vivo and on the rate of iodothyronine transport in vitro.

Table 2.4  Effect of common variation in OATP1A2, OATP1B1, OATP1B3, and OATP1C1 on 
thyroid function tests
Gene Polymor- 

phism
Location Change Serum thyroid  

hormone levels
In vitro transport

OATP1A2 rs57921276
rs57550534

Exon
Exon

Ile13Thr
Glu172Asp

No effect
No effect

No effect
↓

OATP1B1 rs4149056 Val174Ala T4S↑, E1S↓ T3/rT3↓ ↓
OATP1B3 rs4149117

rs7311358
Exon
Exon

Ser112Ala
Met233Ile

No effect
No effect

ND
ND

OATP1C1 rs10770704
rs36010656
rs10444412

Intron
Exon
3′-UTR

C/T
Pro143Thr
C3035T

No effect
rT3↑ (not consistent)
FT4↑, rT3↑ (not 

consistent)

ND
No effect
No effect
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2.9  Genetic Variation in Deiodinases: D1, D2, D3

All the three deiodinases have a different physiological role [121]. D1 is present in 
liver, kidney, and thyroid, and plays a key-role in the production of the active hor-
mone T3 from T4 and in the clearance of the metabolite rT3. D2 is present in brain, 
pituitary, brown adipose tissue, thyroid, skeletal muscle, aortic smooth muscle cells, 
and osteoblasts; D2 mRNA has also been detected in the human heart. In tissues 
such as the brain, D2 is important for local production of T3, whereas D2 in skeletal 
muscle may also contribute to plasma T3 production. D3 is present in brain, skin, 
placenta, pregnant uterus, and various fetal tissues, and is induced in critical illness. 
D3 is the major T3 and T4 inactivating enzyme and contributes to thyroid hormone 
homeostasis by protecting tissues from excess thyroid hormone.

The DIO1 gene has four exons and is located on human chromosome 1p33–p32, 
the DIO2 gene has two exons and is located on chromosome 14q24.3, and the DIO3 
gene consists of a single exon and is located on chromosome 14q32. No patients 
with inactivating mutations in any of the iodothyronine deiodinases have yet been 
described. Whether this means that these mutations are not compatible with life, that 
they have little or no consequences, or that they result in unexpected phenotypes is 
still unclear. Based on the phenotypes of mice with targeted deletions of Dio1, Dio2, 
or Dio3, the most severe effects would be expected of mutations in DIO3 [122–125]. 
All three deiodinases are selenoproteins, and contain a selenocysteine residue in the 
catalytic center, which is crucial for enzymatic activity. Interestingly, mutations that 
result in an incomplete loss of function of SECISBP2, which is essential for the 
incorporation of selenocysteine, lead to a thyroid phenotype [126]. TSH, FT4, and 
rT3 are high in these patients, whereas T3 levels are low. Similar thyroid function 
tests are observed in Dio1xDio2 knockout mice, although these mice are still able 
to maintain normal levels of serum T3 [127].

In the last few years, several studies on polymorphisms in deiodinases and their 
association with thyroid function tests have been published (see [128] and [120] 
for reviews). Polymorphisms in DIO1 (rs11206244, rs12095080, rs2235544) have 
consistently been associated with altered thyroid hormone levels (especially T3 
and rT3 levels) in different populations, without an effect on serum TSH [23, 120, 
128–130]. The associations are similar in hypothyroid patients who receive levothy-
roxine treatment and those who are euthyroid without medication. Interestingly, a 
randomized placebo controlled study investigating the effect of T3 addition in the 
treatment of depression, showed an enhanced response to T3 in depressed patients 
which was associated with the rs11206244 and rs2235544 polymorphisms [131]. In 
other words, depressed patients who have a genetically determined lower T4 to T3 
conversion may be more likely to benefit from T3 supplementation. However, these 
findings need replication in an independent study cohort.

On the other hand, polymorphisms in DIO2 and DIO3 show no associations with 
serum thyroid hormone levels [23, 120, 128, 129], expect for one study of DIO2 in 
younger subjects (rs12885300), the results of which have not been replicated [132]. 
A different polymorphism in DIO2 (rs225014) has been associated with different 
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clinical endpoints independent of serum thyroid hormone levels, such as osteoar-
thritis, mental retardation in iodine deficient areas, and insulin resistance [120, 128]. 
This suggests that an altered D2 activity may lead to certain clinical phenotypes, 
without affecting serum thyroid hormone levels.

2.10  Genome-Wide Association (GWA) Studies

Besides the classical candidate gene approach, an increasing number of studies use 
a hypothesis-free approach by performing a genome-wide association (GWA) anal-
ysis. In such a GWA study the genome of each individual in the population is typed 
for more than 500,000 polymorphisms to search for variants that are associated 
with the phenotype of interest. GWA analysis will be very useful to identify novel 
loci involved in the regulation of thyroid hormone levels. Although such a study is 
complicated, as it requires large sample sizes, replication, and reliable geno- and 
phenotyping, it will unravel previously unknown pathways involved in thyroid hor-
mone metabolism. Panicker et al. identified several loci associated with serum FT4 
and TSH by a genome-wide linkage scan with 737 microsatellite markers [133], 
but as expected from an underpowered linkage scan in related subjects, they did 
not identify the actual genes explaining the variation in serum thyroid hormone 
levels. Arnaud-Lopez and colleagues recently demonstrated that polymorphisms in 
the Phosphodiesterase 8B gene are associated with serum TSH levels and thyroid 
function [134]. Probably, GWA studies will provide more candidate genes involved 
in thyroid function.

2.11  Concluding Remarks

Genetic variation has an important contribution to the overall variation in thyroid 
function tests, with estimates varying from 30 to 65%. Although many studies have 
been published in which the effects of polymorphisms on serum thyroid hormone 
levels have been demonstrated, only a minor fraction of the overall genetic variation 
is yet explained. This is clearly illustrated by two studies, in which the contribution 
of two polymorphisms (rs11206244 in DIO1 and rs1991517 in TSHR) to the overall 
genetic variation was calculated [24, 135]. Although both polymorphisms show a 
very significant association with serum thyroid function tests in different independ-
ent populations, the proportion of genetic influence explained by these particular 
polymorphisms is very small (~1%). Genome wide association strategies (and in 
the near future probably whole genome sequencing), made possible due to the rapid 
technical progress and the advancement of new techniques, will undoubtedly unravel 
previously unknown pathways involved in thyroid hormone metabolism, and pro-
vide new insights about their physiological function. Whether these techniques will 
enable us to better estimate an individual’s HPT setpoint, remains to be elucidated.
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3.1   Introduction

Iodine is an essential component of the thyroid hormones, and adequate iodine 
intake is necessary for normal thyroid function. The iodine intake of populations 
is assessed by measuring urinary iodine concentration (UIC) in a spot urine sample 
[1]. The recommendations for daily iodine intake and the recommended levels for 
optimal iodine nutrition by age and population group are shown in Table 3.1 [1, 2]. 
The epidemiological criteria for classifying the degree of iodine status in a popula-
tion based on median or range of UIC or both UIC cutoffs are listed in Table 3.2.

The optimal range of iodine intake to prevent thyroid disease is relatively nar-
row [1, 3]. Both low and high iodine intakes may interfere with thyroid function. 
The relationship between iodine intake and thyroid function has been assessed in 
cross-sectional, longitudinal, and intervention studies by measuring UIC and thy-
roid hormones in populations with different iodine status. However, interpretation 
of epidemiological studies on iodine intake and thyroid function is challenging for 
several reasons [4, 5]. One should consider not only the present iodine intake level, 
but also the history of iodine intake of the population. Many studies include hospital 
or clinic-based cohorts rather than true population cohorts. Diseases, medications, 
ethnicity, and age of studied cohorts vary. Diagnostic methods also vary, and dif-
fering cutoffs for thyroid function tests have been applied. Finally, environmental 
factors and genes may contribute to differences in thyroid function seen between 
regions [5]. In the following chapter, we discuss the effect of variations in iodine 
status on thyroid function tests in four age/population groups: adults, pregnant 
women, newborns and children, considering first the cross-sectional and then the 
longitudinal data.
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Table 3.2   Epidemiological criteria for assessment of iodine nutrition in a population based on 
median or range of urinary iodine concentrations (UIC) or both UIC cutoffs [1, 2]

Iodine intake Iodine nutrition
School-aged children
<20 µg/L Insufficient Severe iodine deficiency
20–49 µg/L Insufficient Moderate iodine deficiency
50–99 µg/L Insufficient Mild iodine deficiency
100–199 µg/L Adequate Optimum
200–299 µg/L More than adequate Risk of iodine-induced hyper-

thyroidism in susceptible 
groups

>300 µg/L Excessive Risk of adverse health conse-
quences (iodine-induced 
hyperthyroidism, autoim-
mune thyroid disease)

Pregnant women
<150 µg/L Insufficient
150–249 µg/L Adequate
250–499 µg/L More than adequate
≥500 µg/La Excessive
Lactating womenb

<100 µg/L Insufficient
≥100 µg/L Adequate
Children less than 2 years of age
<100 µg/L Insufficient
≥100 µg/L Adequate
There is no information about iodine nutrition for pregnant and lactating women in the WHO 
assessment table [1]
a The term excessive means in excess of the amount needed to prevent and control iodine 
deficiency
b In lactating women, the numbers for median UIC are lower than the iodine requirements because 
of the iodine excreted in breastmilk

Table 3.1   Recommended nutrient intake for iodine intake by age or population group and epide-
miological criteria for assessing adequate iodine intake based on median urinary iodine concentra-
tions (UIC) of populations [1, 2]
WHO recommendations Iodine intake (μg/day) UIC for adequate 

intake (µg/L)
Children 0–5 years 90 ≥100
Children 6–12 years 120 100–199
Children ≥12 years + adults 150 100–199
Pregnancy 250 150–249
Lactation 250 ≥100
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3.2   Iodine Metabolism and Thyroid Function

Iodine deficiency remains a public-health problem in 47 countries worldwide, 
and approximately one-third of the global population has low iodine intake [6]. 
In iodine deficiency, thyroid function is maintained by increasing clearance of cir-
culating iodine by the thyroid. Low iodine intake triggers thyroid stimulating hor-
mone (TSH) secretion from the pituitary gland and increases the expression of the 
sodium/iodide symporter (NIS) to maximize the iodine uptake into the thyroid cell. 
The thyroid accumulates a larger percentage of ingested iodine (as iodide), reuses 
the iodine from the degradation of thyroid hormones more efficiently, and reduces 
the amount of iodine excreted in the urine [7]. In chronic iodine deficiency, the thy-
roid uptake of iodine from the circulation can increase from 10 to 80% [8, 9]. Under 
normal circumstances, plasma iodine has a half-life of ≈10 hours, but this is reduced 
in iodine deficiency. The body of a healthy adult contains 15–20 mg of iodine, of 
which 70–80% is in the thyroid [8]. In chronic iodine deficiency, the iodine content 
of the thyroid may fall to <20 μg. In iodine-sufficient areas, the adult thyroid traps 
≈60 μg of iodine/day to balance losses and maintain thyroid hormone synthesis. The 
NIS transfers iodide into the thyroid at a concentration gradient 20–50 times that of 
plasma [10]. Iodine comprises 65% and 59% of the weights of thyroxine (T4) and 
triiodothyronine (T3), respectively. Turnover is relatively slow: the half-life of T4 
is ≈5 days and for T3, 1.5–3 days. The released iodine enters the plasma iodine pool 
and can be taken up again by the thyroid or excreted by the kidney. More than 90% 
of ingested iodine is ultimately excreted in the urine.

3.3   Thyroid Adaptation to Iodine Deficiency

In mild iodine deficiency, the thyroid-pituitary axis is usually able to adapt to low 
dietary iodine supply by increasing TSH secretion from the pituitary [7] (discussed 
in Chap. 4). Circulating TSH concentrations may be slightly increased, usually 
within the normal range, while T4 and T3 concentrations typically remain within 
the normal range. Moderate iodine deficiency often results in a mild increase in 
the TSH concentration with normal T3 and T4 concentrations, a pattern consistent 
with subclinical hypothyroidism [11, 12]. As iodine deficiency becomes severe, 
TSH concentrations may rise further while T3 increases or remains unchanged 
and serum T4 decreases. The preferential secretion of T3 is an adaptation to low 
iodine supply, as the metabolic potency of T3 is much greater than that of T4, 
but T3 requires only 75% as much iodine for its synthesis. However, in severe 
iodine deficiency euthyroidism cannot be maintained despite preferential T3 secre-
tion, as the half-life for T4 is 7 days but less than 1 day for T3 [13]. In severe 
iodine deficiency, serum TSH is inversely associated with total and free T4, but 
not with total or free T3, suggesting stronger feedback control of TSH secretion by 
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T4 than by T3 [12, 14–18]. In persistent severe deficiency, both serum T4 and T3 
will decrease, and overt hypothyroidism develops. In myxedematous cretins, the 
thyroid is atrophic, TSH is dramatically elevated and T4 and T3 are low [7]. In con-
trast, in neurological cretins, thyroid function and goiter are similar to that found in 
the surrounding population.

In iodine deficiency, serum thyroglobulin (Tg) concentrations predictably 
increase due to hyperstimulation of the thyroid by TSH [19–25] (also discussed in 
Chap. 7). Serum Tg often correlates with serum TSH, but is not necessarily higher 
in goitrous as compared to nongoitrous subjects [18]. Elevated serum Tg concentra-
tion in iodine deficiency respond rapidly to iodine repletion [25–27]. In chronically 
iodine deficient populations with elevated TSH concentrations [12, 16, 28, 29], a 
combination of factors determines whether goiter develops. These include the dura-
tion of high TSH concentrations, the efficiency of the thyroidal response in con-
verting T3 to T4, as well as other hormonal factors [30]. In adult populations, TSH 
concentrations usually do not correlate with the presence of goiter [12, 16].

Table 3.3 shows the thyroid function indicators recommended for the assessment 
of iodine status by age group.

Table 3.3   Thyroid function indicators recommended for the assessment of iodine status by age 
group

Age group Advantages Disadvantages Application

TSH 
(mU/L)

Newborn 
babies

Measures thyroid func-
tion at particularly 
susceptible age

Minimum costs if 
congenital hypothy-
roidism screening 
program is already 
in place

Heel-stick method to 
obtain sample, and 
storage on filter 
paper is simple

Not useful if iodine 
antiseptics used 
during delivery 
[70]

Needs standardized 
sensitive assay

Should be taken by 
heel-prick at least 
48 h after birth to 
avoid physiologi-
cal newborn surge

<3% frequency of 
TSH values 
>5 mU/L 
indicates iodine 
sufficiency in a 
population [72]

Serum or 
whole 
blood 
thy-
roglob-
ulin 
(μg/L)

School-
aged 
children 
and 
adults

Finger-stick approach 
to obtain sample, 
and storage on filter 
paper is simple

International reference 
range available [27]

Measures improvement 
in thyroid function 
within several 
months after iodine 
repletion

Expensive 
immunoassay

Standard reference 
material is avail-
able, but needs 
validation

Reference interval 
in iodine suf-
ficient children is 
4–40 μg/L [27]



493 Influence of Iodine Deficiency and Excess on Thyroid Function Tests

3.4   Epidemiology of Thyroid Function in Areas of Low Iodine 
Intake

3.4.1   Adults

3.4.1.1   Cross-Sectional Studies

In areas of mild and moderate iodine deficiency, the prevalence of hypothyroidism 
is generally low in the adult population [3, 31–34]. In mild iodine deficiency there 
are no, or only weak, associations between iodine status and thyroid hormone con-
centrations. In France, a nationally representative cross-sectional study of the adult 
population identified mild iodine deficiency by a median UIC of 85 µg/L in men ( n 
= 4,860) and 82 µg/L in women ( n = 7,154) [35]. TSH and free T4 concentrations 
were measured in men 45–60 years, women 35–44 years, and women 45–60 years 
without previous or present thyroid diseases [34]. The prevalence of abnormal TSH 
values in these three groups were TSH < 0.4 mU/L of 7.0%, 5.3%, and 4.4%; TSH 
4.0–9.9 mU/L of 4.0%, 7.2%, and 11.1%; and TSH ≥ 10.0 mU/L of 0.2%, 0.4%, and 
0.7%, respectively. The mean ± SD free T4 concentration was 13.8 ± 2.2 pmol/L 
for men and 14.0 ± 2.3 pmol/L for women. A cross-sectional study in Denmark 
compared serum TSH, free T4, and free T3 concentrations in adults ( n = 4,649) 
from two regions with different iodine intake before introduction to iodine fortifica-
tion: Copenhagen, an area of mild iodine deficiency with median UIC of 61 µg/L 
and Aalborg, an area of moderate iodine deficiency with median UIC of 45 µg/L 
[32]. Lower TSH levels were found in the area with moderate iodine deficiency 
than in the area with mild iodine deficiency [32]. This difference was explained 
by declining TSH with age in moderate iodine deficiency, a decline not observed 
in mild iodine deficiency [32]. The incidence of hypothyroidism was 40.1/100,000 
per year in Copenhagen and 26.5/100,000 per year in Aalborg [3, 36]. The observed 
differences in the incidence of overt hypothyroidism between the two areas and 
the change in thyroid disease after the introduction to iodization are described in 
Sect. 3.5.3.

In a mild-to-moderate iodine-deficient adult population ( n = 233) in New Zea-
land, with median 24 hour urinary iodine excretion (UIE) of 75 µg/day (median UIC 
54 µg/L) significant inverse correlations were found for the relationship between 
UIE and Tg, but not for TSH or T4 [37]. Aghini-Lombardi et al. assessed thyroid 
status in a cross-sectional study of the population of Pescopagano ( n = 1,411), an 
iodine-deficient village of Southern Italy with long standing mild-to-moderate 
iodine deficiency and no iodine prophylaxis [31]. The overall median UIC in all 
age groups combined was 55 µg/L and the goiter prevalence in the adult population 
>15 years ( n = 992) was 58.8%. Thyroid functional autonomy, defined by normal 
serum concentrations of free T4 and free T3 and subnormal serum TSH concen-
trations (<0.4 mU/L), was found in 6.4% of adults. Subclinical hypothyroidism, 
defined as elevated serum TSH (>3.7 mU/L) and normal serum levels of free T4 
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and free T3, was found in 3.8%. There was no difference between females (4.4%) 
and males (3.1%).

In contrast, severe iodine deficiency strongly influences thyroid function in 
adults. A study of adults ( n = 502) in seven villages in Senegal, an area with severe 
iodine deficiency and high goiter prevalence (62%), showed clear alterations in thy-
roid function [38]. The median UIC was 10 µg/L and the mean ± SD free T4 of 11.9 
± 3.5 pmol/L and elevated free T3 to free T4 ratios [38]. In chronic severe iodine 
deficiency, elevated serum TSH levels have been repeatedly but not systematically 
reported in adults [12, 24, 39, 40]. In adults ( n = 488) in an area of endemic goiter 
(goiter prevalence 80.1%) in Tuscany, Italy, Tg concentrations were increased but 
did not correlate with TSH [24].

3.4.1.2   Longitudinal Studies

Andersen et al. evaluated 24 hour UIE and thyroid hormone concentrations monthly 
for 1 year in a longitudinal study of 16 healthy adult men [41]. Negative correlation 
between UIE and serum TSH was found in subjects with an annual average daily 
UIE below 50 µg/day (moderately iodine deficient) but no correlation or a positive 
correlation was found between UIE and TSH in subjects with UIE above 50 µg/day 
(mildly iodine deficient). Subjects with moderate iodine deficiency showed sig-
nificantly lower T4 and T3 concentrations compared to subjects with mild iodine 
deficiency. The results suggest altered thyroid function in adult men at UIE of 
50 µg/day [41].

3.4.1.3   Summary

Although serum TSH, Tg, and free T3 may be slightly increased and free T4 slightly 
decreased in iodine deficiency, values in adult populations often remain within the 
normal range, and overlap with iodine-sufficient populations [8]. New and narrower 
reference intervals for TSH and free T4 may assist in detecting mild-to-moderate 
degrees of iodine deficiency [42]. However, with the exception of severe iodine 
deficiency, significant correlation between individual UIC and thyroid hormone 
concentrations is rarely found in adults.

3.4.2   Pregnancy

3.4.2.1   Cross-Sectional Studies

Iodine requirements are increased during pregnancy (Table 3.1) because of an 
increase in maternal T4 production, transfer of T4 and iodine to the fetus, and pos-
sibly also to compensate for an increase in maternal renal iodine clearance [43–47] 
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(discussed in depth in Chap. 11). Population-based studies have shown that women 
with an iodine intake <100 µg/day before pregnancy may become hypothyrox-
inemic during pregnancy [48–51]. In South Wales in the United Kingdom, iodine 
intake was measured in a subgroup ( n = 626) of pregnant women in weeks 11–15, 
participating in an ongoing study on thyroid function during early gestation. Their 
iodine intake was low: 60% of the pregnant women had UIC <150 µg/L [52]. How-
ever, no significant difference in the concentration of either TSH or free T4 was 
found between five subgroups of women classified according to their UIC [52]. In 
Switzerland, in a representative national sample of pregnant women ( n = 365) in the 
third trimester who were borderline iodine deficient (median UIC 139 µg/L), 16% 
had a total T4 <100 nmol/L, and 6% had a TSH >4.0 mU/L. In Danish pregnant 
women not taking iodine supplements, the median UIC was only 33 μg/g creatinine 
[50] and TSH and Tg concentrations were increased in late pregnancy [53]. Moder-
ate iodine deficiency with mean UIC of 69 ± 4 µg/L in the first trimester and altera-
tions in thyroid function have been reported in pregnant women in southwestern 
France [48].

3.4.2.2   Longitudinal Studies

Controlled trials of iodine supplementation in mildly iodine-deficient-pregnant 
women suggest beneficial effects on maternal serum Tg, but no effects on mater-
nal total or free T4 and T3 [54]. In Europe, six randomized controlled trials of 
iodine supplementation in pregnancy, involving 450 women with mild-to-moderate 
iodine deficiency, have been published. [53, 55–59]. Supplementation significantly 
increased maternal UIC in all studies. Iodine doses varied between 50 and 230 μg/
day, and the data indicate no clear dose–response relationship for UIC, TSH, Tg, 
thyroid hormones, or thyroid volume. In three of the five trials that measured mater-
nal thyroid volume, supplementation was associated with significantly reduced 
maternal thyroid size, and the data also suggest an increase in newborn thyroid 
volume and Tg can be prevented or minimized by supplementation. The data are 
equivocal for an effect on maternal TSH; values are generally lower (within the 
normal reference range) with iodine supplementation. In these mild-to-moderately 
iodine-deficient pregnant women, supplementation had no effect on maternal and 
newborn total or free T4 and T3 concentrations.

However, in regions with severe iodine deficiency and endemic goiter, rand-
omized controlled trials of iodine supplements given to iodine-deficient mothers 
before pregnancy or during early pregnancy have shown improved motor and cog-
nitive performance of their offspring, suggesting improved thyroid function [60–
62]. However, thyroid hormone concentrations were not measured in these studies. 
In a recent Italian study, thyroid function was measured in 100 pregnant women 
from a mildly iodine-deficient area: 62 women who had regularly used iodized salt 
for at least 2 years prior to becoming pregnant and 38 who commenced iodized salt 
consumption when becoming pregnant [63]. The prevalence of maternal thyroid 
failure during pregnancy was 6.4% and 36.8%, respectively [63].
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3.4.2.3   Summary

Iodine deficiency during pregnancy may be associated with elevated TSH and Tg 
concentrations and reduced maternal T4 levels [64, 65]. However, Laurberg et al. 
suggest cautious interpretation of a low free T4 concentration in late pregnancy 
and its ascription to low iodine intake [66]. Nonetheless, abnormalities in thyroid 
function in pregnant women with mild iodine deficiency can be apparent before 
changes in thyroid function are detected in the general population of the same area 
[44, 48].

3.4.3   Newborns

3.4.3.1   Cross-Sectional Studies

Neonatal Serum TSH

Neonates have lower thyroid iodine stores and higher iodine turnover compared 
to adults [67] (also discussed in Chap. 9). At low maternal iodine intake, Tg con-
centrations rise and TSH stimulation increases to maintain high iodine turnover 
[68, 69]. Thus, in iodine deficient infants, serum TSH concentrations increase for 
the first few weeks of life. This condition is termed transient newborn hyperthy-
rotropinemia, and newborn TSH obtained in whole blood collected 3–4 days after 
birth is a sensitive indicator of iodine status in the newborn period [70–73]. The 
World Health Organization (WHO) recommends measurement of the prevalence of 
neonates with elevated TSH levels as a sensitive indicator of the severity of iodine 
deficiency in a given population [1]. Typically, a few drops of whole blood are col-
lected on filter paper from the cord or by heel prick. Newborn TSH screening is not 
specific enough to use as an individual test to diagnose iodine deficiency, but can 
provide an estimate of overall population iodine status. Alterations in neonatal thy-
roid function with high serum TSH and low T4 have been reported in areas where 
thyroid function in adults or school-age children was normal [74].

Elevated newborn serum TSH levels (>5 mU/L) have been observed in several 
areas of mild iodine deficiency as well as in areas of presumed iodine-sufficiency 
[75]. Mild iodine deficiency has been identified in two cross-sectional studies of 
pregnant women and newborns in Australia [76, 77]. In Sydney, the prevalence 
of elevated newborn TSH values ranged from 5.4 to 8.1% and the median UIC in 
mothers was 109 µg/L [76]. In the Central Coast area of New South Wales, median 
UIC in 815 third trimester pregnant women was 85 µg/L and 2.2% of 824 newborns 
had whole-blood TSH values >5 mU/L [77]. Mothers with a UIC <50 µg/L were 
2.6 times (RR = 2.65; 95% CI 1.49–4.73; p < 0.01) more likely to have a child with 
elevated TSH level. In Estonia, where median UIC in school children was 65 µg/L 
[78] neonatal TSH screening of 20,021 newborns revealed a prevalence of elevated 
TSH of 17.7% [79].



533 Influence of Iodine Deficiency and Excess on Thyroid Function Tests

Neonatal Cord-Blood TSH

Normal physiologic concentrations of TSH in cord blood collected at birth during 
the physiologic newborn surge in TSH secretion are typically higher than those 
for heel-prick blood, as heel pricks are often done a few days after birth, when the 
surge of TSH has subsided. Thus, if a TSH cutoff value >5 mU/L for heel-prick 
blood is applied for cord blood [1], an elevated value is less likely to reflect iodine 
deficiency in the mother or in the neonate [66]. For this reason, transiently elevated 
TSH in cord blood is much less specific than heel-stick samples taken 3–4 days 
after birth for assessing iodine status in populations [80].

Elevated TSH levels (>5 mU/L) are common in cord blood in areas of mild, 
moderate, and severe iodine deficiency. In Hong Kong, an area with mild iodine 
deficiency, infants with iodine-deficient mothers had higher cord-blood TSH than 
iodine-sufficient mothers [81]. In Burdwan district of West Bengal, a hospital-based 
cross-sectional study of 267 third trimester pregnant mothers with median UIC of 
144 µg/L reported elevated cord-blood TSH levels in 2.9% of the neonates [82]. 
Cross-sectional studies in regions of Bangladesh and Guatemala found elevated 
cord-blood TSH concentrations in two areas of moderate maternal iodine defi-
ciency [83]. In Bangladesh, the maternal median UIC was 96 µg/L and the propor-
tion of cord bloods with elevated TSH levels was 84%. In Guatemala, the maternal 
median UIC was 120 µg/L and the proportion of cord bloods with elevated TSH 
levels was 58%.

In populations with severe iodine deficiency, high prevalences of elevated new-
born TSH levels are commonly reported. A cross-sectional, hospital-based study 
measured neonatal cord-blood TSH at birth in eight urban populations of Malaysia, 
Philippines, Pakistan, and Kyrgyzstan between 1992 and 1994 [70]. UIC obtained 
from the mothers of the infants tested or from school children at the time of cord-
blood sampling showed severe iodine deficiency with median UIC <50 µg/L in 
all sites. The prevalence of elevated TSH values ranged between 32 and 80% in 
the eight cities. In an area of severe iodine deficiency in the Democratic Repub-
lic of Congo [84–86], thyroid failure in neonates was reported due to a combina-
tion of iodine deficiency and thiocyanate overload with elevated cord-serum TSH 
>100 mU/L and cord-serum T4 <40 nmol/L.

Because of the newborn TSH surge, cord-blood TSH and Tg concentrations 
in newborns are often higher than in maternal blood [87–89]. In two randomized 
prospective iodine intervention studies of pregnant women with mild-to-mod-
erate iodine deficiency, iodine supplementation decreased serum TSH concen-
tration in women in late pregnancy, but iodine had no significant effect on the 
concentration of TSH in cord blood [53, 56]. In an observational study of women 
living in an area with mild-to-moderate iodine deficiency, mothers supplemented 
with iodine had a lower serum TSH concentration than nonsupplemented, control 
mothers [90]. However, the mothers taking iodine supplements had higher TSH 
concentration in cord-blood serum compared to the controls [90]. Neonates with 
higher serum TSH concentration did not have lower cord-serum free T4 concen-
tration [90].
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3.4.3.2   Longitudinal Studies

Studies performed in iodine-sufficient populations suggest the cutoff for defining 
iodine deficiency in a population is a prevalence of >3% of newborn TSH values 
above 5 mU/L [1, 72, 75]. In Switzerland, a prospective population-based, national 
study evaluated UIC in pregnant women and the frequency of elevated TSH con-
centrations in the newborn screening program 5 years after increase in salt iodine 
concentration [72]. Before the salt iodine increase, the median UIC among pregnant 
women was 138 µg/L ( n = 511), suggesting mild iodine deficiency and the preva-
lence of newborn TSH concentrations >5 mU/L was 2.9%. Five years later, after 
the increase in salt iodine concentration, median UIC in pregnancy had increased 
significantly to 249 µg/L, indicating sufficiency, and the prevalence of elevated 
newborn TSH decreased to 1.7%.

3.4.3.3   Summary

Thyroid function in neonates is highly vulnerable to low iodine intake and even mild 
iodine deficiency can increase newborn TSH and Tg concentrations. An increasing 
frequency of term newborn TSH concentrations >5 mU/L taken 3–4 days after birth 
is correlated with the severity of iodine deficiency in a population [91].

3.4.4   Children

3.4.4.1   Cross-Sectional Studies

Children may be more vulnerable to fluctuations in iodine intake due to lower thy-
roid stores of iodine and higher iodine turnover than adults [7]. However, in areas 
of iodine deficiency and endemic goiter, children often have TSH, T3, and T4 con-
centrations within the normal range. In such areas, the Tg concentration is typically 
elevated [92–96], and the prevalence of elevated Tg increases with the degree of 
deficiency [25, 95]. Measurement of Tg in children is thus a sensitive indicator of 
iodine status and improving thyroid function after iodine repletion. A standardized 
dried blood spot Tg assay has been developed [26, 27] and is recommended for 
assessing and monitoring iodine nutrition in the field [1]. An international reference 
range for dried blood spot Tg has been established in iodine-sufficient 5–14-year-
old children that can be used for monitoring iodine nutrition [27].

In a cross-sectional study in mildly iodine-deficient, school-age children 6–
16 years old ( n = 1221) with a median UIC of 90 µg/L in Jean province, Spain, the 
prevalence of serum TSH concentrations >5 mU/L and Tg >10 µg/L was 1.2% and 
36.7%, respectively [97]. The UIC correlated with TSH ( r = 0.13; p < 0.0003) in 
both boys and girls and with Tg ( r = 0.13; p < 0.01) in the boys, but not with free 
T3 or free T4 concentrations. In Sardinia, Italy, no alterations in thyroid hormone 
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concentrations were found in school-age children in an urban area with borderline 
iodine sufficiency (mean UIC of 105 µg/L) and a goiter prevalence of 12%, nor in 
provinces with moderate iodine deficiency (mean UIC <60 µg/L) and goiter preva-
lence up to 61% [98].

Studies in children with moderate-to-severe iodine deficiency and endemic goiter 
in Algeria, Albania, India, Indonesia, Morocco, and South Africa have reported nor-
mal TSH, T3, and T4 concentrations but elevated Tg concentrations in both children 
and adolescents [92–95, 99]. In contrast, several studies comparing children with 
or without goiter indicate altered thyroid function in goitrous children. A case-con-
trol study of children (mean age 8.6 years) with and without goiter and low iodine 
intake in the Gulbahar area in Afghanistan showed a significant association between 
goiter and TSH concentration [100]. Amongst the children with goiter ( n = 101), 
35% had abnormal TSH levels (>2.6 mU/L) as compared with 14% of children 
without goiter ( n = 110) (OR = 3.10; 95% CI 1.6–6.1; p < 0.001). In a study of 
8–15-year-old children with goiter and a median UIC of 84 µg/L in Northwestern 
Greece ( n = 97), 11% of the children showed signs of subclinical hypothyroidism 
[101]. In areas of severe iodine deficiency, such as in Sudan and Northern Zaire, a 
combination of iodine deficiency and thiocyanate overload has been associated with 
decreased serum T4 concentrations and elevated TSH concentrations in children 
[102, 103].

3.4.4.2   Longitudinal Studies

Randomized controlled iodine-intervention studies show improved thyroid func-
tion after iodine repletion in moderate-to-severe iodine-deficient children, but not 
in mildly iodine deficient children [95, 104]. In South Africa, mildly iodine-defi-
cient children 5–14 years old with a median UIC of 70–78 µg/L and normal total 
T4 concentration received 191 mg iodine as oral iodized oil or placebo [95, 96]. 
After 6 months, median UIC increased to 149 µg/L ( p < 0.001) in the treated group, 
without significant change in the mean total T4 concentration. In Albania, 310 mod-
erately iodine-deficient children 10–12 years old with median UIC of 42–44 µg/L 
received 400 mg of iodine as oral iodized oil [95, 104]. Although mean total T4 
was within the normal range, nearly one third of the children had low levels of 
total T4 because of chronic iodine deficiency at baseline. Treatment with iodine 
significantly improved both iodine status ( p < 0.001) and thyroid status ( p < 0.01). 
The median UIC increased to 172 µg/L at 6 months, mean total T4 concentration 
increased ≈40%, and the prevalence of hypothyroxinemia was reduced to <1%. 
In Iran, 198 school children 8–14 years old with a mean UIC of 11.4 ± 19.8 µg/g 
creatinine were treated with 480 mg iodine as iodized oil [105]. Iodine treatment 
significantly improved mean UIC, T4, and TSH concentrations and reduced mean 
serum Tg concentration at 2 and 3 years after injection ( p < 0.001).

In Morocco, 159 severely iodine-deficient children 6–16 years old with median 
UIC of 14–18 µg/L were enrolled to receive iodized salt [26, 106]. Before iodiza-
tion, median UIC was 18 µg/L, median serum was TSH 0.8 mU/L, mean total T4 
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was 82.4 ± 17.4 nmol/L, and median Tg was 24.2 µg/L with 88% of children hav-
ing an elevated Tg. Mean total T4 concentration was in the low-normal range, and 
21% of children were hypothyroxinemic at baseline. One year after the introduction 
of iodized salt, median UIC had normalized to 181 µg/L, median serum TSH and 
mean total T4 improved to 0.6 mU/L and 92.3 ± 12.6 nmol/L, Tg normalized to 
4.5 µg/L and prevalence of elevated Tg decreased to 12%. Because of practical and 
financial constraints, including a lack of infrastructure and electricity at the produc-
tion site, salt iodization abruptly ceased. The children were followed for another 
14 months, and concentrations of urinary iodine, TSH, total T4, and Tg were meas-
ured. Fourteen months after the discontinuation of salt iodization, median UIC had 
fallen to the preiodization concentration 20 µg/L, median serum TSH, mean total 
T4 and median Tg were sharply higher than before the introduction of iodized salt 
( p < 0.001) with concentrations of 1.9 mU/L, 85.4 ± 19.0 nmol/L, and 49.1 µg/L, 
respectively. The prevalence of elevated Tg was 89%, similar to that before the 
intervention [106].

In northern Benin, 198 children, 6–12 years old with severe iodine deficiency 
(median UIC of 20 µg/L and goiter prevalence between 20–60%) were supple-
mented with iodized oil and iodized salt. Initial mean serum concentrations of TSH 
and free T4 were within the normal range, whereas serum Tg concentrations were 
elevated. After 10 months, all indicators significantly improved and the serum con-
centrations of TSH decreased in 33%, free T4 increased in 18%, and Tg decreased 
in 56% of the cases [25].

3.4.4.3   Summary

Mild-to-moderate iodine deficiency does commonly not have a large effect on thy-
roid hormone concentrations in children; TSH, T3, and T4 concentrations often 
remain within the normal range. In contrast, Tg concentrations rise in iodine-defi-
cient children and population-based monitoring in children has been simplified by 
the recent development of a standardized dried blood spot Tg assay. The impact of 
severe iodine deficiency on thyroid hormone concentrations in children may be age 
dependent [7, 107–110].

3.5   Introducing/Increasing Iodine Intakes and/or Iodine 
Excess: Effects on Thyroid Function in Populations

Over two-thirds of the 5 billion people living in countries affected by iodine defi-
ciency now have access to iodized salt [1, 111]. Iodine excess is occurring more 
frequently, particularly when salt iodine levels are too high or are poorly monitored 
[111]. For example, in Brazil, Armenia, and Uganda, median UIC is >300 µg/L, 
while in Chile it is >500 µg/L [6]. High dietary iodine can also rarely come from 
natural sources, such as seaweed in coastal Japan [112, 113], iodine-rich drinking 
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water in China [114, 115], and iodine-rich meat and milk in Iceland from fish prod-
ucts used for animal feed [116]. The median UIC in primary-school-age children in 
the United States is 229 µg/L [117], as a result of iodine-containing agents used in 
dairying and food preparation [118, 119], together with iodine from fortified salt.

European [120] and US [121] expert committees have recommended tolerable 
upper intake levels for iodine (Table 3.4), but caution that individuals with chronic 
iodine deficiency may respond adversely to intakes lower than these. In monitoring 
populations consuming iodized salt, the World Health Organization/International 
Council for Control of Iodine Deficiency Disorders (WHO/ICCIDD) recommenda-
tions [1] for the median UIC that indicates more-than-adequate and excess iodine 
intake are shown in Table 3.2.

In areas of iodine sufficiency, most healthy adults are remarkably tolerant to 
iodine intakes up to 1 mg/day, as the thyroid is able to adjust to a wide range of 
intakes to regulate the synthesis and release of thyroid hormones [122]. Large 
amounts of iodine given for days to months in small groups of healthy subjects 
have shown few adverse effects [123].

However, doses of iodine in the microgram range may cause hyper- or hypothy-
roidism in those with past or present thyroid abnormalities. This occurs because, in 
a damaged thyroid gland, the normal down-regulation of iodine transport into the 
gland may not occur. Thus, even in so-called iodine-sufficient populations, because 
many individuals will have past or present thyroid disorders, it is to be expected 
that changes in population iodine intake will be an important determinant of the 
pattern of thyroid diseases. This has been demonstrated in epidemiological stud-
ies that have studied the relationship between iodine intake and the incidence and 
prevalence of thyroid diseases, as discussed below.

3.5.1   Cross-Sectional Studies: The Epidemiology of Thyroid 
Function in Areas of Low and High Iodine Intakes

Danish investigators compared the incidence and prevalence of hyperthyroidism and 
hypothyroidism in Jutland, Denmark, an area with low iodine intake (approximately 

Table 3.4   Tolerable upper intake level for iodine (μg/day)
Age group European Commission/Scientific 

Committee on Food [120]
US Institute of Medicine [121]

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 women 600 1100
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40–70 µg/day) and Iceland, an area of high iodine intake (approximately 400–
450 µg/day, based on urinary iodine excretion around 300 µg/24 hours in young 
subjects) [4]. It was assumed these levels of iodine intake were present for the life-
time of the inhabitants. The two areas have similar genetic backgrounds, economic 
development, and healthcare systems, and the same thyroid assays were used. There 
was a distinctly different pattern of thyroid dysfunction in the two areas: compared 
to Iceland, there was a higher prevalence of hyperthyroidism but a lower prevalence 
of hypothyroidism in Jutland. The lifetime risk for developing hyperthyroidism was 
2.3 times higher in Jutland than in Iceland. Multinodular toxic goiter was the most 
common cause of hyperthyroidism in Jutland, but relatively rare in Iceland. In con-
trast, nearly all cases of hyperthyroidism in Iceland were Graves’ disease in young 
and middle-aged subjects [4].

Other populations with long-standing mild-to-moderate iodine deficiency demon-
strate a similar pattern of a high prevalence of thyroid hyperfunction with low serum 
TSH and a low prevalence of thyroid hypofunction with elevated serum TSH [31, 
124–127]. Moreover, studies [128–133] have demonstrated a similar pattern of more 
cases of hyperthyroidism in mild iodine deficiency and more cases of thyroid hypo-
function with high iodine intake. The increase in frequency of thyroid multinodular-
ity with advancing age in mildly iodine-deficient areas is associated with a decrease 
in serum TSH in females [32, 134]. In contrast, there is a mild increase in serum 
TSH in older females in the United Kingdom [135] and Sweden [136] with higher 
iodine intakes. These data argue that the high rates of hyperthyroidism in populations 
with mild iodine deficiency are due to multifocal autonomous function of a nodular 
thyroid. Thus, like diffuse goiter, thyroid hyperfunction should be included in the 
spectrum disorders associated with mild-to-moderate iodine deficiency disorders.

Two mechanisms may be responsible for the increase in hypothyroidism in a pop-
ulation where the iodine intake is chronically high. One mechanism is the inhibitory 
effect of iodine on thyroid hormone synthesis and secretion, the Wolff-Chaikoff effect. 
This autoregulatory process is thought to protect against thyroid hormone hyperse-
cretion in the face of high iodine intake. However, this autoregulation is not perfect 
and commonly induces some degree of thyroid hypofunction. In Japanese adults with 
chronic excess iodine intakes, many with overt hypothyroidism will become euthy-
roid if their iodine intakes are normalized [137, 138]. The other proposed mechanism 
is induction of thyroid hypofunction due to autoimmune thyroiditis. In animal mod-
els, increasing iodine intake is associated with a progressive increase in thyroiditis 
[139, 140]. After an increase in iodine intake in human populations, the histology of 
surgical thyroid specimens shows an increase in the prevalence of thyroiditis [141].

3.5.2   High Iodine Intake Produces Thyroid Dysfunction in 
Children

In children, excess dietary iodine has been associated with goiter and thyroid 
dysfunction. In the reports of ‘endemic coast goiter’ in Hokkaido, Japan [5], the 
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traditional local diet was high in iodine-rich seaweed. UIE in children consuming 
the local diet was ≈23,000 µg/day. The overall prevalence of visible goiter in chil-
dren was 3–9%, but in several villages ≈25% had visible goiter. Most of the goiters 
responded to administration of thyroid hormone and/or restriction of dietary iodine 
intake. TSH assays were not available, but it was suggested an increase in serum 
TSH was involved in generation of goiter. No cases of clinical hypo- or hyperthy-
roidism were reported.

Goiter in children may also be precipitated by iodine intake well below the many 
milligrams per day in the studies from Hokkaido. Li et al. [114] examined thyroid 
status in Chinese children ( n = 171) from two villages, where the iodine concen-
trations in drinking water were 462 µg/L and 54 µg/L, and the mean UICs were 
1,235 µg/g and 428 µg/g creatinine, respectively. Mean serum TSH (7.8 mU/L) was 
increased in the first village, and was high-to-normal (3.9 mU/L) in the second vil-
lage. In the first village, the goiter rate was >60% and mean ± SD Tvol was 13.3 ± 
2.7, compared to a goiter rate of 15–20% and a mean ± SD Tvol of 5.9 ± 1.8 in the 
second village. There were no signs of neurologic deficits in the children. In other 
reports from China, drinking water with iodine concentrations >300 µg/L resulted 
in UIC >900 µg/L and a goiter rate >10% [115]. These Chinese studies suggest 
goiter and thyroid dysfunction may occur in children at iodine intakes in the range 
of 400–1300 µg/day.

This contention is supported by the findings of a recent study in an interna-
tional cohort of 6–12-year-old children, where chronic iodine intakes ≥500 µg/day 
in children were associated with an increase in thyroid size as determined by ultra-
sonography [142]. Although overall these findings suggest moderately high dietary 
intakes of iodine—in the range of 300–500 µg/day—are well-tolerated by healthy 
children, iodine intakes in this range are of no benefit and may have adverse effects 
not detected in these studies.

3.5.3   Longitudinal Studies: The Effects of Increasing Iodine 
Intakes in Populations on Thyroid Function

In an effort to control iodine deficiency, iodine intakes of many populations around 
the world have been increased. Increasing iodine intakes in iodine-deficient popu-
lations is typically accompanied by a clear rise in the incidence of hyperthyroidism; 
the magnitude of the increase depending on the amount of iodine administered 
and the severity of the preexisting iodine deficiency. Most patients who develop 
iodine-induced hyperthyroidism (IIH) have preexisting multinodular thyroid dis-
ease [143]. Thyrocytes in nodules often become insensitive to TSH control, and if 
iodine supply is suddenly increased, these autonomous nodules may overproduce 
thyroid hormones. Before iodine administration, although most are euthyroid, they 
may have radioactive iodine uptakes that are not suppressible, low serum TSH con-
centration values, and a serum TSH that does not respond to thyrotropin-releasing 
hormone [143]. Although only 3% of iodine deficient, goitrous adult Sudanese 
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developed hyperthyroidism after receiving iodized oil, serum TSH concentrations 
were <0.1 mU/L in 5.9–16.7% of subjects 12 months after iodine [144]. After 
iodized salt was introduced to adult subjects with nodular goiter in Zaire, 7.4% 
developed severe thyrotoxicosis, and in many subjects the disorder persisted longer 
than 1 year [145, 146]. Similarly, in Zimbabwe, introduction of over-iodized salt 
produced a threefold increase in IIH [147]. The increase in the incidence of IIH 
after a properly monitored introduction of iodine is transient, because the resulting 
iodine sufficiency in the population reduces the future risk of developing autono-
mous thyroid nodules [148]. In Switzerland in 1980, when the iodine content of salt 
was raised from 7.5 to 15 ppm, the UIC increased from ≈80–150 µg/g creatinine. 
In the first 2 years after this increase, the incidence of toxic nodular goiter rose by 
12%, but gradually regressed to a stable level of only 25% of the initial incidence 
[149].

To investigate the effects of iodine intake on thyroid disorders in China [150, 
151], a 5-year, prospective community-based survey was done in three rural Chinese 
communities with mildly deficient, more-than-adequate (previously mild iodine 
deficiency corrected by iodized salt), and excessive iodine intake from environ-
mental sources; the median UICs were 88, 214, and 634 µg/L, respectively. For the 
three communities, the cumulative incidence of hyperthyroidism was 1.4, 0.9, and 
0.8%; of overt hypothyroidism, 0.2, 0.5, and 0.3%; of subclinical hypothyroidism, 
0.2, 2.6, and 2.9%; and of autoimmune thyroiditis, 0.2, 1.0, and 1.3%, respectively. 
In most individuals, these latter two disorders were not sustained. Among subjects 
with euthyroidism and antithyroid antibodies at baseline, the 5-year incidence of 
elevated serum TSH levels was greater among those with more-than-adequate or 
excessive iodine intake than among those with mildly deficient iodine intake. In all 
three communities, independent of iodine intake, either positive TPOAb (OR = 4.2; 
95% CI 1.7–8.8) or goiter (OR = 3.1; 95% CI 1.4–6.8) in original healthy partici-
pants was associated with the occurrence of hyperthyroidism.

Denmark has documented the pattern of thyroid disease after careful introduc-
tion of iodized salt [152, 153]. New cases of overt hypothyroidism were identified 
in two areas of Denmark with previous moderate and mild iodine deficiency, respec-
tively (Aalborg, median UIC = 45 µg/L; and Copenhagen, median UIC = 61 µg/L) 
before and for the first 7 years after introduction of a national program of salt iodi-
zation. The overall incidence rate of hypothyroidism modestly increased during the 
study period: baseline, 38.3/100,000 per year; after salt iodization, 47.2/100,000 
(vs. baseline, RR = 1.23; 95% CI 1.07–1.42). There was a geographic difference 
because hypothyroidism increased only in the area with previous moderate iodine 
deficiency. The increase occurred in young and middle-aged adults. Similarly, new 
cases of overt hyperthyroidism in these two areas of Denmark before and for the 
first 6 years after iodine fortification were identified. The overall incidence rate of 
hyperthyroidism increased (baseline, 102.8/100,000 per year; after salt iodization, 
138.7/100,000 [p for trend < 0.001]). Hyperthyroidism increased in both sexes and 
in all age groups, but in contrast to IIH, where most cases occur in older individuals, 
many of the new cases were observed in young subjects—the increase was high-
est in adults aged 20–39 years—and were presumably of autoimmune origin. The 
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authors suggested that further monitoring is expected to show a decrease in the 
number of elderly subjects suffering from nodular hyperthyroidism.

3.6   Conclusions

Concerns about potential increases in iodine-induced thyroid disease continue to 
delay or limit the implementation of iodine prophylaxis in iodine-deficient popu-
lations. Are these concerns justified? Looking at the benefits versus the risks of 
iodine prophylaxis, it is clear that severe iodine deficiency in pregnancy can cause 
hypothyroidism, poor pregnancy outcome, cretinism, and irreversible mental retar-
dation. Mild-to-moderate iodine deficiency in utero and in childhood results in less 
severe learning disability, poor growth, and diffuse goiter. In adults, mild-to-moder-
ate iodine deficiency appears to be associated with higher rates of more aggressive 
subtypes of thyroid cancer, and increases risk for nontoxic and toxic nodular goiter 
and associated hyperthyroidism.

However, increasing iodine intakes in deficient populations is not without risk. 
Mild iodine deficiency may be associated with a decreased risk of overt and sub-
clinical hypothyroidism, as well as autoimmune thyroiditis. In China, chronic excess 
iodine intakes are associated with a small increase in subclinical hypothyroidism 
and autoimmune thyroiditis, but not overt hypo- or hyperthyroidism. In contrast, 
in Denmark, correcting mild-to-moderate deficiency modestly increased rates of 
hypo- and hyperthyroidism. The differing effects of varying iodine intakes in these 
studies may be related to differences in underlying thyroid autonomy, genetic sus-
ceptibility, or other environmental variables.

More prospective data on the epidemiology of thyroid disorders caused by 
changes in iodine intake in other countries would be valuable. But it appears 
achieving optimal iodine intakes (in the range of 150–250 µg/day) can minimize 
the amount of thyroid dysfunction in populations [154]. Iodine prophylaxis with 
periodic monitoring is an extremely cost-effective approach to help control thy-
roid disorders, compared to clinical diagnosis and treatment. If programs of iodine 
prophylaxis are carefully monitored for both iodine deficiency and excess, the rela-
tively small risks of iodine excess are far outweighed by the substantial risks of 
iodine deficiency—pregnancy loss, goiter, and mental retardation, which continue 
to affect up to a third of the global population [8].
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4.1   Introduction

The hypothalamic-pituitary axis regulates the production of thyroid hormones so 
that the serum concentrations of thyroxine (T4) and triiodothyronine (T3) remain 
in a narrow range in the euthyroid state. These hormones have essential roles in 
growth; development; metabolism of carbohydrate, fat, and proteins; and adaptation 
to the environment. This chapter will focus on the production of thyroid hormones, 
hypothalamic-pituitary control of the thyroid, and the use of serum thyrotropin (thy-
roid stimulating hormone, TSH) measurements for evaluation of thyroid function.

4.2   Production of Thyroid Hormone

4.2.1   Sodium/Iodide Symporter

Iodide is an essential substrate for the production of thyroid hormone. The source 
of iodide (iodine) is dietary. Since iodine is a scarce nutrient, the thyroid gland has 
a transport protein that concentrates iodide from the serum. This protein, located on 
the basolateral membrane of the thyroid follicular cell, actively transports iodide 
against a concentration gradient, resulting in a cell to plasma ratio of 30–40:1 
(Fig. 4.1). Because sodium is cotransported with iodide, the transport protein is 
called the sodium/iodide symporter (NIS) [1]. The sodium/potassium ATPase, 
another membrane protein, provides the energy for this process. The human NIS 
gene has 13 exons and is located on chromosome 19. Human NIS contains 643 
amino acids and has 13 transmembrane domains. The amino terminus of the mol-
ecule is in the extracellular compartment and the C-terminal end is intracellular. 

G. A. Brent (ed.), Thyroid Function Testing, 
DOI 10.1007/978-1-4419-1485-9_4, © Springer Science+Business Media, LLC 2010

Chapter 4
Regulation of Thyroid Hormone Production 
and Measurement of Thyrotropin

Jerome M. Hershman

J. M. Hershman ()
Division of Endocrinology and Diabetes, David Geffen School of Medicine at UCLA,  
University of California,  Los Angeles, CA 90095, USA
e-mail: jhershmn@ucla.edu



72 J. M. Hershman

Human NIS is a glycoprotein of 108 kDa; its carbohydrate is not essential for its 
function.

TSH increases the gene expression of NIS by stimulating the cyclic AMP path-
way. The regulation occurs through the induction of several transcription factors 
that bind to a far upstream enhancer in the NIS gene [2]. PAX-8 binds to its response 
element in the enhancer, and CREB, CREM, and ATF1 bind to a CRE-like sequence 
of the enhancer. The induction of NIS by TSH is a rapid process; NIS is a stable 
protein lasting for several days after synthesis. For NIS to function, it must translo-
cate to the membrane.

4.2.2   Dietary Iodine Requirements

The dietary iodine requirement for adequate synthesis of thyroid hormone is at least 
100 μg/day (discussed in depth in Chap. 3). This is reflected in a urine iodine of 
about 150 μg/g creatinine. A recent survey of urinary  iodine  in  the United States 
shows mean urinary iodine was 168 μg/L, unchanged from the previous decade, and 
that only 11% had urinary iodine less than 50 μg/L [3]. It is estimated that world-
wide one billion people live in regions with iodine deficiency. Pregnancy increases 
iodine requirement to 250 μg/day because of an increased renal loss in the face of 
a need to synthesize more thyroid hormone during pregnancy [4]. A survey of 100 
pregnant women in Boston showed that 49% had suboptimal iodine intake and that 

Fig. 4.1   Diagram of a thyroid cell and the biosynthetic steps in the formation and secretion of 
thyroid hormones
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9% had iodine deficiency, which could impair thyroid hormone synthesis in the 
pregnant woman and fetus, possibly resulting in congenital hypothyroidism [5].

Excess iodine intake, resulting in high intrathyroidal iodide, may cause a tran-
sient blockade of the synthesis of thyroid hormone (Wolf–Chaikoff effect). Normal 
subjects escape from this blockade by down-regulation of iodide transport, probably 
by inhibition of gene expression of NIS (escape from the Wolff–Chaikoff effect), an 
autoregulatory process.

4.2.3   Thyroid Peroxidase

Thyroid peroxidase (TPO) is a glycoprotein located on the apical membrane of 
the thyroid follicular cell (Fig. 4.1) [6]. Its function is to oxidize iodide to a higher 
valence state for incorporation into tyrosine (organification) to produce monoio-
dotyrosine and diiodotyrosine within the thyroglobulin molecule. It is also respon-
sible for the coupling of iodotyrosines to form T4 and T3. The human TPO gene 
is located on chromosome 2 and has 17 exons separated by 16 introns. The TPO 
protein contains 933 amino acids and about 10% carbohydrate. TPO contains a 
prosthetic heme group that is essential for its function. TSH stimulates the activity 
of TPO, probably through regulation of gene expression involving the transcription 
factors PAX-8 and TTF-1. Mutations in the TPO gene result in defective iodine oxi-
dation and organification and cause goitrous congenital hypothyroidism [7].

4.2.4   Hydrogen Peroxide Generation

Hydrogen peroxide is essential for oxidation of iodide, organification of iodine, 
and coupling of iodotyrosines. The H2O2 generating system is located on the apical 
membrane where TPO also resides. The system involves oxidation of NADPH by 
an NADPH oxidase. There are two thyroidal NADPH oxidases, THOX1 (DUOX1) 
and THOX2 (DUOX2). The genes for both of the oxidases are on chromosome 15 
and each consists of 33 exons. Each of them contain about 1,550 amino acids with 
seven transmembrane domains. The THOX proteins are glycosylated and have a 
molecular weight of about 189 kDa. The precise biochemical mechanism resulting in 
generation of H2O2 remains controversial. TSH stimulates the process and high con-
centrations of iodide inhibit it. Patients with mutations in THOX2 have congenital 
hypothyroidism, indicating that THOX1 cannot compensate for this deficiency [8].

4.2.5   Apical Iodide Transport

Pendrin is a protein located on the apical membrane that transports iodide from the 
cytoplasm to the apical lumen where it participates in iodination of thyroglobulin 
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(Fig. 4.1). Pendrin is also present in the endolymphatic system of the inner ear. 
Deficiencies in pendrin result in deafness and mild hypothyroidism called Pendred’s 
syndrome [9]. There is a second apical iodide transporter. The relative contributions 
of these apical transporters to thyroid hormone synthesis is unclear.

4.2.6   Thyroglobulin

Thyroglobulin is a very large protein that serves as the matrix for synthesis of thy-
roid hormone [10]. Thyroglobulin resides within the follicle at the apical portion 
of the thyroid cell and makes up the colloid in the follicular lumen. It serves as the 
storage protein for thyroid hormone. The thyroglobulin gene is located on chromo-
some 8 and contains 48 introns. Gene expression of thyroglobulin is regulated by 
the transcription factors PAX-8, TTF-1, and TTF-2. The mature protein is a dimer, 
consisting of two 330 kDa monomers. The thyroglobulin molecule contains 132 
tyrosyl residues, but only a few are used for synthesis of T4 and T3. Defects in 
thyroglobulin synthesis cause congenital hypothyroidism.

When there is a need for thyroid hormone, thyroglobulin is processed by reentry 
from the colloid into the thyroid cell by pinocytosis forming vesicles. Fusion of these 
vesicles with lysosomes results in proteolyic breakdown of the thyroglobulin and 
release of T4 and T3 as well as iodothyronines. The majority of the iodotyrosines are 
deiodinated by intrathyroidal dehalogenase, and the iodide is recycled so that it is 
available for thyroid hormone synthesis. This is an important mechanism for conser-
vation of iodide. Patients with molecular defects in the dehalogenase have congenital 
hypothyroidism and goiter that can be overcome by increasing iodide intake [11].

The normal human thyroid contains a 2-month supply of thyroid hormone in 
thyroglobulin. Approximately  85 μg  of T4  and  7 μg  of T3  are  secreted  daily  by 
the  thyroid. However,  the daily production of T3 is approximately 33 μg. Eighty 
percent of the daily T3 production arises from extrathyroid sources by a deiodinase 
system that is described in Chap. 2.

4.3   TSH Biochemistry and Physiology

Thyrotropin is produced by specialized pituitary cells called thyrotrophs. Thyrotropin 
is a glycoprotein composed of two subunits that are not covalently bound. The alpha 
subunit of TSH contains 92 amino acids and is common to three other glycoprotein 
hormones: follicle-stimulating hormone (FSH), luteinizing hormone (LH), and human 
chorionic gonadotropin (HCG). The beta subunit is unique to TSH and contains 112 
amino acids. The intact molecule of human thyrotropin has a molecular weight of 
28–30 kDa and contains about 15% by weight of covalently bound oligosaccharide 
side chains. Both subunits are synthesized and secreted in specialized pituitary cells 
called thyrotrophs. The human thyrotropin beta-subunit gene contains three exons and 
two introns, and the alpha-subunit gene contains four exons and three introns.
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The secreted thyrotropin molecule has a plasma half-time of disappearance of 
about 30 minutes and a metabolic clearance rate of 25 ml/min/m2. The secretion 
rate is approximately 40–150 mU/day in humans.

Thyrotropin binds to a receptor on the surface of the thyroid follicular cell. 
The TSH receptor (TSH-R) is a G protein-coupled receptor with seven transmem-
brane spanning regions and a 400 amino acid N-terminal extracellular domain that 
selectively binds TSH with high affinity [12]. It activates adenylyl cyclase which 
increases protein kinase A, resulting in an increase of cyclic adenosine monophos-
phate (cAMP). This in turn stimulates the synthesis and release of T4 and T3, as 
well as many metabolic processes, and growth of the thyroid cells. In addition, TSH 
may promote thyroid cell growth by activation of phopholipases, resulting in gen-
eration of inositol phosphates and diacylglycerol, in turn activating Ca++/phospholi-
pid-independent kinases, PKC. Rarely, hypothyroidism is caused by an inactivating 
mutation in the TSH-R, also termed TSH resistance. There may be mutations of the 
TSH-R, especially in hyperfunctioning adenomas, that cause constitutive activa-
tion, resulting in hyperthyroidism with suppression of serum TSH [12].

Several pituitary transcription factors influence the development of the thyro-
trophs and TSH gene expression. Thyrotroph embryonic factor regulates expression 
of the beta-subunit gene. Pit-1 is required for the survival of the thyrotroph and for 
expression of the TSH beta-subunit gene. Prophet of Pit-1 (PROP-1) is required for 
development of cell lines that are dependent on Pit-1.

4.3.1   T3 Negative Regulation of TSH

Thyroid hormone exerts an inhibitory effect on TSH release and synthesis. T3 exerts 
this effect through binding to the 2 thyroid hormone receptor in the thyrotrophs, a 
nuclear binding receptor that transduces the action of thyroid hormone by its regula-
tion of transcription. This negative regulation affects transcriptional control of both 
subunits of thyrotropin. The promoter region of the beta subunit has a negative T3 
response element in its promoter region. The thyrotrophs are exquisitely sensitive 
to the circulating levels of thyroid hormone, both T4 and T3. Within the thyrotroph, 
the type 2 thyroxine deiodinase converts T4 to T3 (see Chap. 1), thereby provid-
ing the main source of T3 for the negative feedback regulation. Although there are 
many other factors that regulate TSH release, the dominant factor is the negative 
feedback modulation by thyroid hormone, as diagrammed in Fig. 4.2.

4.4   Thyrotropin-Releasing Hormone

The hypothalamus produces thyrotropin-releasing hormone (TRH) in specific 
nuclei in the median eminence and paraventricular regions [13]. TRH is secreted 
into the portal venous blood flowing directly to the pituitary (Fig. 4.2). TRH binds 
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to its G protein-coupled receptor on the thyrotrophs and stimulates phospholipase 
C, resulting in activation of PKC as noted above. The second messenger is intracel-
lular Ca++, which causes release of TSH that is stored in granules, synthesis of more 
TSH, and glycosylation of TSH that is essential for its full biologic activity. TRH is 
a tripeptide with the structure pyroglutamyl-histidyl proline-amide. It is formed in 
small amounts in many parts of the central nervous system, the pancreatic islets, and 
other organs. It is a ubiquitous neuropeptide with many other functions.

Thyroid hormone also exerts a negative feedback effect on synthesis and prob-
ably secretion of TRH. The positive effect of TRH on release of TSH is believed to 
exert fine control on TSH secretion. However, knockout of TRH in mice does not 
cause profound hypothyroidism in contrast with the severe hypothyroidism result-
ing from hypophysectomy in experimental animals.

4.5   Diurnal Rhythmicity of TSH

Serum TSH levels show a diurnal rhythm with the onset of peak levels starting in the 
night hours shortly before the onset of sleep at about 2200 hours to midnight [14]. 
The peak levels occur 2–4 hours later, and there is a gradual reduction till 8 a.m., 

Fig. 4.2   Diagram of the hypothalamic-pituitary-thyroid axis and the negative feedback regulation 
by thyroid hormones
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with even lower levels in the afternoon. Sleep deprivation enhances the nocturnal 
TSH peak, suggesting that sleep attenuates the peak. The peak is at most twofold 
greater than the mean based on 15 minutes sampling throughout the day. The basis 
for the rhythm has not been established. Recent work shows that the TSH rhythm 
is parallel to that of leptin. Since leptin increases TRH synthesis, the data suggest 
that leptin may be the basis for the TSH circadian rhythm [15]. In addition, TSH is 
secreted in a pulsatile manner with a periodicity of 2–3 hours, but the amplitude of 
the peaks is rather small. The diurnal rhythym tends to be attenuated with advanced 
age and is absent in most patients with primary hypothyroidism. Alcohol ingestion 
also attenuates the nocturnal TSH peak. From a practical point of view, the diurnal 
rhythm does not affect serum TSH levels when obtained during the usual hours for 
clinical sampling.

Studies to show whether the nocturnal peak of serum TSH causes an increase 
in thyroid hormone levels have generally been negative. However, a recent study 
showed that the level of free T3, but not free T4, increased about 0.5–2.5 hours after 
the nocturnal TSH peak [16]. This is most likely due to serum T3 arising from the 
thyroid, even though the thyroid’s direct contribution to circulating T3 is believed 
to account for only 20% of the total in humans.

4.6   Other Factors that Regulate TSH Secretion

In addition to the negative feedback effect of thyroid hormone and the positive 
stimulatory effect of TRH, there are a number of other factors that affect TSH secre-
tion. Table 4.1 summarizes these factors.

In rodents acutely exposed to the cold, serum TSH and thyroid hormone lev-
els increase. The mechanism involves the sympathetic nervous system. Adrenergic 
activation increases TSH release in the rat, but it is difficult to show any modula-
tion of TSH by cold exposure [17], adrenergic activation or inhibition in humans. 
However, methamphetamine usage may increase TRH, resulting in elevation of 

Increase TSH Decrease TSH
TRH T4, T3
Leptin Somatostatin
Cold exposure? Dopamine
Arginine vasopressin Cortisol
Glucagon-like peptide-1 Fasting
Galanin Retinoid X agonists

Pro-inflammatory cytokines
Cholecystokinin
Gastrin-releasing peptide
Neuropeptide Y
Surgical stress

Table 4.1   Factors that 
influence TSH secretion
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serum TSH that increases thyroid hormone secretion, thereby resulting in feedback 
inhibition of TSH secretion [18].

The neuropeptides arginine vasopressin, glucagon-like peptide-1, galanin, and 
leptin stimulate TSH secretion in humans.

Dopamine, acting through the D2 receptor, inhibits TSH secretion. Somatostatin 
acutely inhibits TSH secretion, but chronic usage does not cause hypothyroidism 
in euthyroid patients. However, long-acting analogs of somatostatin are useful for 
reducing serum TSH levels in patients with pituitary tumors that secrete TSH and 
cause hyperthyroidism. Other neuropeptides that inhibit TSH secretion include 
cholecystokinin, gastrin-releasing peptide, and neuropeptide Y. The clinical rele-
vance of these factors is unclear.

Retinoids impair TSH secretion through the retinoid X receptor (RXR). Targre-
tin, a selective RXR ligand used for the treatment of cutaneous T-cell lymphoma, 
caused profound central hypothyroidism [19].

Proinflammatory cytokines inhibit TSH secretion. These include tumor necrosis 
factor-, interleukin-1 and interleukin-6 [20]. These factors may be responsible for 
reducing serum TSH levels in severe nonthyroid illness, resulting in reduced serum 
T4 levels. In addition, these cytokines block peripheral deiodinase activity, causing 
low T3 levels.

4.7   Clinical Effects of TRH

Administration of TRH intravenously causes a rapid increase of serum TSH reach-
ing a peak at 20–30 minutes (Fig. 4.3) [21]. This was used as a clinical test in a 
variety of settings. In general, the peak serum TSH response to TRH was propor-
tional to the baseline serum TSH level. The principal side effects include a queasy 
feeling, urinary urgency, and transient hypertension. Currently TRH is not available 
for administration to humans in the United States.

The rapid rise of TSH was used to differentiate pituitary TSH deficiency from a 
hypothalmic lesion causing presumed deficiency of TRH (Fig. 4.3). When pituitary 
function was seriously compromised, there was no increment of TSH from a low 
basal level. When there was a lesion in the hypothalamus causing central hypothy-
roidism, there was a response of serum TSH to TRH with a peak that was normal 
in increment above baseline but delayed to 45–60 minutes. Unfortunately, these 
responses were often not so clear.

In patients with hyperthyroidism, serum TSH was suppressed by the negative 
feedback and there was no increment after TRH adminstration [21]. Before the cur-
rent sensitive TSH assays, this failure of response was used for diagnosis of mild 
hyperthyroidism.

In patients with primary hypothyroidism, the TSH response to TRH was exagger-
ated in magnitude. A peak above approximately 30 mU/L was considered an indica-
tion of mild hypothyroidism by some experts, but this conclusion was debated by 
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others. The current precise and sensitive serum TSH assays have made this debate 
superfluous.

Administration of TRH intravenously also caused a rapid increment in serum 
prolactin, indicating that the lactotrophs had receptors for TRH. This was also used 
as a test of pituitary function. In addition, some patients with acromegaly had an 
increment in serum growth hormone after TRH.

4.8   Measurement of TSH

Sixty years ago a sensitive bioassay for TSH was developed by McKenzie [22]. This 
assay performed in mice could measure the very high TSH levels of primary hypothy-
roidism and the elevated TSH of Graves’ disease, subsequently shown to be due to 
thyroid-stimulating immunoglobulin. The variability of these bioassays was approxi-
mately ±25%. After the development of the concept of radioimmunoassay by Yalow 
and Berson in 1960 [23], several investigators developed such assays for serum TSH. 
The initial assays were not sufficiently sensitive for precise measurement of normal 

Fig. 4.3   Serum TSH response to intravenous administration of TRH in various clinical situations
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serum TSH levels [21], but subsequent improvements of the technique led to sen-
sitive radioimmunoassays that could measure the normal serum TSH levels [24]. 
The assays were labor intensive and took several days for completion. In the next 
decade, industrial companies became involved and developed assays with enzymatic 
labels to avoid the difficulty of labeling TSH with radioiodine, and there was some 
improvement in sensitivity. However, the advent of monoclonal antibodies led to the 
current very sensitive immunoassays using two antibodies of TSH—the so-called 
sandwich assay; one antibody is directed at the alpha subunit, the other is directed 
at the beta subunit [25]. One antibody, immobilized to a solid support and in large 
amounts, binds all of the TSH. The other reporter antibody, in high concentration in 
solution and directed at a different epitope, has a label that is either chemiluminescent 
or fluorescent (Fig. 4.4). The resulting sandwich removes all of the TSH from the 
serum. The TSH concentration is proportional to the label in the sandwich. With these 
assays, the subnormal levels of TSH, down to as low as 0.01 mU/L, can be measured 
with good precision in 1 hour with automated analyzers. The variability of current 
assays is less than 5%. The true assay sensitivity is defined as the minimum concen-
tration that can be detected in multiple assays with a coefficient of variation <20%.

Some patients have antibodies to mouse gamma globulin. These heterophilic 
antibodies may affect the assay results because current assays use mouse mono-
clonal antibodies. The heterophilic antibody may lead to either a high or low value, 
depending on the assay method. In one report, a mouse IgG sandwiched between 
the immobilized and labeled monoclonal antibodies of the TSH assay led to a raised 
level and an inappropriate diagnosis of hypothyroidism [26]. The paucity of new 
reports of this phenomenon suggests that this problem has been solved.

4.9   Normal Serum TSH Levels

The range of serum TSH in normal subjects has been defined in several studies. 
The largest cross-sectional study of a normal population, the NHANES 3 study, 
defined the 95% confidence limits as 0.45–4.1 mU/L in those with no evidence 

Fig. 4.4   Scheme for TSH 
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of thyroid disease and also not under the influence of drugs that might influence 
thyroid function (Fig. 4.5) [27]. A recent study of a smaller normal population con-
cluded that the normal range was 0.53–3.4 mU/L, but suggested an upper normal 
limit of 4.0 mU/L [28]. Reevaluation of the NHANES 3 data showed that the upper 
limit was shifted to 3.6 mU/L in those aged 20–29, 4.0 mU/L in those aged 50–59, 
6.0 mU/L in those aged 70–79, and 7.5 mU/L in those over age 80 [29]. This con-
trasts with an earlier study of the Framingham population showing that serum TSH 
was not affected by age in euthyroid subjects when subjects aged 40–60 years old 
were compared with those over age 70 [30].

Not surprisingly, the variability of serum TSH in individual normal subjects is 
much less than that of the population. Monthly samples obtained over 12 months in 
similar circumstances showed that typical variability was approximately ±0.5 mU/L 
for an individual [31].

4.10   Factors Affecting TSH Clinically

Serum TSH levels are inversely proportional to the free T4 concentration. The log 
[TSH] level is inversely proportional to free T4. Therefore, small changes in free T4 
are reflected in large changes in serum TSH, as noted in Fig. 4.6.

Serum TSH is elevated in primary hypothyroidism. In patients with severe 
hypothyroidism, especially children or young individuals, hyperplasia of the thyro-
trophs causes pituitary enlargement. Intravenous administration of a large dose of 

Fig. 4.5   Distribution of serum TSH levels in 13,365 euthyroid subjects in the NHANES 3 survey 
(reference group) [26]
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T3 results in a rapid suppression of serum TSH. However, when small doses of T4 
are given to patients with myxedema, there is a transient rise in serum TSH levels 
after a few weeks, possibly attributable to “myxedema” of the pituitary that impairs 
the negative feedback [32]. As the dose of T4 is increased, the serum TSH levels 
fall, usually reaching a stable level on a given dose of T4 after 3–6 weeks. With-
drawal of T4 therapy in both euthyroid and hypothyroid patients causes a gradual 
rise of serum TSH. In 3–5 weeks, the serum TSH level reflects the underlying thy-
roid function [33]. In contrast, patients with significant clinical hyperthyroidism 
will have profound suppression of serum TSH, so that TSH levels remain sup-
pressed for many weeks after treatment of the condition, even when the treatment 
results in hypothyroidism. In this situation, serum TSH is not a reliable indicator of 
thyroid function.

Starvation and severe nonthyroid illness may result in suppression of serum TSH 
levels, most likely due to proinflammatory cytokines that can down-regulate TRH 
and TSH synthesis and release, as well as affecting the thyroid directly and periph-
eral thyroid hormone metabolism. This entity is discussed fully in Chap. 10. Surgi-
cal stress, probably through multiple mechanisms, reduces serum TSH [34].
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5.1   Introduction

The serum concentrations of thyroxine (T4) and triiodothyronine (T3) are key 
parameters in the assessment of thyroid function. As a thyroid disorder progresses 
from normality to overt dysfunction, the concentration of thyroid stimulating hor-
mone (TSH) generally falls outside the population “normal” range before the con-
centration of either T4 or T3 becomes diagnostic, but a twofold change in serum 
T4 generally correlates better with clinical features than a twofold change in TSH. 
When thyroid dysfunction is corrected, the return of TSH to normal may lag some 
months behind the clinical response. Thus, the severity of the disorder and the initial 
response to treatment are often best monitored by measurement of the end-organ 
products, T4 and T3. Further, the diagnosis of secondary, or central hypothyroidism 
is likely to be missed unless end-organ function is assessed by measurement of T4. 
The limitations of basing initial testing for thyroid dysfunction on TSH alone have 
been discussed elsewhere [1, 2].

5.2   The Trophic–Target Gland Relationship

If feedback is intact, twofold changes in the concentration of T4 are generally 
associated with at least tenfold changes in serum TSH. Thus, logarithmic val-
ues for serum TSH can be conveniently correlated with untransformed results for 
serum T4. If the cause of dysfunction is central, at the pituitary or hypothalamus, 
deviations in TSH and T4 are generally concordant; where the abnormality is 
primarily in the thyroid, the changes are inverse. The general assumptions and 
limiting conditions that underpin the diagnostic relationship between TSH and 
T4 have been considered in detail elsewhere [3, 4] as summarized in Table 5.1.
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Abnormal results that do not conform to typical disease-specific diagonal changes 
in the TSH–T4 relationship should be interpreted cautiously in relation to the 
limiting conditions given in the table. The assumption of steady-state sampling 
becomes insecure whenever associated illness or medications perturb the pitui-
tary-thyroid axis (discussed in Chaps. 10 and 13); the difference in the half-lives 
of TSH (1 hour) and T4 (1 week) accounts for many transient anomalies in the 
T4–TSH relationship.

5.3   The Basis of Total and Free Thyroid Hormone 
Methodology

In the past two decades there has been an increasing trend for estimates of free T4 
and T3 to supplant total hormone measurements. The current preference for free 
hormone methods is based on the fact that binding protein variations can mark-
edly alter the total hormone concentration independent of thyroid status and that 
the free or unbound equilibrium concentration of the thyroid hormones reflects 
their biological activity, as proposed by the free hormone hypothesis [5]. The 
free hormone approach is clearly an advance in correcting for well-documented 
changes in the dominant circulating thyroid hormone binding protein, thyrox-
ine binding globulin (TBG). However, widespread reliance on free T4 and T3 
estimates has introduced a level of complexity where assessment of thyroid sta-
tus is most difficult, particularly in association with critical illness or multiple 

Table 5.1   Assessment of thyroid status from the T4–TSH relationship: assumptions and limiting 
conditions
Assumption Limiting conditions

1. Steady-state conditions Difference in half-lives of TSH and T4
Acute effects of medications
Early response to therapy

2.  Normal trophic–target hormone 
relationship

Alternative thyroid stimulators: immunoglobulins, 
chorionic gonadotrophin

Medications: glucocorticoids, dopamine, amiodarone
Recent thyrotoxicosis or longstanding hypothyroidism

3.  Tissue response reflects hormone 
concentrations

Hormone resistance syndromes

4.  Measurement of active hormone 
concentration

Alternative agonist in excess
T3, triiodothyroacetic acid

TSH of altered biologic activity
Spurious assay results

TSH assay: heterophilic antibodies
Free T4 estimation (see text)

5. Appropriate reference ranges Age, medications, associated illness, malnutrition
6. Adequate assay sensitivity TSH imprecision at the limit of detection
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medications, in late pregnancy, and with some non-TBG hereditary abnormalities 
of serum binding proteins [6].

While measurements of total circulating T4 and T3 are based on secure prin-
ciples of competitive binding that stretch back more than five decades, efforts to 
estimate their free concentrations reflect great ingenuity in attempting to isolate 
or sample a hormone fraction that reflects the free hormone concentration. While 
there is broad consensus regarding the normal total serum concentrations (T4: 60–
160 nmol/L or 5–12 µg/dL and T3: 1.1–2.8 nmol/L or 70–210 ng/dL), quoted free 
hormone concentrations vary more widely depending on the method. Situations 
such as critical illness, complex drug therapy, pregnancy, or binding protein varia-
tions may show marked method-dependent discrepancies in apparent free hormone 
concentration, sufficient to invalidate efforts to equate results or reference intervals 
from one method to another, or to define general estimates of sensitivity and specifi-
city. Where free hormone estimates give divergent results, knowledge of the total 
hormone concentration may identify important methodological artifacts. For that 
reason, it is imperative to retain validated, secure total T4 and T3 methods, no mat-
ter how strong the support for the convenience of free hormone estimation.

An altered relationship between free and total thyroid hormone concentrations 
may be due to (1) alterations in binding protein concentration or affinity, or (2) 
occupancy of circulating binding sites by other ligands that displace T4 or T3. Of 
the acquired alterations in the serum concentration of binding proteins, the estro-
gen-induced increase in TBG, due to enhanced glycosylation that retards clearance, 
is the most common. Medications that alter the concentration of TBG are consid-
ered in Chap. 13. Numerous hereditary changes in TBG, transthyretin (TTR, or 
thyroxine binding prealbumin), and albumin also influence T4 binding either due 
to altered protein concentration, or abnormal binding affinity [7, 8]. The structural 
TBG variants may have either normal or reduced affinity for T4; T3 is usually simi-
larly affected [7, 8]. In contrast, albumin variants may show increased affinity for 
either T4 or T3 [8]. In various hereditary binding protein variants, the serum total 
T4 concentration can vary enormously, from 25–1,800 nmol/L (2–140 µg/dL) [8], 
with normal free T4 and TSH concentrations.

The albumin variant responsible for familial dysalbuminemic hyperthyroxinemia 
(FDH), due to an Arg-His substitution at position 218 [9], has a markedly increased 
affinity for T4 and numerous T4-analog tracers, resulting in spuriously high serum 
free T4 estimates with these tracers [10]. In FDH, serum total T4 and free T4 index 
values and free T4 measured by several analog tracer methods give results sugges-
tive of thyrotoxicosis, whereas serum total T3, free T3 and TSH values are normal, 
as is free T4 by two-step methods or equilibrium dialysis [10].

Circulating T3 or T4-binding autoantibodies can occasionally alter the distribu-
tion of circulating T4 and T3 in vivo [11], but they frequently result in artifactual 
total and free T4 and free T3 measurements [11, 12]. Tracer T4 or T3 bound to the 
endogenous antibody will be falsely classified as bound in adsorption separation 
methods, or free in double antibody methods, leading respectively to falsely low or 
falsely high T4 or T3 values. Notably, analog tracers may also bind to these antibod-
ies, leading to spuriously high serum free T4 estimates [12].
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5.4   Total T4 and T3 Methods

For about 35 years, serum concentrations of T4 and T3 have been measured by 
radioimmunoassay and, more recently, by related nonisotopic methods. Assays of 
total T4 and T3 in unextracted serum include a reagent such as 8-anilinonaphthalene 
sulfonic acid that blocks T4 and T3 binding to serum proteins, so that total hormone 
becomes available for competition with the assay antibody. Assays for free T4 or T3 
omit this blocking reagent and may include a step, such as dialysis or ultrafiltration 
or immunoextraction that isolates a free hormone moiety before the assay proce-
dure. There have been many different approaches to the estimation of serum free 
T4 and T3 concentrations, with detailed analysis of the theoretical basis, practical 
utility, and validity of these methods [5, 13].

In virtually all methods, the majority of the measured “free” hormone that is 
compared in the sample and standard is actually dissociated hormone derived from 
the in vivo bound moiety; provided that the assay parameter correlates closely with 
the free T4 concentration, the origin of the hormone that participates in the assay 
is only of theoretical interest. (Apart from the term “dissociation,” the free T4 lit-
erature is replete with terms such as immunoextraction, sampling, sequestration, 
isolation, stripping or capture to describe the fact that the measured free T4 actually 
originates from the bound moiety). The two key questions in any method of free 
T4 estimation are (1) whether the dilution-dependent dissociation of bound hor-
mone that generates “free” hormone in the assay tube occurs identically in samples 
and standards, and (2) whether competition for antibody binding between the assay 
tracer and free T4 is identical in samples and standards. If either of these conditions 
is breached, the assay is likely to give spurious results.

5.5   Principles of Free T4 Methods

An early example of a free hormone estimate is the time-honored free T4 index, or 
FT4I, computed from the serum total T4 value and the thyroid hormone-binding 
ratio (THBR) [14], which estimates the number of unoccupied serum protein-bind-
ing sites from the distribution of 125I-T3 between a solid phase adsorbent (usually a 
resin) and serum-binding proteins. The THBR value, calculated as the ratio of the 
solid-phase radioactivity in the test serum to that of a pool of serum from normal 
subjects, is multiplied by the serum total T4 (or T3) concentration to yield the free 
T4 (or free T3) index. The THBR should be calculated as resin/serum rather than 
resin/total counts to improve the correction at extreme serum TBG concentrations 
[14]. Separate measurement of serum total T4 and binding ratio has the advantage 
of defining whether an abnormal free T4 estimate is due to altered total hormone 
concentration, anomalous protein binding, or both.

The concentration of free T4 can be estimated by two-step methods that separate 
a fraction of the free T4 pool from the binding proteins before the T4 assay is per-
formed, or by one-step methods designed to give a signal that is proportional to the 
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free T4 concentration in the presence of binding proteins. (The terms “direct” and 
“indirect” are ambiguous, because all methods are to some degree indirect). Many 
of the one-step methods become invalid when the sample and standard differ in 
their binding of assay tracer [5, 15] but the two-step methods are less prone to arti-
fact. A two-step free T4 method, based on back-titration of unoccupied solid-phase 
antibody with labeled T4, is summarized in Fig. 5.1.

It should be noted that the term T4 or T3 analog is used in two different senses. 
The term “analog tracer assay” is best confined to methods where a labeled, chemi-
cally modified T4 molecule and antibody are added to the serum sample; serum free 
T4 and the labeled analog compete for a limited number of antibody sites. (These 
analogs were designed to minimize their binding to serum proteins, an objective 
that has been achieved for TBG, but not for albumin [5, 10].) In a different sense, 
labeled analogs are also used to quantify unoccupied binding sites after the serum 
component has been removed.

The diversity and ingenuity of current methods of free thyroid hormone meas-
urement reflects the difficulty of making a valid estimate. All methods involve com-
parison of samples and standards, with the assumption that differences between 
samples and standards are influenced solely by the analyte in question.

Some typical methods can be summarized as follows:

• In several free T4 and free T3 assay systems (Architect, Advia Centaur, Chiron 
ACS:180), unbound hormone present in the diluted sample binds to a limited 
number of antibody-coated paramagnetic particles that facilitate separation. 

Fig. 5.1   Outline of a two-
step serum free T4 immu-
noassay. After incubation of 
serum or standard with the 
T4 antibody immobilized 
on solid phase, serum is 
removed and the antibody 
washed, followed by 
incubation with labeled T4. 
The higher the free hormone 
concentration, the lower the 
binding of label to the solid 
phase. A two-step method 
of this sort avoids contact of 
the assay tracer with serum 
and should be independent 
of differences in binding of 
tracer between samples and 
standards. (From [15] with 
permission) 
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After washing, acridinium-labeled hormone conjugate is added; the higher the 
free hormone concentration, the less conjugate will be bound. Thus, chemilumi-
nescence of the activated magnetic particles relates inversely to the free hormone 
concentration.

• The Amerlite MAB free T4 assay depends on the ability of serum free T4 to 
inhibit binding of a peroxidase-labeled anti-T4 monoclonal antibody to a T3-
coated solid phase; the greater the T4 concentration, the lower the attachment of 
label to the solid phase.

• The Abbott AxSYM assay involves the initial binding of free T4 to anti-T4 
coated microparticles immobilized on a solid phase. A T3-alkaline phosphatase 
conjugate then binds to the unoccupied antibody sites.

• In the Elecsys assay, free T4 in the sample binds to a ruthenium labeled anti-
T4 antibody; unoccupied antibody then binds to biotinylated T4 which links to 
streptavidin-coated microparticles; magnetic separation of bound from free hor-
mone is achieved in a flow chamber, followed by generation of a chemilumines-
cent signal that is inversely proportional to the free T4 concentration.

• In the Diagnostic Products Immulite assay, a T4 analog tracer that does not bind to 
TBG or TTR, competes with serum free T4 for a limited number of T4-antibody 
binding sites that are immobilized on a polystyrene bead. Alkaline phosphatase-
labeled anti-analog then binds to the solid phase and generates a chemilumines-
cent signal that is inversely proportional to the sample free T4 concentration.

• In the Corning-Nichols dialysis method, undiluted serum is dialyzed against a 
12-fold greater buffer volume, followed by radioimmunoassay of free T4 in the 
dialysate.

• A recent report [16] describes a free T4 and free T3 assay that uses on-line solid-
phase extraction–liquid chromatography/tandem mass spectrometry to meas-
ure the freeT4 and T3 in protein-free dialysate after 20 hours dialysis of serum 
against an equal volume of buffer at pH 7.2 (effective sample dilution 1:1), using 
a 96 well dialysis plate. Assay standards are prepared in protein-free buffer. De-
tection limit, internal quality controls, assay precision and correlation with estab-
lished methods appeared to be satisfactory and there appeared to be no problems 
with tracer impurities. Results in a wide range of thyroid disorders and assess-
ment of potential artifacts related, for example, to heparin-induced lipolysis dur-
ing sample incubation, are yet to be reported. This method has been hailed as a 
major step forward in the routine assessment of free thyroid hormones, subject 
to appropriate standardization [17]. Further assessment in selected problematic 
samples (see below) is awaited.

5.6   Factors that Limit the Validity of Free T4 Methods

Tracer purity is crucial whenever a labeled compound is added to serum as a marker 
for the natural compound. For example, in equilibrium dialysis or ultrafiltration of 
undiluted serum, as little as 0.1% free radioiodine in the tracer can lead to a five- to 
tenfold overestimate of the free T4 fraction. A laborious approach that is still valid 
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involves the isolation of intact 125I-T4 from each sample dialysate by magnesium 
chloride precipitation in the presence of excess unlabeled T4 [18].

Dilution effects and protein dependence  Mass action dictates that dissociation of 
a bound ligand occurs with progressive sample dilution, so that its free concen-
tration will not decrease significantly with dilution until the reservoir of bound 
ligand becomes significantly depleted [5, 15]. In theory, the free concentration 
of a highly-bound ligand such as T4 should be well maintained until serum dilu-
tion is greater than 1:100. However, many commercial assays yield much lower 
than the predicted free T4 concentration with progressive dilution. Such protein 
dependence of free hormone estimates [19] reflects the extent to which the reser-
voir of bound T4 (or T3) is “sampled” or depleted with dilution, associated with 
sequestration or “stripping” of bound T4 to the assay antibody. The phenomenon of 
“protein dependence” of free T4 estimates will vary between samples with diverse 
reservoirs of TBG-bound T4, i.e., a set of serum standards may not allow valid 
comparison with all samples.

There has been ambiguity about the definition of dilution factor in equilibrium 
dialysis assays. If undiluted serum is dialysed against a volume of buffer, that vol-
ume should be included in defining the dilution factor. As emphasized by Ekins 
[15], the position of the dialysis membrane within a constant total volume is irrel-
evant in determining either the final free-ligand concentration or the effects of dia-
lysable competitors.

Anomalous protein binding of tracer  Numerous labeled analogs of T4 that have 
been used as tracers in some free T4 assays interact with serum proteins, particularly 
albumin [10, 15]. If the labeled analog is protein-bound to a greater extent in the 
unknown than in the standard serum, less tracer is available to compete for the assay 
antibody, giving a falsely high free T4 estimate, as in FDH [10] and with iodothy-
ronine-binding immunoglobulins [12]. Conversely, if serum albumin is subnormal, 
or its binding sites are occupied by other ligands, free T4 estimates by analog tracer 
methods tend to be low [20] because more tracer is available in the sample than in 
the standard. The early analog free T4 methods were so highly albumin-dependent 
that the estimated free T4 was virtually zero in euthyroid subjects with hereditary 
analbuminemia [10]. In renal failure, analog assays can also give low serum free T4 
values by up to 40% in predialysis samples [21] (see below).

Temperature dependence  When assays are incubated at room temperature rather 
than at 37°C, the results in serum samples with abnormal TBG concentrations may 
show bias due to differences in T4 dissociation between samples and standards [22]. 
Incubation at 37°C accentuates the possibility of a spurious increase in free T4 due 
to generation of non-esterified fatty acids (NEFA) in samples from heparin-treated 
patients (see below). The need to standardize estimates of free T4 in terms of tem-
perature, pH, and sample dilution has recently been emphasized [17].

Assay sensitivity  can be the limiting factor in immunoassays of the low free T4 
concentration that is present in the buffer compartment after dialysis or ultrafil-
tration. Such assays require an antibody of high affinity to achieve acceptable 
precision [23].
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Effect of competitors on T4/T3 binding  Compared with the binding proteins that 
carry steroid hormones, which show little interaction with other ligands, circulating 
thyroid hormone-binding sites show broad interaction with NEFA and numerous 
commonly-used medications that can displace T4 and T3 from TBG [8] (Table 5.2). 
Thyroid hormones may be displaced by these competitors in vivo, but it is techni-
cally very difficult to get an accurate reflection of these effects with current free 
T4 methods. The affinities of the important drug competitors for TBG range from 
three orders of magnitude less (furosemide) to almost seven orders of magnitude 
less than T4 itself in the case of aspirin [24, 25]. However, this parameter does not 
reflect in vivo competition, because the free serum concentration of competitors 
is determined by their binding to sites other than TBG, particularly albumin. The 
relative inhibitory potencies shown in Table 5.2 are influenced by the therapeutic 
concentration of each drug and its free fraction, as well as its affinity for T4-binding 
proteins. Thus, the hierarchy of competition at relevant therapeutic concentrations 
differs markedly from the affinity for TBG in isolation [24].

Free T4 assays that involve significant sample dilution generally fail to reflect the 
effect of binding competitors, which are usually less protein-bound than T4 itself. 
With progressive dilution, the free concentration of the important drug competitor 
declines markedly before the free T4 concentration alters [15, 26] (Fig. 5.2). If a 
hormone such as T4, with a free fraction of about 1:4000, is compared with a drug 
that has a free fraction in serum of 1:50, progressive dissociation will sustain the free 
T4 concentration at 1:100 dilution, while the free drug concentration will decrease 
markedly after only 1:10 dilution. Thus, the effect of a competitor to increase free 
T4 will be underestimated, the error being greatest in assays with the highest sample 
dilution. Ultrafiltration of undiluted serum minimizes this artifact [27, 28].

The importance of a dilution artifact was demonstrated by comparing the ability 
of three commercial free T4 assays to detect the T4-displacing effect of furosemide; 
the effect was most obvious in the method with least sample dilution [29] (Fig. 5.3). 

Table 5.2   Principal medications that displace T4 from TBG binding in normal human serum
Medication Mean percent increase in free T4 

fraction*
Salicylates
• Acetyl salicylic acid (aspirin)
• Salicyl salicylic acid (salsalate)

62
>100

Furosemide# 5–30
Fenclofenac 90
Mefenamic acid 31
Flufenamic acid 10
Diclofenac 7
Diflunisal 37
Phenytoin 45
Carbamazepine 30

*Determination of T4 displacement by equilibrium dialysis or ultrafiltration of undiluted or mini-
mally-diluted serum at 37°C in vitro, at appropriate therapeutic concentrations of each drug
#Furosemide has a wide therapeutic range; effect at high doses
Data from [24, 25, 28, 74]
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Fig. 5.2   Effect of serial dilution of serum on the relative free concentrations of three ligands that 
compete for the same binding site, but differ markedly in their binding in undiluted serum. A high-
ly bound ligand ( Z), such as T4 with free fraction about 1:4000 in undiluted serum, will maintain 
its free concentration at dilutions >1:100 ( C). By contrast, a ligand ( X) with a free fraction of 5% in 
undiluted serum, will show a marked decrease in its free concentration at 1:10 dilution ( B). Ligand 
Y is intermediate. The effects of X and Y to displace Z will be progressively lost with increasing 
dilution. The effect of X to displace Z will be undetectable at dilution 1:10 or greater
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Fig. 5.3   Effect of addition of furosemide to serum on estimates of free T4 using three commercial 
free T4 methods that vary in sample dilution. The effect of the competitor to increase free T4 is 
progressively obscured with increasing sample dilution. (Redrawn from [29] with permission)
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Similarly, therapeutic concentrations of phenytoin and carbamazepine increased the 
free concentration of T4 by 40–50% using ultrafiltration of serum that had not been 
diluted, but the free hormone estimate was spuriously low using a commercial single-
step free T4 assay after 1:5 serum dilution [28]. During continuing drug therapy, total 
T4 was lowered by 25–50%; measured free T4 concentrations were normal in the 
ultrafiltration assay and spuriously low in the assay that used diluted serum [28].

The kinetics of the competitor itself will determine how it influences hormone 
binding in vivo. A competitor of short half-life, such as furosemide [30, 31] or sal-
salate [32], will show fluctuating effects on hormone binding so that free hormone 
estimates will vary depending on the time between dosage and sampling. In con-
trast, a competitor of long half-life will result in a new steady state with a normal 
free hormone concentration, an increased free fraction, and a lowered total hormone 
concentration [33].

The heparin artifact The effect of heparin is an important in vitro phenomenon that 
can lead to spuriously high estimates of circulating free T4 [34]. In the presence 
of a normal serum albumin concentration, NEFA concentrations >3 mmol/L will 
increase free T4 by displacement from TBG [24, 34], but these concentrations are 
uncommon in vivo. However, in heparin-treated patients, serum NEFA may increase 

Fig. 5.4   Heparin-induced lipolysis during sample incubation can markedly increase the apparent 
concentration of serum free T4. Heparin acts in vivo ( left) to liberate lipoprotein lipase from vas-
cular endothelium. Lipase acts in vitro ( right) to increase the concentration of non-esterified fatty 
acids ( NEFA). In normal serum, NEFA concentrations >3 mmol/L, will displace T4 and T3 from 
TBG and thus increase apparent free T4. In vitro generation of NEFA is increased by incubation 
at 37°C and with high serum concentrations of triglyceride. The T4-displacing effect of NEFA is 
accentuated at low albumin concentrations
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to these levels as a result of heparin-induced lipase activity during in vitro sample 
storage or incubation [34] (Fig. 5.4). This effect is accentuated if serum triglyceride 
concentrations are increased, serum albumin concentration is low, or incubation at 
37°C is prolonged; under these conditions doses of heparin as low as 10 units may 
produce in vitro increases in serum free T4 [35]. Low molecular weight heparin 
preparations appear to have a similar effect [36].

5.7   Evaluation of Serum Free T4 Methods

In the past, some free T4 methods were marketed before they were rigorously 
assessed. There is no consensus as to how these methods should be evaluated prior 
to clinical use and no agreement on criteria that need to be satisfied before a free 
T4 method can be accepted as authentic. It is generally unsatisfactory to test a new 
method merely by demonstrating separation between hypothyroid, normal, and thy-
rotoxic values, and by showing close correlation with existing methods—any useful 
estimate of thyroid function will satisfy these criteria.

Methods can be tested with clinical samples, with attention to those that may 
challenge validity, or by manipulating a normal serum sample to examine particu-
lar theoretical issues. The latter approach includes examination of the quantitative 
recovery of added T4 [37], or the effect of serum dilution [38]. Criteria that assess 
“protein dependence” of a free hormone estimate, i.e., the degree to which free T4 
is dependent on dissociation of bound hormone, give a favourable view of methods 
that minimize sample dilution, with adverse assessment of techniques that involve 
higher dilutions. Fritz et al. [39] presented further such evaluation of a commercial 
analog tracer free T4 method, under experimental conditions in which the free T4, 
total T4, and binding protein content of a normal human serum pool were independ-
ently varied by dilution, T4 loading, and addition of hormone-free serum. They 
concluded that the test assay reflected total rather than free T4 concentration under 
their experimental conditions. Midgley [40] has criticized this evaluation on the 
basis that a variable and unacceptably large fraction of total T4 may be sequestered 
or abstracted by the antibody—an effect that is progressively accentuated with dilu-
tion. Theoretical considerations aside, assessment of assays using normal serum 
under artificial conditions cannot test assay validity over the wide range of samples 
that will be encountered clinically.

The preferred alternative is to pay particular attention to samples that are likely to 
cause nonspecific discrepancies in assay signal as, for example, in the study reported 
by Docter et al. [41]. This approach requires clinical input in selecting samples that 
will probe a potential methodological flaw due, for example, to a binding variant, 
competitor, or artifact that influences the assay signal independent of thyroid status. 
A flaw may be due to factors such as nonspecific binding or sequestration of tracer 
by a variant protein, or different susceptibility to dilution in the sample and stand-
ard, or heparin-induced generation of a competitor during sample incubation (see 
above). The apparent free T4 concentration in unusual samples may be surprising 
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as, for example, in hereditary analbuminemia where failure to find any detectable 
free T4 indicated that some analog tracer methods measured albumin-bound rather 
than free T4 [10].

Ultimately, as with any diagnostic method [42], the specificity of a free T4 tech-
nique will become clear only after the full diversity of the nondiseased population 
has been studied. An unexpected interference may only be noted after methods have 
been in use for some time, as in the effect of rheumatoid factor to produce spuri-
ously high serum free T4 estimates [43].

5.8   Free T4 in Special Situations

5.8.1   Pregnancy

The demonstration that maternal hypothyroxinemia in the first trimester may have an 
adverse effect on later psychomotor development [44, 45] has focussed attention on 
optimal assessment of thyroid function in pregnancy (see Chap. 11). Several physio-
logical and methodological details need to be considered to optimise interpretation of 
thyroid function during pregnancy. Estrogen excess progressively increases the mean 
serum concentration of TBG by about 60–80% up to the 20th week of pregnancy [46]: 
a change that tends to decrease the free concentration of T4, with an expected increase 
in TSH secretion, followed by an increase in total T4 so as to restore the serum free 
T4 concentration towards normal. Paradoxically, the increases in serum TBG and 
total T4 in the first trimester coincide with subnormal levels of serum TSH—a phe-
nomenon attributable to the thyroid stimulating activity of human chorionic gonado-
trophin (hCG) which has structural homology to TSH. The peak of hCG and the nadir 
of serum TSH occur together at 10–12 weeks gestation [46].

Interpretation of serum free T4 values during late pregnancy is complicated by 
inconsistencies between various assays [46, 47]. There is now consensus that serum 
free T4 and free T3 decrease in the third trimester, with mean levels reduced about 
20–40% below the normal mean [46], although subnormal levels are uncommon. 
However, when Roti et al. [47] compared free T4 by seven different commercial 
methods in 23 euthyroid women at term, they found wide method-dependent vari-
ations (Fig. 5.5). Albumin-dependent methods gave up to 50% of subnormal val-
ues towards term [47], suggesting that such methods are unsuitable for use during 
pregnancy because of marked negative bias. Conversely, because of an increase in 
the pool of protein-bound T4 during pregnancy, methods that involve a high degree 
of sample dilution could be expected to show positive bias in relation to standards 
that contain a normal concentration of TBG. Methods that are based on dialysis of 
tracer to determine free fraction tend to overestimate free T4 in the presence of TBG 
excess; thus obscuring the normal decline in free T4 as pregnancy progresses [48]. 
Thus, thyroid function during pregnancy should be assessed using free T4 reference 
values that are both trimester-specific and method-specific.
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A recent study has confirmed marked assay bias in free T4 estimates during 
pregnancy. Compared with two standard-kit free T4 methods, total serum T4 and 
free T4 index gave a more reliable evaluation of thyroid status in pregnancy [49]. 
Using trimester-specific reference values, total T4 was consistent between methods 
and showed the anticipated inverse relationship with serum TSH. Thus, total T4 
measurement appears to be superior to free T4 estimation as a guide to therapy dur-
ing pregnancy.

Method-specific free T4 intervals also need to be established for assisted repro-
duction procedures. One study of the effect of ovarian hyperstimulation [50] sug-
gested that a tenfold increase in serum estradiol was associated with a mean decrease 
of serum free T4 of about 10%, with a 30% increase in serum TSH associated with 
16% and 33% increases in total T4 and TBG respectively. This observation is sup-
ported by the finding that women on thyroxine replacement require increased thy-
roxine dosage during superovulation for in vitro fertilization, even in the absence of 
an ongoing pregnancy [51].

5.8.2   Thyrotoxicosis and Hypothyroidism

The free concentrations of T4 and T3 do not maintain a linear relationship with the 
total hormone levels in thyrotoxicosis or hypothyroidism. In severe thyrotoxicosis, 
the total concentration of T4 can be two- to threefold elevated, thus approaching 
or exceeding the capacity of TBG, which tends to decrease in severe thyrotoxico-
sis. Thus, there is a disproportionate increase in free T4 as total T4 increases [52]. 

Fig. 5.5   Free T4 by ten commercial methods in normal pregnancy at term, showing marked meth-
od-dependent variation. Values are low in methods where serum albumin concentration influences 
the free T4 estimate. (Redrawn from [47] with permission)
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Similar amplification in free T3 with increasing T4 occupancy of TBG has been 
reported in thyrotoxicosis [53].

The reverse phenomenon occurs in severe hypothyroidism where the occupancy 
of all three binding proteins will be minimal [52]. The excess of unoccupied bind-
ing sites will tend to limit the free hormone response that is achieved in vivo when 
treatment is initiated. (Thus, contrary to standard practise, it may be appropriate 
to use loading doses of T4 in the initial management of severe hypothyroidism to 
achieve low–normal circulating free T4 levels, followed by reversion to a more 
conservative regimen.)

5.8.3   Thyroxine Replacement

Numerous studies show that patients taking exogenous T4 show higher levels of 
serum total and free T4 for equivalent levels of serum TSH and T3 when compared 
with untreated euthyroid control subjects [54, 55]. Lack of direct secretion of T3 
from the thyroid may account for this difference. The interval between tablet inges-
tion and blood sampling does influence measured levels of free and total T4. In 
athyreotic subjects who took 0.15–0.2 mg T4 orally, the serum free and total T4 
concentrations were increased by about 20% 1–4 hours later, with return to baseline 
about 9 hours after T4 ingestion; serum TSH and T3 levels showed no time-depend-
ent variation after ingestion of T4 [56].

5.8.4   Critical Illness

Together with the complex neuroendocrine events that accompany critical illness, 
assessment of thyroid function is influenced by multiple medications such as dopamin-
ergics, furosemide, and glucocorticoids (see Chap. 13). Further, some free T4 meth-
ods are particularly vulnerable to the effects of NEFA, which may increase in vitro 
in heparin-treated patients (see above). Hence, assays that are reasonably specific in 
ambulatory populations diminish in value. It should be noted that no study of free T4 
in critical illness can be meaningful unless free T4 methodology is specified.

Marked method-dependent differences in apparent free T4 have been demon-
strated with associated illness [57–59]. Sapin et al. [57] used six commercial free 
T4 kits to study 20 previously euthyroid subjects on the seventh day after bone 
marrow transplantation, during multiple drug therapy, including heparin and gluco-
corticoids (Fig. 5.6). Free T4 methods that involved sample incubation at 37°C gave 
high free T4 values in 20–40% of their study subjects, while analog tracer methods 
that are influenced by tracer binding to albumin gave subnormal estimates of free 
T4 in 20–30%. By contrast, total T4 was normal in 19 of these 20 subjects, while 
serum TSH was <0.1 mU/L in half the subjects, independent of method—a change 
attributable to glucocorticoid treatment [58]. These free T4 methods showed an 
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unacceptable rate of false positive results in this situation; on the basis of artifacts in 
free T4 methodology in the face of subnormal serum TSH, findings could be falsely 
interpreted to indicate either thyrotoxicosis or secondary hypothyroidism.

The frequency of thyroid dysfunction is increased in renal failure [59], but assay 
artifacts can compromise laboratory assessment. Iitaka et al. [21] have shown 
marked method-dependent discrepancies in apparent free T4 concentrations in 
patients with renal failure (Fig. 5.7). Retained organic acids and NEFA can each 
displace tracer from albumin; in analog tracer methods that are albumin-dependent, 
more tracer is available in the sample than in the standards, leading to lower appar-
ent serum free T4 values, especially if serum albumin is low. These effects were 
reproduced by addition to normal serum of organic acids that are retained in renal 
failure [21]. By contrast, dialysis methods for free T4 tend to show the opposite 
effect, i.e., a rise in apparent T4 as a result of NEFA generated during sample incu-
bation, especially after heparin treatment [15, 60]. Heparinization during hemo-
dialysis may promote NEFA-induced increases in apparent free T4 concentration 
during sample incubation. Concurrent medications such as furosemide or aspirin, 
important binding competitors [24], or dopaminergics that suppress TSH secretion 
may further complicate the assessment (see Chaps. 10 and 13).

Fig.  5.6   Free T4 estimated by six different methods in 20 previously euthyroid bone marrow 
recipients on the seventh day after transplantation. There is a high proportion of abnormal free T4 
values, either increased or decreased, depending on the type of assay. Therapy included heparin 
and glucocorticoids at the time of sampling. Mid-reference ranges for each method have been nor-
malized to 100%, with the limits of the range shown by the box. Serum total T4 remained normal 
in 19 of the 20 subjects, while serum TSH was subnormal in 11, independent of the method used. 
(Re-drawn from [57] with permission)
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5.8.5   Premature Infants

Some premature infants at less than 28 weeks gestation have been reported to show 
hypothyroxinemia without the expected TSH response [61]; there is some evidence 
that T4 treatment may improve neurological outcome [61] (discussed in Chap. 9). 
By analogy with the study of Sapin et al. [57], differences in free T4 methodol-
ogy may be crucial in defining this group (Fig. 5.6). Notably, Deming et al. [62] 
reported wide method-dependent variation in free T4 estimates in 97 infants less 
than 33 weeks gestational age. Although a full range of normative values was not 
available at this gestational age, subnormal free T4 estimates were less common with 
a dialysis-free T4 method than with an analog-free T4 immunoassay and with the 
free T4 index. Methods that are protein-dependent would tend to give low free T4 
estimates [62], whereas equilibrium dialysis and related methods may be vulnerable 

Fig. 5.7   Comparison of three methods of serum free T4 estimation, pre- and post-maintenance 
hemodialysis in 11 uremic subjects. The horizontal bars indicate the median, the boxes the range 
of values from 25–75%. Estimates of free T4 by an analog tracer method were lower than by 
equilibrium dialysis. With the analog tracer method, the estimate of free T4 increased after hemo-
dialysis. Concentrations of all three organic acids, indoxyl sulphate ( IS), indole acetic acid ( IAA), 
and hippuric acid ( HA) were lower after hemodialysis ( **p < 0.005), but remained more than 
tenfold elevated above normal. NEFA increased after heparinization for hemodialysis. The effects 
on the free hormone estimates were reproduced by addition of organic acids to normal serum, 
which diminished the apparent free T4 concentration by a labeled analog method, increased the 
free T4 value by equilibrium dialysis, but did not alter the result by the labeled antibody method. 
Effects on estimation of free T3 were more marked than those on free T4. (Re-drawn from [21] 
with permission)
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to the heparin–NEFA effect, with a trend towards higher values. It remains uncer-
tain whether the high free T4 values reported in some severely ill premature infants 
[63] are attributable to the heparin artifact.

5.9   Total T4 Measurement

Because of the preanalytical and analytical artifacts that compromise the diagnos-
tic accuracy of free T4 estimates in critically ill patients [21, 57], especially those 
receiving multiple medications, there is a definite case for preferring measurement 
of total T4 in this group, because this parameter is generally free of assay artifact. 
Notably, two important studies of thyroid hormone changes during prolonged criti-
cal illness [64, 65] report total rather than free T4 and T3. Regarding the difficulties 
with free T4 measurement in pregnancy, it might have been wiser to retain secure 
measurements of total T4 as the yardstick, using modified reference intervals to 
accommodate the well-documented increase in TBG [49]. With the wisdom of hind-
sight, the methodological tangle that is a feature of free T4 estimation in the third 
trimester of pregnancy [47, 49] might have been avoided.

5.10   Indications for Measurement of Serum T3

While first-line assessment of thyroid status depends on assessment of the T4–TSH 
relationship, serum T3 is sometimes necessary to define a clinical situation (dis-
cussed in Chap. 8). Changes in serum T3 and T4 are generally concordant; the rela-
tionships between abnormal serum concentrations of T3 and T4 are summarized in 
Table 5.3. The reference interval for serum T3 is higher in children [66]. Serum T3 
is generally a sensitive index of hyperthyroidism, although some patients may be 
hyperthyroid without T3 excess, especially with another severe illness [67]. Meas-
urement of T3 is insensitive in identifying hypothyroidism because normal val-
ues may persist until the disorder is far advanced. Low values are common during 
febrile illness or caloric deprivation, or after surgery, without indicating any persist-
ent thyroid abnormality (see Chap. 10). Measurement of serum T3 together with 
serum T4, is indicated in the following situations:

• In suspected hyperthyroidism when serum T4 is normal and serum TSH is low 
or undetectable, to identify “T3-toxicosis” [68] and distinguish it from the less 
severe entity of subclinical hyperthyroidism.

• During antithyroid drug therapy to identify patients who have persistent T3 ex-
cess, despite normal or low serum T4 values [69]. Where T4 and T3 are diver-
gent, dose adjustment should then be based on serum T3 rather than T4.

• To detect early recurrence of hyperthyroidism after cessation of antithyroid thera-
py, or to detect progression from subclinical hyperthyroidism to “T3-toxicosis.”
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• For diagnosis of amiodarone-induced hyperthyroidism which should not be 
based on T4 excess alone because of the frequent occurrence of euthyroid hyper-
thyroxinemia during amiodarone treatment [70].

• To establish the extent of hormone excess during high-dose replacement or TSH-
suppressive therapy with T4, or after an intentional T4 overdose.

• For estimation of the serum T4 to T3 ratio. A high ratio (>0.024 on a molar basis 
or >20 ng/µg) that persists during antithyroid drug treatment may indicate that 
patients with hyperthyroid Graves’ disease are unlikely to achieve remission [71]. 
Those with predominant T3 excess may be resistant to antithyroid drug and radio-
iodine, so that surgery may be preferred as definitive treatment. The T4 to T3 ratio 
is usually lower in patients with iodide-induced hyperthyroidism [72] or thyroid 
hormone excess caused by thyroiditis [73], than in those with Graves’ disease.

Because of its short plasma half-life, the concentration of T3 is not useful in assess-
ing the effectiveness of replacement with oral T3; with current oral T3 prepara-
tions, serum concentration varies markedly with the interval between dosage and 
sampling [74].

5.11   Approach to Anomalous Results

Laboratory results may be concordant or discordant with clinical findings. With dis-
cordant results, a distinction needs to be made between an unsuspected diagnosis, 
subclinical disease, and anomalous assay results.

Table 5.3   Relationships between abnormal serum T3 and T4 concentrations
Serum T3 
concentration

Serum T4 concentration
Low Normal High

High Iodine deficiency
T3 treatment
Antithyroid drug 

therapy [68]

T3-thyrotoxicosis
T3-binding 

autoantibodies

Typical thyrotoxicosis
T4 overdose (T3 excess late)
Thyroid hormone resistance
TBG* excess

Normal Iodine deficiency
T3 treatment
Hypothyroidism

T4 treatment or ingestion
Euthyroid hyperthyroxinemia 

[3]
Thyrotoxicosis with associ-

ated illness
T4-binding autoantibodies

Low Severe hypothy-
roidism

TBG*deficiency
Medications (see 

Chap. 13)
Severe nonthyroi-

dal illness

Many nonthyroidal 
illnesses

Medications
Fetus
Restricted nutrition

Thyrotoxicosis with severe 
associated illness

The tabulation excludes short-term changes after commencement or cessation of antithyroid drug 
therapy or thyroid hormone replacement
*TBG thyroxine binding globulin; affects total T4, but free T4 estimates generally normal
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The following steps may be helpful in evaluating anomalous results:

1. Correlation with serum TSH by a method sensitive enough to identify the degree 
of TSH suppression, with review of the assumptions that underpin the diagnostic 
use of the free T4–TSH relationship (Table 5.1).

2. Reevaluation of the clinical context, with particular attention to medications.
3. Demonstration that the anomalous result persists and is not simply due to sam-

pling under non-steady-state conditions.
4. Measurement of serum T3 with appropriate binding correction.
5. Estimation of serum free T4 by a two-step or dialysis method that is unlikely to 

give spuriously low results during critical illness.
6. Measurement of serum total T4 to establish whether the free T4 estimate is dis-

proportionately high or low, possibly due to a method-dependent artifact.
7. Evaluation of the propositus and family members for an unusual binding abnor-

mality, or hormone resistance.

5.12   Conclusion

The main purpose of free T4 and free T3 assays is to distinguish hyper- and 
hypothyroidism from the euthyroid state, an objective that cannot be attained 
with total hormone assays because of hereditary and acquired variations in the 
concentrations of binding proteins. Effective correction for changes in the serum 
concentration of TBG can be achieved with numerous types of free hormone esti-
mates, but other changes in binding are not well accommodated. Despite remark-
able analytical ingenuity, no current method reflects the free T4 concentration in 
undiluted serum under in vivo conditions. Equilibrium dialysis, widely considered 
the reference method for free T4 measurement, is nevertheless subject to error, 
either preanalytical due to generation of NEFA in the sample leading to an over-
estimate of free T4, or analytical, with dilution-dependent underestimation of the 
effect of competitors.

Current approaches to free T4 measurement are vulnerable to method-depend-
ent artifacts: (1) when albumin binding of T4 or of the assay tracer is abnormal, 
(2) in the presence of medications that inhibit T4 binding to TBG, (3) during criti-
cal illness, especially in heparin-treated patients, (4) in pregnancy, and (5) in sick 
premature infants. Because of systematic variation between methods (i.e. whether 
a technique is albumin-dependent, or prone to incubation or dilution artifacts), it is 
essential to review methodological details whenever estimates of free T4 are clini-
cally discordant. False positive abnormalities are more frequent than false nega-
tive results. When free T4 results are correlated with the serum TSH concentration 
with attention to the assumptions that define this relationship, the majority of false 
positive results can be readily identified. If a persistent free T4 anomaly remains 
unexplained, it is appropriate to use an alternative free T4 method that depends 
on a different assay principle and to correlate the result with an authentic total T4 
measurement.



104 J. R. Stockigt

References

 1. Beckett GJ, Toft AD. First-line thyroid function tests—TSH alone is not enough. Clin Endo-
crinol. 2003;58(1):20-21.

 2. Wardle CA, Fraser WD, Squire CR. Pitfalls in the use of thyrotropin concentration as the first-
line thyroid function test. Lancet. 2001;357(9261):1013-1014.

 3. Stockigt JR. Serum thyrotropin and thyroid hormone measurements and assessment of thy-
roid hormone transport. In: Braverman LE, Utiger RD, eds. The Thyroid. 8th ed. Philadelphia, 
PA: Lippincott Williams & Wilkins; 2000:376-392.

 4. Stockigt JR. Thyroid function tests and the effect of drugs. In: Wass WAH, Shalet SM, 
eds. Oxford Textbook of Endocrinology. New York, NY: Oxford University Press; 2002: 
306-316.

 5. Ekins R. The free hormone hypothesis and measurement of free hormones. Clin Chem. 
1992;38(7):1289-1293.

 6. Stockigt JR. Free thyroid hormone measurement—a critical appraisal. Endocrinology and 
metabolism. Clin North Am. 2001;30(2):265-289.

 7. Bartalena L. Recent achievements in studies on thyroid hormone-binding proteins. Endocr 
Rev. 1990;11(1):47-64.

 8. Stockigt JR. Thyroid hormone binding and variants of transport proteins. In: DeGroot LJ, 
Jameson L, eds. Endocrinology. 5th ed. Philadelphia, PA: WB Saunders; 2006:2215-2226.

 9. Petersen CE, Scottolini AG, Cody LR, et al. A point mutation in the human serum albumin 
gene results in familial dysalbuminaemic hyperthyroxinaemia. J Med Genet. 1994;31(5): 
355-359.

10. Stockigt JR, Stevens V, White EL, Barlow JW. “Unbound analog” radioimmunoassays 
for free thyroxin measure the albumin-bound hormone fraction. Clin Chem. 1983;29(7): 
1408-1410.

11. Sakata S, Nakamura S, Miura K. Autoantibodies against thyroid hormones or iodothyronine. 
Ann Intern Med. 1985;103(4):579-589.

12. Beck-Peccoz P, Romelli PB, Cattaneo MG, et al. Evaluation of free T4 methods in the pres-
ence of iodothyronine autoantibodies. J Clin Endocrinol Metab. 1984;58(4):736-739.

13. Midgley JFM. Direct and indirect free thyroxine assay methods: theory and practice. Clin 
Chem. 2001;47(8):1353-1363.

14. Larsen PR, Alexander NM, Chopra IJ, et al. Revised nomenclature for tests of thyroid 
hormones and thyroid-related proteins in serum. J Clin Endocrinol Metab. 1987;64(5): 
1089-1094.

15. Ekins R. Measurement of free hormones in blood. Endocr Rev. 1990;11(1):5-46.
16. Yue B, Rockwood AL, Sandrock T, et al. Free thyroid hormones in serum by direct equilib-

rium dialysis and on-line solid-phase extraction-liquid chromatography/tandem mass spec-
trometry. Clin Chem. 2008;54(4):642-651.

17. Thienpont LM. A major step forward in the routine measurement of serum free thyroid hor-
mones. Clin Chem. 2008;54(4):625-626.

18. Sterling K, Brenner MA. Free thyroxine in human serum: simplified measurement with aid of 
magnesium precipitation. J Clin Invest. 1966;45(1):153-163.

19. Nelson JC, Weiss RM, Wilcox RB. Underestimates of serum free thyroxine (T4) concentra-
tions by free T4 immunoassays. J Clin Endocrinol Metab. 1994;79(1):76-79.

20. Bayer M. Free thyroxine results are affected by albumin concentration and nonthyroidal ill-
ness. Clin Chim Acta. 1983;130(3):391-396.

21. Iitaka M, Kawasaki S, Sakurai S, et al. Serum substances that interfere with thyroid hormone 
assays in patients with chronic renal failure. Clin Endocrinol. 1998;48(6):739-746.

22. van der Sluis Veer, Vermes I, Bonte HE, et al. Temperature effects on free thyroxine measure-
ments: analytical and clinical consequences. Clin Chem. 1992;38(7):1327-1331.

23. Nelson JC, Tomei RT. Direct determination of free thyroxine in undiluted serum by equilib-
rium dialysis/radioimmunoassay. Clin Chem. 1988;34(9):1737-1744.



1055 Measurements of Thyroxine and Triiodothyronine

24. Lim C-F, Bai Y, Topliss DJ, et al. Drug and fatty acid effects on serum thyroid hormone bind-
ing. J Clin Endocrinol Metab. 1988;67(4):682-688.

25. Munro SL, Lim C-F, Hall JG, et al. Drug competition for thyroxine binding to transthyre-
tin (prealbumin): comparison with effects on thyroxine-binding globulin. J Clin Endocrinol 
Metab. 1989;68(6):1141-1147.

26. Stockigt JR, Lim C-F, Barlow JW, Topliss DJ. Thyroid hormone transport. In: Weetman AP, 
Grossman A, eds. Pharmacotherapeutics of the Thyroid Gland. Heidelberg: Springer Verlag; 
1997:119-150.

27. Surks MI, Hupart KH, Chao P, Shapiro LE. Normal free thyroxine in critical nonthyroidal 
illnesses measured by ultrafiltration of undiluted serum and equilibrium dialysis. J Clin 
Endocrinol Metab. 1988;67(5):1031-1039.

28. Surks MI, Defesi CR. Normal free thyroxine concentrations in patients treated with phenytoin 
or carbamazepine: a paradox resolved. JAMA. 1996;275(19):1495-1498.

29. Hawkins RC. Furosemide interference in newer free thyroxine assays. Clin Chem. 
1998;44(12):2550-2551.

30. Stockigt JR, Lim C-F, Barlow JW, et al. High concentrations of furosemide inhibit plasma 
binding of thyroxine. J Clin Endocrinol Metab. 1984;59(1):62-66.

31. Newnham HH, Hamblin PS, Long F, et al. Effect of oral frusemide on diagnostic indices of 
thyroid function. Clin Endocrinol. 1987;26(4):423-431.

32. Wang R, Nelson JC, Wilcox RB. Salsalate administration—a potential pharmacological mod-
el of the sick euthyroid syndrome. J Clin Endocrinol Metab. 1998;83(9):3095-3099.

33. Kurtz AB, Capper SJ, Clifford J, Humphrey MJ, Lukinac L. The effect of fenclofenac on 
thyroid function. Clin Endocrinol. 1981;15(2):117-124.

34. Mendel CM, Frost PH, Kunitake ST, Cavalieri RR. Mechanism of the heparin-induced in-
crease in the concentration of free thyroxine in plasma. J Clin Endocrinol Metab. 1987;65(6): 
1259-1264.

35. Jaume JC, Mendel CM, Frost PH, et al. Extremely low doses of heparin release lipase activ-
ity into the plasma and can thereby cause artifactual elevations in the serum free thyroxine 
concentrations as measured by equilibrium dialysis. Thyroid. 1996;6(2):79-83.

36. Stevenson HP, Archbold GPR, Johnston P, et al. Misleading serum free thyroxine results dur-
ing low molecular weight heparin treatment. Clin Chem. 1998;44(5):1002-1007.

37. Wang R, Nelson JC, Weiss RM, et al. Accuracy of free thyroxine measurements across natural 
ranges of thyroxine binding to serum proteins. Thyroid. 2000;10(1):31-39.

38. Christofides ND, Wilkinson E, Stoddart M, et al. Assessment of serum thyroxine binding 
capacity-dependent biases in free thyroxine assays. Clin Chem. 1999;45(4):520-525.

39. Fritz KS, Wilcox RB, Nelson JC. A direct free thyroxine (T4) immunoassay with the charac-
teristics of a total T4 immunoassay. Clin Chem. 2007;53(5):911-915.

40. Midgley JFM. Spurious conclusions on analog free thyroxine assay performance. Clin Chem. 
2007;53(9):1714.

41. Docter R, Van Toor H, Krenning EP, et al. Free thyroxine assessed with three assays in sera of 
patients with nonthyroidal illness and of subjects with abnormal concentrations of thyroxine 
binding proteins. Clin Chem. 1993;39(8):1668-1674.

42. Ransohoff DF, Feinstein AR. Problems of spectrum and bias in evaluating the efficacy of 
diagnostic tests. N Engl J Med. 1978;299(17):926-930.

43. Norden AGW, Jackson RA, Norden LE, et al. Misleading results from immunoassays of serum 
free thyroxine in the presence of rheumatoid factor. Clin Chem. 1997;43(6 Pt 1):957-962.

44. Pop VJ, Kuipens JL, van Baer AL, et al. Low maternal fT4 concentrations during early preg-
nancy are associated with impaired psychomotor development in infancy. Clin Endocrinol. 
1999;50(2):149-155.

45. Haddow JE, Palomaki GE, Allan WC, et al. Maternal thyroid deficiency during pregnancy 
and subsequent and subsequent neuropsychological development of the child. N Engl J Med. 
1999;341(8):549-555.

46. Glinoer D. The regulation of thyroid function in pregnancy: pathways of endocrine adaptation 
from physiology to pathology. Endocr Rev. 1997;18(3):404-433.



106 J. R. Stockigt

47. Roti E, Gardini E, Minelli R, et al. Thyroid function evaluation by different commercially 
available free thyroid hormone measurement kits in term pregnant women and their new-
borns. J Endocrinol Invest. 1991;14(1):1-9.

48. Osathanondh R, Tulshinsky D, Chopra IJ. Total and free thyroxine and triiodothyronine in 
normal and complicated pregnancy. J Clin Endocrinol Metab. 1976;42(1):98-104.

49. Lee RH, Spencer CA, Mestman JH, et al. Free T4 assays are flawed during pregnancy. Am  
J Obstet Gynecol. 2009;260:e1-e6.

50. Muller AF, Verhoeff A, Mantel MJ, et al. Decrease of free thyroxine levels after controlled 
ovarian hyperstimulation. J Clin Endocrinol Metab. 2000;85(2):545-548.

51. Stuckey BGA. Thyroxine replacement during super-ovulation for in vitro fertilization; a po-
tential gap in management? Fertility and Sterility 2010 in press.

52. Inada M, Sterling K. Thyroxine transport in thyrotoxicosis and hypothyroidism. J Clin Invest. 
1967;46(9):1442-1450.

53. Nauman JA, Nauman A, Werner SC. Total and free triiodothyronine in human serum. J Clin 
Invest. 1967;46(8):1346-1355.

54. Fish LH, Schwarz HL, Cavanaugh MD, et al. Replacement dose, metabolism and bioavail-
ability of levothyroxine in the treatment of hypothyroidism. N Engl J Med. 1987;316(13): 
764-770.

55. Pearce CJ, Himsworth RL. Total and free thyroid hormone concentrations in patients re-
ceiving maintenance replacement treatment with thyroxine. Br Med J ( Clin Res Ed). 
1984;288(6418):693-695.

56. Ain KB, Pucino F, Shiver TM, et al. Thyroid hormone levels affected by time of blood sam-
pling in thyroxine-treated patients. Thyroid. 1993;3(2):81-85.

57. Sapin R, Schlienger J-L, Gasser F, et al. Intermethod discordant free thyroxine measurements 
in bone marrow-transplanted patients. Clin Chem. 2000;46(3):418-422.

58. Surks MI, Sievert R. Drugs and thyroid function. N Engl J Med. 1995;333:1688-1694.
59. Kaptein EM. Thyroid hormone metabolism and thyroid diseases in chronic renal failure. En-

docr Rev. 1996;17(1):45-63.
60. Mendel CM, Frost PH, Cavalieri RR. Effect of free fatty acids on the concentration of 

free thyroxine in human serum: the role of albumin. J Clin Endocrinol Metab. 1986;63(6): 
1394-1399.

61. Fisher DA. The hypothyroxinemia of prematurity. J Clin Endocrinol Metab. 1997;82(6): 
1701-1703.

62. Deming DD, Rabin CW, Hopper AO, et al. Direct equilibrium dialysis compared with two 
non-dialysis free T4 methods in premature infants. J Pediatr. 2007;151(4):404-408.

63. Klein RZ, Carlton EL, Faix JD. Thyroid function in very low birth weight infants. Clin Endo-
crinol. 1997;47(4):411-417.

64. Van den Berghe G, de Zegher F, Baxter RC, et al. Neuroendocrinology of prolonged critical 
illness: effects of exogenous thyrotropin-releasing hormone and its combination with growth 
hormone secretagogues. J Clin Endocrinol Metab. 1998;83(2):309-319.

65. Van den Berghe G, Wouters P, Weekers F, et al. Reactivation of pituitary hormone release 
and metabolic improvement by infusion of growth hormone releasing peptides and thyrotro-
pin releasing hormone in patients with protracted critical illness. J Clin Endocrinol Metab. 
1999;84(4):1311-1323.

66. Verheecke P. Free triiodothyronine concentrations in 1050 euthyroid children is inversely 
related to their age. Clin Chem. 1997;43:963-967.

67. Caplan RH, Pagliara AS, Wickus G. Thyroxine toxicosis. A common variant of hyperthy-
roidism. JAMA. 1980;244(17):1934-1938.

68. Figge J, Leinung M, Goodman AD, et al. The clinical evaluation of patients with subclinical 
hyperthyroidism and free triiodothyronine (T3) toxicosis. Am J Med. 1994;96(3):229-234.

69. Chen WW, Ladenson PW. Discordant hypothyroxinemia and hypertriiodothyroninemia in 
treated patients with hyperthyroid Graves’ disease. J Clin Endocrinol Metab. 1986;63(1): 
102-106.



1075 Measurements of Thyroxine and Triiodothyronine

70. Harjai KJ, Licata AA. Effects of amiodarone on thyroid function. Ann Intern Med. 
1997;126:63-73.

71. Takamatsu J, Kuma K, Mozai T. Serum triiodothyronine to thyroxine ratio: a newly recog-
nized predictor of the outcome of hyperthyroidism due to Graves’ disease. J Clin Endocrinol 
Metab. 1986;62:980-983.

72. Sobrinho LG, Limbert ES, Santos MA. Thyroxine toxicosis in patients with iodine induced 
thyrotoxicosis. J Clin Endocrinol Metab. 1977;45:25-29.

73. Amino N, Yabu Y, Miki Y, et al. Serum ratio of triiodothyronine to thyroxine, and thyroxine-
binding globulin and calcitonin concentrations in Graves’ disease and destruction-induced 
thyrotoxicosis. J Clin Endocrinol Metab. 1981;53:113-116.

74. Surks MI, Schadlow AR, Oppenheimer JH. A new radioimmunoassay for plasma L-
triiodothyronine: measurements in thyroid disease and in patients maintained on hormonal 
replacement. J Clin Invest. 1972;51:3104-3113.



109

6.1   Introduction

Thyroid dysfunction, a common condition affecting more women than men, develops 
in the majority secondary to a thyroid-specific autoimmune response. As with 
other autoimmune conditions, susceptibility to autoimmune thyroid disease (ATD) 
is thought to be influenced by an interaction between genetic predisposition and 
environmental factors, in addition to endogenous factors such as age and sex [1, 2]. 
Infiltration of the thyroid gland by immune cells is a characteristic finding in ATD, 
associated with activation of both humoral and cellular immune responses.

Autoimmune hyperthyroidism, or Graves’ disease (GD), is characterized by the 
presence of thyroid stimulating antibodies (TSAb), which have a clear functional 
role; TSAb mimic the action of thyroid stimulating hormones (TSH), resulting in 
uncontrolled thyroid stimulation [3]. TSAb are also implicated in the extra-thy-
roidal manifestation of the disease, including thyroid eye disease (TED) [4], by 
mechanisms that remain to be fully clarified.

At the other end of the spectrum, autoimmune hypothyroidism (AH) is charac-
terized by the presence of thyroid peroxidase (TPO) and thyroglobulin (Tg) anti-
bodies (Ab) [5, 6]. Although the direct functional role of these antibodies is not 
entirely clear, they are implicated in perpetuating the intrathyroidal inflammatory 
reaction (see below), ultimately resulting in tissue destruction. Thyroid antibodies 
are also detected in postpartum thyroiditis and may be a risk factor for miscarriage 
in pregnant women with apparently normal thyroid function [7].
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6.2   Humoral Immunity in Autoimmune 
Thyroid Disease

As in any organ-specific autoimmune disease, an interplay between cellular and 
humoral immune responses is essential for the initiation and propagation of ATD. 
Infiltration of the thyroid gland by T cells causes tissue destruction through a direct 
toxic effect of these cells or indirectly through the production of various inflamma-
tory molecules [8]. Intrathyroidal cytokine production and complement activation 
result in modulation of thyroid follicular cell (TFC) function and immunogenicity, 
in addition to perpetuation of the inflammatory reaction by recruitment of further 
immune cells [9]. Humoral immune responses against thyroid-specific autoantigens 
also contribute to the development of ATD, and this will be briefly reviewed in rela-
tion to the clinical presentation.

6.2.1   Thyroid Autoantigens

All major thyroid autoantigens are involved in thyroid hormone synthesis. The thy-
roid stimulating hormone receptor (TSHR), a member of the G protein-coupled 
receptor family, binds TSH and this causes generation of cyclic adenosine mono-
phosphate (cAMP), stimulating both growth and function of TFC [10]. TSAb, act-
ing on the TSHR, represent the key pathogenic mechanism in GD, whereas the 
contribution of TSHR blocking antibodies (TBAb) to the pathogenesis of AH is less 
pronounced: the epitopes for these two sets of autoantibodies with such contrasting 
effects are now known to largely overlap.

TPO, previously known as the microsomal antigen, is involved in iodination of 
tyrosine residues and their subsequent coupling to form thyroid hormones [11]. An 
alternatively spliced variant of TPO mRNA, termed TPO-2, has been described, 
which lacks enzymatic activity and is believed to have a different antibody reactiv-
ity [12]. The potential early expression of TPO-2 during the embryonic stage of 
thyroid development may result in immunological tolerance to this molecule but 
not to full length TPO, which in turn may have a role in the development of ATD in 
some individuals [13].

Tg serves as the storage form of thyroid hormones and is primarily secreted into 
the thyroid follicles, although small amounts gain access to the circulation. Several 
hormonogenic sites (tyrosine acceptors) are present on each subunit and seem to 
have a role in Tg antigenicity [14, 15]. Genetic variation in Tg has been proposed as 
a hypothetical mechanism for initiating thyroid autoimmunity [16].

The sodium/iodide symporter (NIS) mediates iodine uptake by the thyroid gland 
and studies have shown the presence of NIS antibodies in ATD but only in a minor-
ity of individuals [17], and they have no known clinical significance.
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6.2.2   The Role of Thyroid Autoantibodies in Disease 
Pathogenesis

6.2.2.1   Graves’ Disease

Production of TSAb is undoubtedly the main pathogenic mechanism in GD but a 
minority of these patients also have TBAb, which may be responsible for fluctua-
tion of thyroid function in rare cases of GD, secondary to oscillating levels of TSAb 
and TBAb [3]. The existence of autoantibodies that increase or inhibit TFC growth 
(and thus causing goiter or atrophy) independently of TSHR remains debatable [18]. 
Around 80% of individuals with GD also exhibit antibody reactivity against TPO 
[19, 20], but given the number of patients who fail to mount an antibody response, 
the clinical diagnostic value of TPO-Ab in GD is somewhat limited.

6.2.2.2   Extrathyroidal Complications

Of the major thyroid autoantigens, TPO is effectively ruled out as a candidate by 
its restricted tissue distribution, but Tg, which can be detected in retrobulbar tissue 
from TED patients, may have a role [21]. However, the low incidence of TED in AH 
and the failure of Tg-immunized mice to develop TED argues against a key role for 
this molecule in disease pathogenesis. The close association between GD and TED 
is mostly likely explained by the existence of a shared thyroid and orbital autoanti-
gen, and this makes TSHR a credible candidate. Receptor expression (both mRNA 
and protein) has been detected in retrobulbar-derived tissue, including fibroblasts, 
muscles and preadipocytes, supporting this view [22]. The increased expression 
of TSHR during preadipocyte maturation into adipocyte led to the hypothesis that 
increased adipocyte differentiation in the orbit, secondary to yet unidentified fac-
tors, may contribute to the initiation of TED [23, 24]. The importance of TSHR 
in TED pathogenesis is further supported by the development of orbital changes 
in some, but not all, animal models immunized with TSHR, although reproducing 
these models has been difficult [25].

A number of antibodies against eye muscle and fibroblasts have been detected in 
TED, including 23, 55, 64, 66, and 95 kDa antigens, as well as antibodies against 
collagen XIII, tubulin, and acetylcholine receptor [26–28]. These antibodies lack 
diagnostic sensitivity and specificity, are likely to be produced secondary to tissue 
damage, and probably have no role in disease initiation.

6.2.2.3   Autoimmune Hypothyroidism

AH can present clinically in a goitrous form, Hashimoto’s thyroiditis, or an atrophic 
form without an associated goitre, termed primary myxoedema. The majority of 



112 R. A. Ajjan and A. P. Weetman

individuals with AH have serum antibodies to Tg and TPO, and occasionally to 
TSHR. Low titers of Tg-Ab are commonly found in apparently normal individuals, 
especially in the elderly or following viral infections [29, 30]. In contrast, titers of 
Tg-Ab are generally high in AH, and they are mainly of the IgG class rather than 
IgM [5, 6]. Tg-Ab are unable to fix complement, but have the capability of medi-
ating antibody-dependent cell-mediated cytotoxicity (ADCC) in vitro [31], which 
may have a role in tissue destruction in vivo. The degree of Tg iodination may 
influence its immunogenicity, and this may be one mechanism for increased AH in 
iodine-rich areas [14, 15].

TPO-Ab are present in almost all subjects with AH, but are also detected in 
a small percentage of clinically normal individuals. TPO-Ab may play a direct 
role in immunopathogenesis through ADCC (in addition to their ability to fix 
complement), leading to thyroid cell destruction [5, 6]. Initial work suggested a 
functional role for these antibodies as they may inhibit TPO activity in vitro, but 
any clinically relevant effect is doubtful [32]. Bispecific Abs interacting with both 
Tg and TPO have been termed TgPOAb [33]. These Abs appear to be present in 
sera with high Tg-Ab and TPO-Ab titers, and they are more frequently detected in 
patients with HT than in patients with other ATD, but recently their existence as a 
discrete entity has been questioned. TBAb are detected in a minority of AH sera, 
and these can cause hypothyroidism without long-term tissue destruction [34]. 
The role of thyroid autoantibodies in inducing thyroid dysfunction is summarized 
in Fig. 6.1.

Fig. 6.1   Role of thyroid autoantibodies in gland dysfunction. TSHR thyroid stimulating hormone 
receptor, TSAb thyroid stimulating antibodies, TBAb thyroid blocking antibodies, TPO thyroid 
peroxidase, TG thyroglobulin, TFC thyroid follicular cells, ADCC antibody-dependent cell-medi-
ated cytotoxicity, C complement
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6.3   Assays for Thyroid Antibodies

6.3.1   Thyroid Stimulating Hormone Receptor

Antibodies to TSHR are detected using either a binding or a bioassay. TSH binding 
inhibiting immunoglobulin (TBII) assays, which measure inhibition of TSH bind-
ing to its receptor, are commercially available. TBII assays fail to determine the 
functionality of the antibody as they are unable to distinguish between stimulating 
and blocking antibodies. However, in clinical settings this is less important as clini-
cal examination and biochemical findings allow straightforward interpretation of 
the functional characteristics of a positive TBII result in any individual patient.

Earlier, first generation TBII assays used porcine thyroid cell membranes and 
bovine labeled TSH and had a sensitivity of 50–80% [35]. Second generation TBII 
assays, employing recombinant human TSHR, increased sensitivity to more than 
90%, without any loss in specificity [36–38]. Second generation assays are now 
commercially available in radiolabeled or chemiluminescence assay format and it 
is generally accepted that levels above 1.5 IU/L confirm the presence of TSHR-
Ab, whereas values between 1 and 1.5 IU/L are classified as inconclusive. Despite 
some standarization, commercially available bioassays can differ in their sensitiv-
ity, which is largely dependent on the cutoff values used [39]. A third generation 
assay has been introduced recently based on detection of human monoclonal TSAb 
(instead of TSH) binding to recombinant TSHR. The sensitivity of this assay ranges 
between 95 and 97% with 100% specificity, compared with 89–94% sensitivity 
using second generation assays [40, 41].

In contrast to TBII, TSHR bioassays assess antibody functionality and rely 
on the detection of cAMP production in cell lines endogenously expressing or 
stably transfected with TSHR. The presence of TSAb leads to increased cAMP 
production in these cells, whereas TBAb result in inhibition of cAMP production 
after TSH stimulation. However, the distinction between TSAb and TBAb is not 
always straightforward as antibodies with TSH-blocking activity may also display 
stimulating activity, and some sera may have a mixture of stimulating and block-
ing antibodies [42]. Early bioassays used human thyrocytes or rat FRTL-5 cells 
[43–47], but subsequently TSHR-transfected stable cell lines have been used, 
which are more consistent and easier to maintain [48–51]. Bioassays have been 
further refined by using cell lines stably expressing both TSHR and a reporter 
gene luciferase, the activity of which was assessed by measuring light output from 
cells stimulated with patient sera [52–54], but have no present clinical applica-
tion. Other techniques include the use of flow cytometry in cells expressing the 
holoreceptor or the extracellular domain (ECD), which are technically difficult to 
undertake [55, 56].

Although TSHR bioassays have expanded and improved in sensitivity and spe-
cificity over the years, the techniques involved are both demanding and expen-
sive, making their use difficult. Furthermore, they have limited clinical value as the 
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simpler TBII assay, in combination with the clinical picture and biochemical test-
ing, is often enough to make an accurate diagnosis. Therefore, bioassays remain 
largely limited to research purposes, but there may be exceptions in rare clinical 
scenarios as discussed below.

6.3.2   Thyroid Peroxidase

TPO-Ab were initially assayed using crude preparations of thyroid cell membranes 
in agglutination or immunofluorescence tests. Czarnocka and colleagues subse-
quently identified TPO as the microsomal antigen [57], leading to the development 
of more sophisticated quantitative immunoassays. However, differences in TPO 
preparations may affect assay sensitivity, and the use of recombinant TPO, which 
is guaranteed to be free of contaminants, remains the best option to ensure consist-
ency and reproducibility of the results. The majority of TPO-Ab assays currently 
report using international units and the standard preparation MRC 66/387 as a 
reference [58, 59]. TPO antibodies are detected in around 10% of the population 
without apparent thyroid disease [60], a percentage that can dramatically increase 
if low cutoff values are used [61]. Therefore, establishing an accurate reference 
range for individual laboratories, which varies according to the sensitivity and 
specificity of the methodology employed, is important for reliable interpretation 
of TPO-Ab results. TPO-Ab, detectable in almost all AH patients and around 80% 
of individuals with GD [62], are routinely used to help with clinical management 
decisions.

6.3.3   Thyroglobulin 

Earlier tests to detect Tg-Ab relied on immunofluorescent techniques on thyroid 
tissue sections. This was followed by red cell agglutination methods and more 
recently by sensitive immunoassays, which are more reliable. In general, it is dif-
ficult to standardize Tg-Ab measurements due to the great variability of Tg prepa-
rations, and to address this problem a common practice is to calibrate against the 
primary standard MRC 65/93 [58, 59]. However, the use of this standard still does 
not ensure similar quantitative or qualitative results with the different methodolo-
gies. This may be an explanation for the different reporting methods used for Tg-
Ab; some methods report below detection limit as a “normal” result, whereas others 
have a “normal range” above which the results are regarded as positive.

Up to 27% of individuals without evidence of thyroid autoimmunity have ele-
vated levels of Tg-Ab [30], thus questioning the specificity of these antibodies and 
their usefulness in clinical settings. Furthermore, a significant number of patients 
with ATD exhibit TPO but not Tg antibody reactivity, while the reverse is unusual 
[63]. Therefore, Tg-Ab estimation is probably not routinely necessary for the diag-



1156 Thyroid Autoantibody Measurement

nosis of ATD and the main clinical application is following treatment of individuals 
with differentiated thyroid cancer (DTC).

6.3.4   Sodium/Iodide Symporter

An early report using Western blotting suggested the presence of NIS antibodies in 
the majority of GD and a minority of AH patients [64]. More sophisticated tech-
niques using in vitro translation and transcription showed that less than a quarter of 
patients with ATD have antibodies against the symporter [65, 66]. Bioassays have 
also been developed using cell lines stably transfected with NIS and these showed 
the presence of antibodies that can modify the function of the symporter in some 
ATD patients, although this concept is not shared by all [66–68].

Due to the low frequency of NIS-Ab in ATD, a commercial test has not been 
developed and, therefore, measurement of these antibodies remains purely of 
research interest.

6.4   Clinical Applications of Antibody Measurement

6.4.1   Graves’ Disease

In many cases, the clinical features alone suffice to make the diagnosis of GD. 
However, in atypical cases, or if the physician has limited experience in thyroid 
disease, measuring TSHR antibodies can be of value to confirm the diagnosis. One 
should bear in mind, however, that the diagnostic accuracy is only important as far 
as it has an effect on clinical management. If a decision is taken to treat hyperthy-
roidism with radioactive iodine (RAI), then the underlying diagnosis is generally of 
academic interest.

Some argue that TSHR antibody testing can be useful in predicting relapse after 
a course of antithyroid drugs, and this has been an area of hot debate for the past 
decade [69]. In general, detection of TSHR-Ab following medical treatment of GD, 
particularly if levels are high, is associated with significant risk of relapse and this 
may be useful to plan follow-up. However, the converse is not true: a negative 
TSHR-Ab post treatment is still associated with a significant risk of relapse, making 
long-term clinical predictions uncertain.

TPO-Ab measurement in hyperthyroidism is undertaken in some centers, mainly 
due to ease of testing and low cost. However, around 20% of confirmed GD patients 
test negative for TPO-Ab, and therefore the role of these antibodies in the clinical 
management of hyperthyroidism is debatable [19, 20, 70]. It should also be noted 
that a very small minority of GD patients test negative for TBII, even using mod-
ern assays [71]; the most likely explanation is that there is purely intrathyroidal 
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production of TSAb or that the most modern assays are still too insensitive to detect 
these antibodies in the circulation.

6.4.2   Graves’ Ophthalmopathy

TSHR is believed to be one of the antigens involved in TED as it can be found in 
retrobulbar tissue, and antibody levels correlate with activity and severity of the 
disease [72, 73]. TSHR-Ab can be useful for the diagnosis of rare cases of euthyroid 
TED, as most of these patients have detectable antibodies using a sensitive second 
or third generation TBII assay [74]. However, a negative test does not rule out the 
diagnosis and orbital imaging becomes essential to confirm the condition and rule 
out other causes of the orbital symptoms.

Although TSHR-Ab levels correlate with disease outcome in some patients with 
TED, no prediction is possible in half the individuals, and therefore there is little 
practical role for TSHR-Ab measurement for assessing TED severity or for plan-
ning future therapy [75]. Clinical judgment in each patient with individually tai-
lored therapy remains the best option in clinical practice.

6.4.3   Autoimmune Hypothyroidism

TPO-Ab, detected in almost all AH patients, are routinely used to confirm the 
autoimmune nature of hypothyroidism. Detection of these antibodies can also pre-
dict the development of AH. The Whickham survey has shown that almost 30% 
of individuals with positive TPO-Ab and normal thyroid function develop frank 
hypothyroidism in the following 20 years, whereas this percentage doubles in those 
who additionally have marginally raised plasma TSH [29, 76]. Therefore, in sub-
clinical hypothyroidism, characterized by elevated TSH and normal thyroid hor-
mones, TPO-Ab reactivity is associated with high risk of future hypothyroidism 
and treatment, rather than monitoring, can be advocated [77]. Furthermore, elevated 
TPO-Ab titers can also predict the development of amiodarone-induced hypothy-
roidism; therefore measurement of these antibodies is mandatory before starting 
amiodarone treatment [78, 79]. Similar considerations also apply in the case of 
treatment with alpha-interferon and lithium.

The existence of TBAb in hypothyroidism is best demonstrated by the rare 
development of transient neonatal hypothyroidism in babies secondary to trans-
placental transfer of these antibodies [34, 80]. Furthermore, a study of ten patients 
has shown the association of TBAb with 90% of newly diagnosed patients [81]. 
Tissue destruction is clearly evident in histopathology thyroid specimens from 
individuals with AH, and this remains the main pathogenic mechanism for thyroid 
failure in this condition. However, in the early stages of the disease, TBAb may 
play a role in inducing clinical hypothyroidism before widespread tissue destruc-
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tion takes place. Also, TBAb may be the explanation for the occurrence of tran-
sient hypothyroidism before the development of autoimmune hyperthyroidism in 
rare clinical cases [82].

6.4.4   Pregnancy and Postpartum Thyroiditis

Hyperthyroidism, found in around 0.2% of pregnancies, is usually due to GD [83, 
84] (pregnancy discussed in depth in Chap. 11). TSHR-Ab levels, which are typi-
cally higher in the earlier stages of pregnancy, are usually detected in these indi-
viduals and help to make the diagnosis. Neonatal thyrotoxicosis occurs in 1% of 
newborns to mothers with active GD, secondary to transplacental passage of TSAb. 
The fetal thyroid is unresponsive to TSAb before the 20th week of gestation and 
this, together with enhanced transplacental transfer of TSAb in the third trimester, 
explains the occurrence of fetal hyperthyroidism in the second half of pregnancy. 
Measurement of TSHR-Ab at 28 weeks in pregnant mothers with active GD is help-
ful in predicting neonatal thyrotoxicosis [85, 86]. In patients who have previously 
been treated with RAI or surgery, TSHR-Ab measurement is indicated in the first 
trimester of pregnancy and repeat testing should be performed at 28 weeks in those 
with positive antibodies. TSHR-Ab measurement is not required in euthyroid GD 
patients who have had previous treatment with antithyroid drugs.

A higher percentage of pregnant women (around 2.5%) have evidence of hypothy-
roidism—manifested as raised TSH levels [87]—and TPO-Ab measurement is 
required to establish the presence of thyroid autoimmunity. Furthermore, detection 
of TPO-Ab during pregnancy, with otherwise normal thyroid function, is associated 
with increased rate of miscarriage, intellectual dysfunction, and hearing deficit in the 
newborn [88–90]. The exact mechanism leading to pregnancy loss in women with 
elevated TPO-Ab levels remains speculative [91], but treatment with levothyroxine 
may have a beneficial effect, particularly in those with TSH levels above 2 mIU/L 
[90]. Therefore, thyroid function should be monitored carefully in pregnant women 
with detectable TPO-Ab, and a policy of a low threshold for levothyroxine treatment 
should probably be adopted in those with borderline thyroid function.

Postpartum thyroiditis (PPT) has a prevalence of 1–20% (the wide range reflect-
ing racial differences), and results in thyroid dysfunction, which occurs during the 
first year after delivery [7]. Classically, PPT runs a biphasic course of a hyperthy-
roid phase followed by temporary or permanent hypothyroidism, although thyro-
toxicosis or hypothyroidism may occur in isolation. TPO-Ab levels are positive in 
most women with PPT and measurement of these antibodies helps in making the 
diagnosis. Additionally, raised TPO-Ab levels during pregnancy predict the devel-
opment of PPT in up to 50% of patients [7, 84]. TSHR-Ab measurement can be use-
ful to differentiate PPT from GD in the postpartum period, although TSHR-Ab can 
be detected in a small minority of individuals during the hyperthyroid phase of PPT 
[92, 93]. Equally, detection of TSHR-Ab in presumed PPT may simply represent 
early GD, which can develop following PPT in some individuals [94, 95].
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6.4.5   Differentiated Thyroid Cancer

DTC is usually treated with thyroidectomy followed by RAI ablation. Tg is a spe-
cific marker for thyroid tissue and one tool used to monitor DTC recurrence [96] 
(discussed in depth in Chap. 7). However, Tg-Ab can interfere with Tg estima-
tion, and therefore levels of these antibodies should be assessed in all patients prior 
to undertaking Tg analysis. The persistence, or the new emergence, of Tg-Ab fol-
lowing ablative therapy indicates the presence of thyroid tissue and can itself be a 
marker of disease recurrence. It should be noted that some Tg tests differ in their 
susceptibility to interference from Tg-Ab, and this should be taken into account 
when managing patients with DTC [97].

The role of thyroid autoantibody testing in clinical practice is summarized in 
Table 6.1.

6.5   Recommendation for the Use of Thyroid Autoantibodies 
in Clinical Practice

Although TSHR-Ab are detected in the majority of individuals with GD, it is mainly 
useful in difficult cases where the diagnosis is uncertain. TSHR-Ab measurement 
is unnecessary in hyperthyroid TED but can be useful in rare cases of euthyroid 
ophthalmopathy. Furthermore, these antibodies should be measured in pregnant 
women with active GD and in those who have had definitive treatment (i.e., sur-
gery or RAI) for the condition; high levels of TSHR-Ab in pregnant women predict 
the possible development of neonatal thyrotoxicosis and careful fetal monitoring 
becomes mandatory. TSHR-Ab can also be measured in women with postpartum 
hyperthyroidism to help differentiate PPT from GD, although a minority of PPT 
patients may display antibody positivity during the hyperthyroid phase. Detection 
of TSHR-Ab is relatively easy using TBII, especially with a modern assay, but a 
functional bioassay, which is technically more demanding, can be definitive in rare 

Table 6.1   Role of thyroid antibody measurement in clinical practice

Antibody 
measurement

Useful Probably not useful

TSHR-Ab Determine the etiology of hyperthyroidism  
in uncertain cases

Diagnosis of euthyroid TED
Prediction of neonatal thyrotoxicosis

Prediction of relapse following 
medical treatment

Prediction of TED outcome

TPO-Ab Hypothyroidism (particularly in subclinical 
disease)

Diagnosis of PPT

Diagnosis of GD

Tg-Ab Following ablative therapy for DTC Diagnosis of ATD
TSHR thyroid stimulating hormone receptor, TPO thyroid peroxidase, Tg thyroglobulin, Ab anti-
body, GD Graves’ disease, TED thyroid eye disease, ATD autoimmune thyroid disease, PPT post-
partum thyroiditis, DTC differentiated thyroid cancer
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cases, such as GD in pregnancy, particularly if maternal thyroid status cannot be 
assessed due to previous thyroidectomy or RAI treatment. At present, TSHR-Ab 
measurement unfortunately has little use in planning the clinical management of 
GD or predicting outcome of TED.

Almost all individuals with AH have TPO-Ab, so this is a helpful tool to make 
the correct diagnosis and rule out other causes of hypothyroidism, such as non-
autoimmune thyroiditis. Also, TPO-Ab can be used to plan clinical management; 
levothyroxine replacement therapy is worth considering in individuals with sub-
clinical hypothyroidism who also have raised TPO-Ab levels, given the lifelong 
chance of these patients developing overt hypothyroidism. TPO-Ab levels should 
be measured in women with postpartum thyroid dysfunction and are consistent with 
PPT. Furthermore, detection of TPO-Ab in pregnancy is associated with higher risk 
of fetal loss, which may be prevented by thyroxine treatment, particularly in those 
with TSH > 2 mIU/L, although concrete evidence supporting such a practice is still 
lacking. Measurement of TPO-Ab in hyperthyroid individuals has a limited value, 
as only 80% of GD patients display antibody reactivity.

Tg-Ab have little role in the management of ATD due to their low sensitivity 
and specificity; therefore they are not routinely requested for suspected ATD. How-
ever, measurement of Tg-Ab is important in individuals who have had treatment for 
DTC, as these antibodies can interfere with Tg measurement—a marker of residual 
thyroid tissue and disease recurrence. Furthermore, the persistent elevation, or the 
emergence of Tg-Ab, following ablative treatment, may also be indicative of DTC 
relapse.

In summary, TSHR-Ab testing is advocated in unclear cases of hyperthyroidism, 
suspected euthyroid ophthalmopathy, and to predict neonatal thyrotoxicosis. Meas-
urement of TPO-Ab levels is helpful to confirm the autoimmune nature of hypothy-
roidism (particularly subclinical disease) and the diagnosis of PPT, whereas Tg-Ab 
levels are used to exclude interference with Tg plasma measurements in individuals 
who have undergone thyroid ablative therapy for DTC.

6.6   Conclusion

Thyroid dysfunction is a common condition and is usually due to thyroid autoim-
munity, where both cellular and humoral immune responses play a role in disease 
pathogenesis. Markers of the humoral immune response have been used to aid the 
clinical diagnosis and management plan of individuals with ATD. The increase in 
sensitivity and specificity, coupled with the relative ease of thyroid autoantibody 
analysis, paved the way for the routine use of antibody testing in clinical practice.

Thus far, measurement of thyroid autoantibodies has only been used for diag-
nostic purposes. However, further characterization of these antibodies may help 
to devise new treatment strategies, particularly in individuals having side effects 
with the medical treatment or in those with severe extrathyroidal manifesta-
tions. For example, antibodies against TSAb can be developed that neutralise the 
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TSHR-stimulating activity, thereby directly targeting the pathogenic mechanism of 
the disease. Future research in this area should be directed at fully elucidating the 
exact role of thyroid autoantibodies in ATD as this will help to develop novel tactics 
that might target the thyroid-specific humoral immune responses, potentially result-
ing in reversal of the disease process.
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7.1   Tg Biosynthesis and Metabolic Clearance

The thyroglobulin (Tg) gene is encoded by human chromosome 8q24.2–8q24.3 
in a 8.5 kb coding sequence covering 48 exons. As illustrated in Fig. 7.1, tran-
scription of the 330 kDa Tg monomeric protein is regulated by a number of tran-
scription factors that include TTF-1, TTF-2, and Pax-8 [1–3]. Posttranslational 
processing is complex and necessitates multiple molecular chaperones to control 
the glycosylation, appropriate folding, dimerization, and trafficking of the mature 
protein to the apical membrane where thyroid peroxidase catalyses the iodina-
tion of the hormonogenic sites [1, 3–6]. Comparisons between Tg derived from 
papillary cancers versus normal thyroid tissue show differences in carbohydrate, 
iodine content, sulfation, charge, and immunological properties [7–13]. These dif-
ferences likely result from defective posttranslational processing of tumor-derived 
Tg leading to the secretion of Tg molecules with an abnormal tertiary structure. 
Because Tg epitopes are conformational, any alteration in the tertiary structure of 
the molecule has the potential to disrupt the immunological interaction(s) with 
the assay reagents [7, 10, 11, 14–16]. The half-life of Tg in serum approximates 
3 days and is determined by the terminal sialic acid content of the molecule [17]. 
Both the sialic acid and iodine content of the Tg derived from papillary tumors 
tend to be lower than normal, suggesting the possibility for differences in the 
metabolic clearance of Tg protein secreted by different tumors [8, 17–19]. An 
accelerated metabolic clearance of tumor-derived Tg could be the reason why 
serum Tg can be paradoxically low or even undetectable in some patients with a 
significant tumor burden [11, 12, 20–24].
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7.2   Tg Assay Methodology: Technical Issues

Tg measurement still remains technically challenging. Most laboratories favor auto-
mated immunometric assay (IMA) methods because they are nonisotopic, require 
shorter incubations than radioimmunoassay (RIA; hours vs. days), and can be auto-
mated. Manufacturers are beginning to use a two-step approach to overcome the 
“hook” problems that plague tumor-marker IMAs, wherein high antigen concentra-
tions exceed the binding capacity of the capture antibody and cause inappropriately 
low results [25–28]. Unfortunately, Tg IMA methodology appears to have a greater 
propensity for interference, both from human anti-mouse antibodies (HAMA; see 
Sect. 7.2.3.1) and Tg autoantibodies (TgAb; see Sect. 7.2.3.2) as compared with 
RIA [16]. RIA is not influenced by HAMA; however TgAb has the potential to 
interfere and cause false low or high RIA values depending on the specificity of the 
RIA reagents employed [26, 29–33].

Fig. 7.1   Gene regulation and synthesis of thyroglobulin ( Tg) in normal thyroid follicular epithe-
lial cells. (Reproduced with permission from [3])

nucleus

membrane

Golgi apparatus

Thyroid follicular cell

Chromosome 8q24.2-24.3

Tg, MW:330,000,
10% carbohydrate

Tg folded?

Tg gene

Mannose, glucose

Immature Tg
(Poorly iodinated Tg)

+T4 or T3

Homodimer MIT or DIT

TPO

Tg,MW:660,000

Iodination

Internalized recycling

carrying

Tg mRNA
8.7kb

Regulated by
PAX-8’TTF-1, TTF-2

Transcription

Translation

Endoplasmic
reticulum

Glycosylation

                                                      



1277 Thyroglobulin Measurement

7.2.1   Standardization/Specificity

Despite the introduction of a Thyroglobulin Certified Reference Material 
(CRM-457) more than 10 years ago [34], some methods are still not CRM-457 
standardized (Table 7.1), and the coefficient of variation between Tg methods 
approximates 30% (Fig. 7.2 panels (a) and (b))—twice the within-person biologic 
variability (~15%) [16, 35–39]. A recent study found that the variability among 
IMA methods was higher than among RIA methods, even when measuring Tg in 
normal euthyroid subjects (44% vs. 29%) [16]. This variability may, in part, result 
from standardization and assay matrix differences, but also likely reflects the use 
of monoclonal antibody (MAb) reagents with narrow epitope recognition for dif-
ferent Tg isoforms, as compared with the broad epitope recognition inherent to 
the polyclonal antibodies (PAb) used for RIA (Table 7.1) [7, 10, 11, 26, 40]. It is 
not surprising that IMA methods vary in their specificity for measuring abnor-
mal tumor-derived Tg isoforms given the conformational nature of Tg epitopes 
and the potential for tumors to secrete immature Tg isoforms with compromised 
immunologic recognition and/or abnormal metabolic clearances (see Sect. 7.1) 
[11, 12, 14–16, 18, 24].

Changing Tg methods during long-term monitoring of patients with differentiated 
thyroid cancers (DTC) has the potential to disrupt patient care given the magnitude 
of bias between tests by different manufacturers [39, 41, 42]. As shown in Fig. 7.2, 
values reported by different Tg assays vary as much as threefold, even when TgAb 
is not detected. Differences of this magnitude would certainly be interpreted as 
clinically significant (>1.5 µg/L [ng/mL]1) [41], and have the potential to either 
mask a rise in Tg due to recurrence, or prompt unnecessary concern for recurrence. 
Methodologic variability also compromises the current practice of using fixed 
Tg cutoff values to assess risk for persistent/recurrent disease. For example, the 
72-hour post recombinant human TSH (rhTSH) serum Tg cutoff value of 2.0 µg/L 
(ng/mL) that has become the “gold standard” for rhTSH-stimulated Tg testing (see 
Sect. 7.6.4.2) has been universally adopted without compensating for differences in 
assay standardization [43–48]. Because assay 2 from Table 7.1 is only ~50% stand-
ardized against CRM-457, a Tg cutoff of 2.0 µg/L (ng/mL) reported by this assay 
would be equivalent to 4.0 µg/L (ng/mL) when using CRM-457 standardization. 
These standardization/specificity problems can be mitigated by evaluating trends in 
the serial Tg measurements used to follow patients with DTC (made with the same 
assay under the same TSH conditions) in preference to employing a fixed Tg cutoff 
[46, 48–50, 52–57]. When practical, the archiving of unused specimens allows the 
concurrent remeasurement of a past with a current specimen, thereby eliminating 
run-to-run variability and facilitating rebaselining, should a change in Tg method 
become necessary.

1 Serum Tg values expressed in terms of 1:1 CRM-457 standardization.
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7.2.2   Methodologic Sensitivity

The adoption of IMA methodology for Tg measurement has not, in general, led 
to an improvement in assay sensitivity relative to RIA methodology. In fact, most 
current Tg assays (Table 7.1) are still only first generation in nature with functional 
sensitivities between 0.5 and 1.0 µg/L (ng/mL)—similar to that achieved with RIA 
methodology [16, 58]. Because first generation functional sensitivity is only mar-
ginally below the lower reference limit for euthyroid control subjects with intact 
thyroid glands (Table 7.1), such assays clearly have suboptimal sensitivity for 
detecting small amounts of persistent/recurrent tumor [16, 46]. The measurement of 
Tg following TSH (endogenous or rhTSH) stimulation has been used to overcome 
Tg assay insensitivity (see Sect. 7.6.4.2)—analogous to the use of TRH stimulation 

Fig. 7.2   Comparison of mean Tg values measured for sera from single donations measured by  
nine different Tg assays in 22 different laboratories (assays identified in Table 7.1). Sera a and 
b had no TgAb detected by any of three TgAb assays: Kronus/RSR, Siemens Immulite, and Beck-
man Access. Sera c and d had a low level of TgAb detected by Kronus/RSR; both were judged neg-
ative by the Access method and only c was judged marginally positive by Immulite TgAb. UD un-
detectable. (Data is taken from the UK NEQAS Thyroglobulin Surveys [www.birminghamquality. 
org.uk] and used with permission from Finlay MacKenzie [Program Director])
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to overcome the insensitivity of the insensitive first generation TSH assays [44–46, 
59]. Over the last decade, more sensitive second generation Tg IMA methods (func-
tional sensitivities 0.05–0.1 µg/L [ng/mL]) have become available [39, 51, 57]. 
These more sensitive assays provide superior diagnostic potential for monitoring 
the trend in basal Tg measured without the need for expensive rhTSH stimulation 
(see Sect. 7.6.4.2) [42, 51, 57, 60–62].

Most laboratories adopt the manufacturer’s information on assay sensitivity as 
the basis for setting the assay detection limit; however some manufacturers do not 
provide this data (Table 7.1) [40]. Generally assay information is presented in terms 
of analytical or functional sensitivity, or both [41]. Unfortunately, manufacturers 
tend to make exaggerated claims for the sensitivity of their products and fail to 
determine functional sensitivity according to established guidelines [41]. Further-
more, some manufacturers use descriptive terms such as “ultrasensitive” for mar-
keting purposes, or only cite assay analytical sensitivity, a within-run precision that 
is clinically irrelevant [63].

Functional sensitivity is a clinically relevant parameter relating to the low-
end between-run precision of the assay that is used to define the lower reporting 
limit [41]. Specifically, functional sensitivity is defined as the serum Tg value 
that can be measured with a between-run coefficient of variation of 20% with the 
following stipulations (http://www.aacc.org/members/nacb/LMPG/OnlineGuide/ 
PublishedGuidelines/ThyroidDisease/Pages/default.aspx):

• Precision should be determined in TgAb-free human serum to eliminate matrix 
effects [40].

• The precision assessment should be made over a 6–12 month period to represent 
the clinical interval used for monitoring patients with DTC.

• At least two different lots of reagents and two instrument calibrators should be 
used when evaluating precision, because long-term precision is dependent on the 
consistency of the manufacturers’s reagents.

Current American Thyroid Association and European Thyroid Association guide-
lines for managing patients with DTC suggest that an “undetectable” basal and 
rhTSH-stimulated Tg should be used as a parameter for assigning a disease-free 
status [45, 46]. However, the use of the term “undetectable” is problematic given 
the tenfold difference in functional sensitivity among current assays (Table 7.1). 
Specifically, patients with an “undetectable” Tg status using a first generation assay 
often have a low but detectable Tg when measured by a second generation assay 
[39, 42, 51].

7.2.3   Interferences

An unintended consequence of adopting IMA methodology for Tg measurement 
has been an exacerbation of the problem of both HAMA and TgAb interferences.
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7.2.3.1   HAMA Interference with Serum Tg Measurement

Heterophile antibodies are human antibodies with specificities for animal immu-
noglobulins. HAMA interference is caused by mouse antibodies in the specimen 
and is especially problematic for IMA methods that employ monoclonal antibodies 
(MAb) of murine origin [64, 65]. Patients who handle animals or receive mouse 
MAb for diagnostic imaging or medical therapy for malignancies are especially 
prone to develop HAMA [65, 66]. IMA methodology is based on noncompetitive 
binding of antigen by two antibody reagents (a capture and tracer antibody) tar-
geted against different epitopes. Combinations of mono- and polyclonal antibodies 
are usually employed (Table 7.1). HAMA prevalences between 0.05 and 3.0% in 
patient blood samples have been reported [66, 67]. Manufacturers reduce the risk of 
HAMA interference by adding nonimmune mouse serum to their assay reagents, but 
this practice does not eliminate all HAMA interferences. When a serum Tg value 
appears inappropriately high or fails to respond appropriately to TSH changes (ris-
ing with TSH stimulation and falling with TSH suppression), the physician should 
ask the laboratory to remeasure that specimen using a different manufacturer’s 
method or rerun the specimen in a blocker tube (Scantibodies, Santee, CA, USA) 
[68]. Unfortunately, these approaches do not detect or eliminate all HAMA interfer-
ences [70, 71].

Interference typically results when HAMA in the specimen interacts with both 
antibody reagents to create a false signal that simulates the presence of antigen 
(Tg) [67]. Rarely, HAMA can cause a false low result by blocking Tg from par-
ticipating in antibody binding [67, 72]. In contrast, the competitive RIA format 
that uses high affinity polyclonal antibodies (often rabbit) is not influenced by 
HAMA [73]. Unrecognized HAMA interference has the potential to negatively 
impact patient care by prompting unnecessary imaging or radioiodine (RAI) treat-
ment, or in the case of a falsely low Tg, mask the presence of persistent/recurrent 
disease [74].

7.2.3.2   TgAb Interference with Serum Tg Measurement

Because TgAb interference is the most common type of interference affecting serum 
Tg measurement, guidelines state that it is mandatory to measure TgAb in every 
specimen sent for Tg testing [41]. Although the propensity for interference is related 
to the TgAb concentration, high TgAb levels do not necessarily produce interfer-
ence [26, 75]. Conversely, interference can result from low levels of TgAb that may 
be detected by one method but not another [16]. This is seen in panels (c) and (d) 
of Fig. 7.2 in which extreme between-method variability was observed (43% and 
67% CV, respectively). Both specimens (c) and (d) had TgAb measured by three 
different methods (Kronus/RSR, Beckman Access, and Siemens Immulite). Both 
displayed a low level of TgAb when measured by Kronus/RSR, but both were nega-
tive by Access. Immulite only detected a marginal level of TgAb in specimen (c). 
This emphasizes the method dependence of TgAb detection and that the potential 
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for TgAb interference is multifactorial relating to the format of Tg assay used (IMA 
or RIA), the concentration of TgAb, and the affinity and specificity of that TgAb 
for both endogenous Tg and the assay reagent(s) [16, 76]. Conversely, some TgAb 
methodologies may report false low TgAb values because of interference by high 
concentrations of endogenous Tg in the specimen [77, 78].

When TgAb is present in a serum specimen, equilibria will develop between 
the endogenous entities (free Tg, TgAb, and Tg/TgAb immune complexes). Dur-
ing Tg measurement (either by IMA or RIA), these entities can interact with added 
Tg (i.e., tracer) and the antibody reagent(s) in an unpredictable way. The meas-
urement of any single entity may be influenced by the presence of the other two 
in various ways: (1) immunobinding of an “irrelevant” entity by added reagents 
(e.g., 125I-Tg tracer binding to endogenous TgAb), (2) displacement of binding of 
an added reagent (e.g., 125I-Tg tracer) because of competition from the endogenous 
component already present (e.g., endogenous Tg), and (3) depending on the abil-
ity of the method to detect various epitopes, only free Tg, TgAb-complexed Tg, or 
TgAb may participate in the reaction [79].

The exogenous Tg recovery test approach has often been used to screen for 
TgAb. Although there is some correlation between the TgAb concentration and the 
potential for a low Tg recovery, many studies have now shown that recoveries are 
an unreliable way to detect TgAb [16, 26, 30, 41, 69, 80–82]. Three variables limit 
the validity of using the recovery of an exogenous Tg spike to detect TgAb [26]. 
First, there may be differences in the immunologic recognition of the Tg isoforms 
in the exogenous Tg (typically derived from nonneoplastic tissue) and endogenous 
Tg isoforms (secreted by tumor) [7, 11, 10]. Different Tg–TgAb complexes could 
result if the affinity of the exogenous versus endogenous Tg for the TgAb in that 
specimen differs. Second, recoveries are influenced by the relative concentrations 
of the endogenous Tg versus the exogenous Tg added to the specimen [26]. Often 
the concentration of the exogenous Tg spike is much higher than the concentra-
tion of the endogenous Tg, giving rise to a high concentration of free Tg and an 
overestimation of recovery. Third, it takes time for immune complexes involving 
large molecules like Tg to reach equilibrium [83]. Typically, recovery protocols add 
the exogenous Tg to the serum specimen immediately before the addition of assay 
reagents. Failure to allow the exogenous Tg to equilibrate with the endogenous Tg 
and TgAb has the potential to create a falsely high recovery [26]. Current guidelines 
recommend that Tg recoveries be discouraged and eliminated [41].

7.3   TgAb Measurements Used as a Surrogate Tumor Marker

Tg autoantibodies predominantly belong to the immunoglobulin G (IgG) subclass, 
are not complement fixing, and are generally conformational [14]. Over 20% of DTC 
patients have TgAb detected in their circulation as compared with ~11% of the gen-
eral population [75, 80, 84–86]. All sera sent for Tg measurement require adjunctive 
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TgAb testing because a patient’s TgAb status can change over time and even very low 
TgAb concentrations can interfere with Tg measurements [16, 41, 75, 80, 85, 87].

There has been growing recognition that serial TgAb levels can be monitored 
as a surrogate tumor marker, because TgAb concentrations respond to changes in 
circulating Tg antigen [14, 41, 75, 86, 88–90]. Specifically, patients who have TgAb 
detected at the time of their thyroidectomy and are rendered disease-free show 
declining TgAb levels that become undetectable over a median period of 3 years 
[89–91]. In contrast, patients with persistent/recurrent disease typically maintain 
detectable, and often exhibit rising, TgAb concentrations [75, 80, 85, 91]. Serial 
TgAb measurements can only be monitored if the same method is used (Fig. 7.2 
panels (c) and (d)). This is because current TgAb tests differ in sensitivity and spe-
cificity and report qualitatively and quantitatively different values despite claiming 
standardization against the same International Reference Preparation (WHO 65/93) 
[16, 75, 92].

7.4   Tg mRNA as a Tumor Marker

Reverse transcription-polymerase chain reaction (RT-PCR) has been used to detect 
Tg mRNA in peripheral blood. The goal was to use Tg mRNA as a post-operative 
tumor marker that would not be subject to TgAb interference [93–101]. No cor-
relation between Tg mRNA and serum Tg concentrations has been shown. Despite 
early reports of promise, subsequent studies have shown that Tg mRNA measure-
ments lack optimal specificity and practicality to be clinically useful [95–97, 99, 
102–108]. Specifically, Tg mRNA has been detected in a number of nonthyroidal 
tissues such as lymphocytes, leukocytes, and kidney and is no longer considered 
thyroid-specific [93, 98, 101, 109]. Additional problems include the use of primers 
that detect Tg splice variants, sample-handling techniques that introduce variability, 
and difficulties in quantifying the Tg mRNA detected [99, 110]. Whereas rhTSH 
administration has been shown to stimulate Tg mRNA, it is doubtful whether even 
this maneuver will increase the diagnostic utility of this test as compared with less 
expensive serum Tg measurements [111, 112]. The current consensus is that Tg 
mRNA testing is not clinically useful, even for patients with TgAb in whom Tg 
IMA measurements are compromised by interference.

7.5   The Clinical Utility of Tg Measurement when TgAb 
Is Present

Circulating TgAb interferes with serum Tg measurements in a qualitative, quantita-
tive, and method-dependent manner [30, 33, 75]. Interference with IMA method-
ology is always unidirectional (underestimation), whereas RIA methods have the 
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potential to either under- or overestimate Tg depending on the affinity and specifi-
city of the antibody reagents [16, 26, 29, 30, 32, 33, 75, 113, 114]. It appears that RIA 
methods quantify total Tg (free Tg + TgAb-complexed Tg), whereas IMA methods 
mainly detect the free Tg moeity. Unsuccessful attempts to overcome this interfer-
ence have involved the development of multisite IMAs using selected MAbs hav-
ing specificities for Tg epitopic domains different from those commonly involved 
in thyroid autoimmunity [90, 114, 115]. The failure of this approach suggests that 
steric inhibition might prevent the Tg that is complexed with TgAb from participat-
ing in the two-site, noncompetitive IMA reaction. Even if TgAb interference could 
be technically overcome, there is some evidence that Tg/TgAb complexes may have 
enhanced clearance relative to free Tg, resulting in lower total (free + TgAb-com-
plexed) Tg levels in the presence of TgAb [114, 116, 117]. This might explain why 
the Tg response to TSH stimulation is typically blunted or absent in the presence 
of TgAb, irrespective of the class of Tg assay used [42]. Current guidelines recom-
mend that IMA methodology not be used when TgAb is present, because falsely 
low/paradoxically undetectable Tg values can mask the presence of disease [16, 
29, 41, 82, 114]. This interference is a serious flaw of IMA methodology because 
patients with persistent TgAb have an increased risk of having persistent/recurrent 
disease [82, 118].

When Tg is measured by both an IMA and RIA method, discordance between 
the values (low/undetectable Tg by IMA versus a detectable Tg by RIA) appears 
to indicate the presence of TgAb interference [62, 75, 119]. RIA methodology 
appears to be less prone to TgAb interference than IMA, but retains a propen-
sity for TgAb to interfere if the first antibody reagent (usually a rabbit PAb) has 
low affinity and/or the specificity of second antibody fails to exclusively target 
rabbit in preference to human immunoglobulins [33, 120, 121]. Indications that 
some RIA methods report valid total Tg (free + TgAb-complexed) measurements 
are threefold. First, euthyroid subjects with intact thyroid glands and circulating 
TgAb have serum Tg values that fall appropriately within the assay reference 
range for TgAb-negative controls. In contrast, low/undetectable Tg values are 
reported for many of these same sera when measured by IMA methodology [16]. 
Second, appropriately high Tg RIA values have been reported for Graves’ hyper-
thyroid patients [122]. In contrast, low or paradoxically undetectable Tg IMA 
values have been reported for Graves’ patients with TgAb [114, 120]. Thirdly, 
DTC patients with documented disease and circulating TgAb often have a detect-
able Tg level measured by RIA, but a paradoxically undetectable Tg measured by 
IMA [75, 82].

Most laboratories favor the convenience of using IMA methodology. However, 
concerns for TgAb interference have prompted some laboratories to adopt a dual 
strategy for serum Tg measurement. Specifically, the TgAb status is first measured 
by a sensitive TgAb immunoassay. If TgAb is absent, serum Tg is measured by 
IMA, but if TgAb is present, serum Tg is measured by an RIA method. When no 
Tg RIA method is available, serial TgAb concentrations (measured by the same 
method) can be used as a surrogate tumor marker in preference to Tg IMA determi-
nations [see Sect. 7.3].
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7.6   The Clinical Utility of Tg Measurement when TgAb 
Is Absent

Tg measurement is primarily used as a post-operative tumor marker for managing 
patients with DTC (see Sect. 7.6.4). In addition, serum Tg measurement is some-
times useful for investigating certain nonneoplastic conditions (see Sect. 7.6.3).

7.6.1   Factors Influencing Circulating Tg Concentrations

Serum Tg concentrations reflect the net sum of three factors: (1) the mass of thyroid 
tissue present (normal, remnant, and/or tumor); (2) any inflammation of, or injury 
to, thyroid tissue, secondary to fine needle aspiration biopsy (FNAB), surgery, RAI 
therapy, or thyroiditis; and (3) the degree of TSH receptor stimulation (by endog-
enous or rhTSH, high levels of human chorionic gonadotropin (hCG), or the thyroid 
stimulating immunoglobulins of Graves’ disease). These factors should all be con-
sidered when interpreting serum Tg concentrations.

1. Thyroid mass
 Serum Tg concentrations are increased in both simple and nodular goiter and 

many cases of thyroid neoplasia [123–126]. Conversely, a low or undetectable 
serum Tg is expected with thyroid agenesis, thyroid atrophy, and thyroidectomy. 
When thyroidectomized DTC patients have lymph node metastases, serum Tg 
concentrations correlate with lymph node mass and number [127]. However, 
lymph nodes are not very efficient Tg secretors and patients with a small lymph 
node burden may have a serum Tg below the detection limit of the first genera-
tion assays, even when rhTSH stimulation is used [128].

2. Thyroid injury
 Any source of thyroid injury—FNAB, thyroid surgery, RAI treatment, or thy-

roiditis—increases serum Tg concentrations. However, the temporal pattern of 
the Tg elevation and recovery to baseline will depend on the type of injury. Both 
thyroidectomy and FNAB produce an acute rise (hours) in Tg followed by a 
fairly rapid decline related to the half-life of circulating Tg (~3 days) and the 
healing of surgical margins [129, 130]. RAI produces a slower (days–weeks) rise 
in Tg secondary to radiolytic tissue damage with a slower resolution (months) 
[131]. The rise in serum Tg secondary to the inflammation associated with thy-
roiditis lasts the longest (~2 years) [132].

3. TSH stimulation
 The degree and chronicity of TSH receptor stimulation by TSH (endogenous 

and rhTSH), thyroid stimulating immunoglobulins (Graves’ hyperthyroidism), 
and high hCG concentrations (first trimester pregnancy) increases Tg secretion. 
The magnitude of the change in serum Tg relates to the type and chronicity 
of the stimulus. TSH stimulation produces a 10–20-fold rise in serum Tg con-
centrations relative to baseline (see Sect. 7.6.4.2). In contrast, chronic thyroid 



136 C. Spencer and I. Petrovic

hormone suppression of TSH induces an ~50% reduction in serum Tg concentra-
tions [133, 134]. As would be expected, the stimulating TSH receptor antibodies 
of Graves’ hyperthyroidism result in high serum Tg concentrations (although 
TgAb interference can mask this elevation if an IMA method is used) [114, 122]. 
Because hCG shares some homology with TSH, the high hCG concentrations 
characteristic of first trimester pregnancy stimulate thyroid tissue and have the 
potential to raise serum Tg. Whereas the pregnancy-associated Tg rise is mini-
mal for patients without DTC, a small Tg increase may be seen when monitoring 
pregnant DTC patients with a low serum Tg [135, 136]. Tg typically returns to 
baseline postpartum [137].

7.6.2   Serum Tg Reference Range

Tg assay reference ranges are typically established from a cohort of euthyroid 
TgAb-negative subjects. This range is only relevant to patients with an intact thy-
roid gland and does not apply to postoperative DTC management [41]. The aver-
age serum Tg reported for euthyroid subjects averages 10–13 µg/L (ng/mL) [42]. 
Given that such subjects have a thyroid volume approximating 10–15 g when 
iodine is sufficient, it is logical to predict that 1 g of normal thyroid tissue normally 
gives rises to approximately 1.0 µg/L (ng/mL) Tg in the circulation when TSH is 
not stimulated [137, 138]. Along these lines, the 1–2 g thyroid remnant typically 
left following near-total thyroidectomy would be expected to produce a serum Tg 
below 2.0 µg/L (ng/mL) in the absence of TSH stimulation, and below 10 µg/L 
(ng/mL) if endogenous TSH were high [46, 139]. The assay reference range only 
provides a useful benchmark if an adjustment is made for the influence of TSH 
(Sect. 7.6.1) and the degree of thyroid surgery. For example, the reference range 
should be reduced by 50% for patients who have had a lobectomy and have TSH 
within the reference range and a further 50% if such patients have chronic TSH 
suppression (Sect. 7.6.1) [41].

As seen in Table 7.1, Tg reference ranges differ among methods. CRM-457 
standardization has not been universally adopted, and most assays have a functional 
sensitivity limit that is close to the lower reference limit. The broad variability in 
upper reference limits likely reflects assay specificity differences (see Sect. 7.2.1) 
and the rigor for selecting subjects without thyroid pathology.

As with other thyroid tests, serum Tg has a high index of individuality (IoI) 
[36, 140]. Broad between-method biases (Fig. 7.2 panels (a) and (b)) resulting from 
specificity differences exacerbated by standardization biases far exceed the nar-
row within-person biologic variability of serum Tg (~15%) [16, 36, 37]. Disruption 
of serial monitoring resulting from a change in Tg method can be ameliorated by 
archiving specimens for rebaselining Tg concentrations, should a change in method 
become necessary [41].
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7.6.3   Serum Tg Measurements for Nonmalignant  
Thyroid Conditions

Although Tg measurement is primarily used as a tumor marker for DTC, serum Tg 
testing can sometimes be useful for evaluating nonmalignant thyroidal conditions.

7.6.3.1   Assessment of Population Iodine Status

Serum Tg concentrations are higher in areas of iodine deficiency as a reflection 
of endemic goiter [141]. Iodine deficiency is a worldwide problem responsible 
for goiter, intellectual deficiency, and in severe cases, hearing loss, neurological 
dysfunction, and cretinism [142] (discussed in depth in Chap. 3). Tg is conserved 
throughout vertebrates as the matrix for iodine storage because an adequate iodine 
supply is essential for thyroid hormone biosynthesis [143]. Given the interdepend-
ence between Tg, dietary iodine supply, and thyroid hormone biosynthesis, it is not 
surprising that the circulating Tg concentration provides a good marker of iodine 
status [143–145]. Measurements of urinary iodine are a relatively short-term indi-
cator of dietary iodine intake, while the large reservoir of iodine stored in thyroid 
follicles as iodinated Tg acts as a buffer against short-term reductions in dietary 
iodine [146]. As a result, the within-person variability in serum Tg concentrations 
remains relatively narrow (~15%), facilitating the use of serum Tg as an integrated, 
biochemical readout of iodine sufficiency for population studies [36, 37, 145]. A 
recent technique to measure Tg in dried blood spots appears to hold promise as a 
way to monitor iodine intake in children [147].

7.6.3.2   Congenital Hypothyroidism

Congenital hypothyroidism is detected by neonatal screening in 1 in 3,000–4,000 
neonates [2, 148] (discussed in Chap. 9). The prevalence is higher in some ethnic 
groups and is increased in iodine deficient regions of the world [149]. The majority 
of cases (80–85%) are thyroid developmental defects (thyroid dysgeneis), whereas 
10–15% of cases arise from a spectrum of genetic defects that cause thyroid dys-
hormonogenesis [148]. Many of these defects result from autosomal recessive Tg 
gene mutations. Serum Tg measurement has become an important parameter for 
establishing the etiology of congenital hypothyroidism and, recently, rhTSH stimu-
lated Tg testing has been used to confirm the diagnosis without thyroid hormone 
withdrawal [111, 150]. A low or undetectable Tg is characteristic of thyroid dys-
genesis, whereas a high serum Tg suggests thyroid dyshormonogenesis [150, 151]. 
Thirty-five loss-of-function Tg mutations have been identified and associated with 
a range of phenotypes from mild to severe hypothyroidism [124, 152–154]. These 
mutations typically give rise to goiters that grow continuously, often to a remarkable 
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size. Most commonly, individuals are homozygous for the mutation, although loss 
of function in both alleles can result from compound heterozygous mutations.

7.6.3.3   Thyrotoxicosis Factitia

Thyrotoxicosis factitia results from the intentional, unintentional, or accidental 
ingestion of excess thyroid hormone [155, 156]. Serum Tg measurement is the most 
useful biochemical test for distinguishing thyrotoxicosis factitia from endogenous 
causes of hyperthyroidism (Graves’ disease, toxic multinodular goiter, or subacute 
thyroiditis). TSH is universally low in both exogenous and endogenous causes of 
thyrotoxicosis, whereas the low serum Tg characteristic of thyrotoxicosis factitia is 
in sharp contrast to the high Tg state seen with excess thyroid hormone secretion 
[157]. RAI uptakes have limited diagnostic value because low uptakes are char-
acteristic of both thyrotoxicosis factitia and subacute thyroiditis [156, 158]. The 
degree of thyroid hormone(s) elevation relates to the source of the thyroid hormone 
ingested. Thyroid extract preparations or the unintentional ingestion of bovine thy-
roid tissue inadvertently included in neck trimmings (“hamburger thyrotoxicosis”) 
can result in elevations in both thyroid hormones [156, 159]. Some dietary supple-
ments contain triiodothyronine (T3) or triiodothyroacetic acid (Triac). These hor-
mones have shorter half-lives than thyroxine and may be difficult to detect unless 
the specimen is drawn within hours of ingestion.

7.6.3.4   Subacute Thyroiditis

Tg is released into the circulation following thyroid injury caused by both acute 
and chronic thyroid inflammation. Serum Tg concentrations are elevated in patients 
with thyrotoxicosis caused by either subacute or silent (painless) thyroiditis, includ-
ing postpartum thyroiditis and radiation thyroiditis [160, 161]. In both subacute and 
silent thyroiditis the duration of clinical symptoms is typically limited to several 
weeks, whereas it can take between 1 and 2 years for thyroid iodine stores and 
serum Tg concentrations to normalize [132, 161–163]. Most episodes of subacute 
thyroiditis are not associated with the development of thyroid autoantibodies, how-
ever, TgAb is commonly present in most cases of Hashimoto’s or postpartum thy-
roiditis and these limit the clinical utility of Tg testing by IMA methodology (see 
Sect. 7.2.3.2).

7.6.3.5   Goiter

Patients with goiter of any etiology have high serum Tg concentrations that result 
from increased thyroid mass [123, 164–166]. In cases of multinodular goiter, serum 
Tg is inversely related to TSH and generally correlates with goiter size [126]. 
Because most cases of goiter result from iodine deficiency (see Sect. 7.6.3.1), the 
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elevated Tg concentrations correlate with reduced iodine content and low intrathy-
roidal iodine stores and fall in response to iodine repletion [146, 167, 168]. Tg 
measurement can be used to assess the efficacy of surgical treatment for goiter. 
Conversely, serial Tg measurements can be used to monitor regrowth of the rem-
nant over time [169].

7.6.4   Tg Measurement for Differentiated Thyroid Cancer

The thyroid-specific origin of Tg has led to its use as a tumor marker for the postoper-
ative management of DTC [45, 46]. The expression of Tg and other thyroid-specific 
proteins correlate with the degree of differentiation of the tumor [170]. Patients with 
thyroid cancers frequently have a preoperative serum Tg concentration that is ele-
vated above the reference range, the highest levels being observed with follicular >  
Hurthle > papillary > medullary cancers [125]. Despite this, the diagnostic work-up 
of a thyroid nodule does not include a serum Tg measurement because Tg eleva-
tions are not diagnostic for tumor and do not distinguish between patients with and 
without metastases [46, 125]. In contrast, recent retrospective studies suggest that 
the preoperative TSH is a biochemical marker for the risk of malignancy in a thy-
roid nodule, even across TSH concentrations within the reference range [171–173]. 
Thus, following a cytological diagnosis of DTC, a preoperative ultrasound, but not 
serum Tg measurement, is currently recommended by guidelines [46]. Despite this, 
some contend that the preoperative serum Tg may indicate the tumor’s capacity for 
Tg secretion, provided that the preoperative specimen is drawn more than 2 weeks 
after the FNAB (see Sect. 7.6.1) [46, 130]. Specifically, preoperative Tg will be a 
sensitive tumor marker when the tumor is small and the preoperative Tg high, as 
contrasted with a large tumor but a low preoperative serum Tg, in which case there 
is a lack of evidence that the tumor has the capability for Tg secretion [170].

Early (2–6 months) postoperative Tg measurements are reported to have prog-
nostic value—the higher the Tg, the greater the likelihood that persistent disease 
is present [48, 174–182]. However, the mere detection of Tg postoperatively does 
not distinguish between neoplastic and normal thyroid remnant as the source of Tg. 
When thyroid hormone therapy is initiated immediately following thyroidectomy  
to prevent the expected rise in TSH, the 1–2 g surgical remnant would be expected  
to give rise to a serum Tg ≤ 2.0 µg/L (ng/mL) (see Sect. 7.6.2 for rationale) [41,  
139]. It is important to recognize that serum Tg may remain detectable even after 
RAI treatment, because RAI does not always completely eradicate all normal rem-
nant tissue [183, 184]. Whether Tg is detected postoperatively will depend on the 
sensitivity and specificity of the Tg assay used (see Sect. 7.2.2). When the origin of 
the circulating Tg is normal tissue, the serum Tg concentration reflects the size of the 
surgical remnant and the degree of TSH stimulation. When persistent/recurrent 
tumor is present, the neoplastic Tg contribution will relate to the mass of tumor, 
the ability of that tumor to secrete Tg, the TSH sensitivity of that tumor tissue, 
and the ability of the assay to detect the neoplastic Tg isoforms secreted. These 
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patient-specific variables together with differences in assay sensitivity and specifi-
city (see Sects. 7.2.1 and 7.2.2) prevent the adoption of a universal serum Tg cutoff 
value with a high positive predictive value (PPV) for disease [181]. In contrast, 
studies have shown that the use of a rising Tg trend (measured with the same assay 
and under the same TSH conditions) has a higher PPV than that associated with 
the use of a fixed Tg cutoff [46, 48–50, 52, 55, 128, 185–187]. Ultrasound used in 
conjunction with Tg testing further improves PPV, whereas diagnostic RAI scan-
ning (DxWBS) is now recognized as having low diagnostic sensitivity [46, 48, 49, 
52, 128, 185–188].

7.6.4.1   Clinical Utility of Basal Tg Measured Without TSH Stimulation

Although the incidence of DTC has been increasing over the last two decades [189], 
tumor-related mortality, especially for papillary cancers diagnosed before age 40, 
remains low with only a minority of patients having persistent/recurrent disease 
detected during long-term follow-up [190, 191]. This necessitates that protocols used 
for postoperative DTC management have a high negative predictive value (NPV) in 
order to limit unnecessary testing and focus investigations on the minority of indi-
viduals at risk for disease. Patients with DTC are typically maintained on high doses 
of levothyroxine to suppress the trophic influence of TSH [46, 192–195]. Serum 
Tg shows a 5–20-fold rise above basal with either endogenous TSH stimulation or 
rhTSH administration [43]. In the absence of TSH stimulation, an “undetectable” 
Tg has a lower NPV than a comparable TSH-stimulated Tg measured by the same 
assay. Conversely, a “detectable” basal Tg has a higher PPV than a comparable Tg 
level measured under high TSH conditions [39, 43, 44]. When adopting “detecta-
bility” as a risk factor for disease, the use of a more sensitive second generation 
assay (Sect. 7.2.2) will obviously improve NPV at the expense of lowering the PPV 
(i.e., fewer false negatives and more false positives) [39, 51, 60, 61]. An increasing 
number of studies of second generation assay performance report that a basal Tg 
below 0.1 µg/L (ng/mL) obviates the need for rhTSH stimulation [39, 42, 51, 61, 
62]. A current controversy relates to the interpretation of low but detectable basal 
Tg values (in the 0.1–1.0 µg/L (ng/mL) range) [60]. This dilemma can be overcome 
by evaluating the trend in basal Tg concentrations [46, 48–50, 52–57]. Because the 
efficacy of RAI treatment of low-risk patients has become controversial, there will 
be a growing number of patients in whom a nonneoplastic source of Tg would be 
expected to give rise to a low (usually clinically inconsequential) serum Tg detect-
able by second generation assay [46, 49, 50, 52, 57, 193, 196–202]. Such patients 
should be monitored using Tg trends and not Tg “detectability” [48, 49, 52, 57].

7.6.4.2   Clinical Utility of TSH-Stimulated Tg Measurements

The degree of differentiation of the tumor determines the presence of TSH recep-
tors and the magnitude of the response to TSH stimulation [170, 203]. Most tumors 
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respond to TSH by elevating serum Tg 5–20-fold above baseline [42, 43, 51]. This 
is why serum Tg is frequently measured under high TSH conditions (either follow-
ing thyroid hormone withdrawal or after rhTSH administration) as a way to over-
come first generation Tg assay insensitivity [43, 44, 46, 204]. Typically, chronic 
endogenous TSH stimulation increases serum Tg twofold higher than rhTSH stimu-
lation [43, 46]. Studies report that a serum Tg below 2.0 µg/L (ng/mL) measured 
72 hours after rhTSH has a high NPV (>95%) although an rhTSH-stimulated serum 
Tg below this cutoff does not guarantee the absence of tumor [43, 44, 46–48, 50, 51, 
53, 55, 60, 178, 127, 128, 175, 178, 180, 205–207]. In contrast, the PPV of rhTSH-
stimulated Tg values above 2.0 µg/L (ng/mL) only approximates 50%. This is in 
part because DTC has a low recurrence rate, but also reflects patient-specific vari-
ables, such as the size of the surgical remnant, and differences in tumor sensitivity 
to TSH compounded by assay sensitivity/standardization differences (Sects. 7.2.1 
ad 7.2.2). In a metaanalysis of 784 DTC patients with rhTSH-stimulated Tg below 
1.0 µg/L (ng/mL), 8.7% were found to have disease [44]. In most cases (5.4%) dis-
ease was local and would have likely been detected by ultrasound [44, 46, 128].

The low PPV and expense of rhTSH stimulation testing has prompted a debate 
concerning the necessity of using rhTSH-stimulated Tg measured by second gen-
eration assay [42, 51, 60–62]. Both bovine TSH and more recently rhTSH adminis-
tration have demonstrated strong correlations (an approximate tenfold relationship) 
between basal and TSH-stimulated Tg (Fig. 7.3a) [42 ,51, 208, 209]. This relation-
ship dictates that a basal Tg below 0.1 µg/L (ng/mL) will be highly predictive of a 
negative rhTSH-stimulated Tg response (below 2.0 µg/L [ng/mL] cutoff) (Fig. 7.3b) 
[39, 42, 43, 51, 57, 61, 62].

Current guidelines acknowledge that TSH-stimulated Tg testing is less sensitive 
than ultrasound for detecting small lymph node metastases [46, 53, 127, 128, 176, 

Fig. 7.3   a Correlation between basal Tg and 72-hour post rhTSH-stimulated Tg concentrations 
measured by a second generation Tg assay (Beckman Access) in sera from 950 DTC patients with-
out TgAb detected (rhTSH − Tg = 17.6 × basal Tg − 12.9, r = 0.72, p < 0.0001). b Individual basal 
Tg and rhTSH-stimulated responses for the 384 patients with basal Tg below 0.1 µg/L (ng/mL). 
(Reproduced with permission from [42])

10,000

a b

1,000

100

10

1

0.1
0.05

0.1
basal Tg µg/L (ng/mL)

basal
Tg

72 hour
rhTSH-Tg

S
erum

 T
g µg/L (ng/m

L)

72
-h

ou
r 

po
st

 r
hT

S
H

se
ru

m
 T

g 
µg

/L
 (

ng
/m

L)

functional
sensitivity 284 212

0.05

0.1

1

2

10

1 10 100 1000

                                                      



142 C. Spencer and I. Petrovic

186]. In fact, TSH-stimulated Tg may fail to rise above 1.0 µg/L (ng/mL) when 
neoplastic foci are small, or even with some cases of distant metastases [53, 127, 
128, 210]. Impaired TSH-stimulation could reflect either tumor dedifferentiation, a 
Tg method that did not have adequate specificity for the tumor-derived Tg isoforms 
(see Sect. 7.2.1), or interference by HAMA or TgAb (see Sects. 7.2.3.1 and 7.2.3.2) 
[72, 170]. In fact, when a serum Tg level appears inappropriate, or a detectable basal 
Tg fails to respond appropriately to TSH stimulation, the possibility of HAMA 
and/or TgAb (see Sects. 7.2.3.1 and 7.2.3.2) interference should be investigated.

7.6.4.3   Tg Measured in Cyst Fluid and FNAB Needle Washouts

Because Tg protein is tissue-specific, the detection of Tg in nonthyroidal tissues 
or fluids (such as pleural fluid) indicates metastatic thyroid cancer [211]. Struma 
ovarii is the only (rare) condition in which the source of Tg in the circulation is not 
from the thyroid [212]. Cystic thyroid nodules are commonly encountered in clini-
cal practice, the large majority arising from follicular epithelium and the minority 
from parathyroid epithelium. A high concentration of Tg or parathyroid hormone 
(PTH) measured in the cyst fluid provides a reliable indicator of the tissue origin of 
the cyst that can often aid the decision for surgery [211]. Lymph node metastases 
are found in approximately 50% of patients with papillary cancers and 20% of fol-
licular cancers [213, 214]. High-resolution ultrasound has now become an impor-
tant component of protocols used for postoperative surveillance for recurrence [46]. 
Although ultrasound characteristics are helpful for distinguishing benign reactive 
lymph nodes from those suspected for malignancy, the finding of Tg in the needle 
washout of a lymph node biopsy has higher diagnostic accuracy than the ultra-
sound appearance [215–219]. The current protocol recommends rinsing the needle 
in 1.0 mL of saline and sending this specimen to the laboratory for Tg analysis. 
This procedure is now widely accepted as a useful adjunctive test for improving the 
diagnostic sensitivity of the cytological evaluation of a suspicious lymph node or 
thyroid mass [216–219].
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Thyroid function tests are commonly obtained by both primary care physicians and 
various specialists in ambulatory practice for both the evaluation of symptomatic 
and screening assessment of asymptomatic thyroid disease. Abnormalities of thyroid 
function testing, including those which may not be clinically apparent, are common 
in the general population. Epidemiological studies have identified hypothyroidism 
(subclinical and overt) in 4.6–9.5% and hyperthyroidism (subclinical and overt) in 
1.3–2.2% of individuals [1], while the incidence of mild/subclinical dysfunction in 
certain populations is much more common [2–4].

Health care practitioners are presented with a wide spectrum of serological tests 
in the evaluation of thyroid dysfunction (discussed in depth in Chaps. 4, 5, 6, and 
7). Current laboratory testing allows measurement of the three major components 
of the thyroid-pituitary axis: thyroxine (T4); 3,5,3′-triiodothyronine (T3); and 
thyrotropin/thyroid stimulating hormone (TSH). Some clinicians may additionally 
opt to obtain titers of thyroid autoantibodies (e.g., thyroid peroxidase [TPO] and/or 
thyroglobulin [Tg] antibodies) in certain patients suspected to be at risk for autoim-
mune thyroid disease. An understanding of the appropriate indication for obtaining 
a specific test is paramount in the interpretation and management of the abnormal 
results that are found.

Here we review the approach to using thyroid function testing in ambulatory 
practice as it pertains to the recommendations of choosing initial tests, diagnos-
tic evaluation of symptomatic patients, use for monitoring in treated thyroid dis-
eases, and considerations of screening in targeted subsets of and in the general 
population.
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8.1  Choice of Tests in Thyroid Function Testing

The serum TSH assay is the most reliable test to assess thyroid dysfunction in 
the healthy ambulatory patient and is the initial laboratory test of choice of both 
internists and specialists, often measured along with free T4 (discussed in Chaps. 4 
and 5). The serum TSH assay is a widely available and relatively inexpensive tool 
in the detection of thyroid function abnormalities [5]. When obtained in the ambu-
latory setting, the sensitivity and specificity of the TSH assay can approach 98% 
and 92%, respectively [6]. Further, individuals found to have an initial normal TSH 
level are unlikely (with as low as 2% probability) to have an abnormal measurement 
when testing is repeated within 5 years [7].

While TSH measurements have been utilized for many years to diagnose 
hypothyroidism, TSH assays developed in the last three decades have increased the 
sensitivity in the low end of the range and permitted the use of serum TSH in the 
evaluation of thyrotoxicosis. The lower limit of the serum TSH assay used should 
be 0.02 mU/L or less [5], which is generally standard in most laboratories and 
uniformly available. Because the relationship between serum TSH and peripheral 
thyroid hormone (T4 and T3) levels is logarithmic, abnormal TSH results should 
prompt confirmatory testing with other thyroid function tests. Assessment of serum 
T4 concentrations should be the first step after an abnormal TSH result. Because the 
concentration of total T4 is susceptible to changes in the levels and binding affini-
ties of serum thyroid hormone binding proteins [8], assessment of free T4 concen-
trations should be performed by either the analog method (FT4) or in association 
with the assessment of thyroid binding globulin (TBG) stores (i.e., FT4 index [FTI]; 
discussed in depth in Chap. 5). Measurement of serum T3 concentrations should 
be a secondary test and reserved, for the most part, for the evaluation of suspected 
hyperthyroidism. Because serum free T3 concentrations are generally lower than 
those of free T4, their measurement is more difficult [9] and not as widely used.

The two most common thyroid autoantibodies that are measured clinically are 
TPO and Tg antibodies, with TPO antibody titers the most closely correlated with 
autoimmune thyroid disease (discussed in depth in Chap. 6). The presence of sig-
nificant titers of these antibodies may suggest an increased risk for present or future 
thyroid dysfunction. Thyroid autoimmune antibody positivity may also suggest the 
presence of other concurrent autoimmune disease processes, such as type 1 diabetes 
mellitus, vitiligo, and celiac disease, although titers should not be obtained solely 
for this purpose. TPO antibody titers can be detected in approximately 11% of the 
general population [1], and only 12% of these individuals will have TSH levels 
greater than 6 mU/L after 4 years [10]. Thus, isolated measurements of thyroid anti-
bodies without evidence of thyroid dysfunction is not recommended, with the pos-
sible exception of the woman suffering from recurrent miscarriages (see below).

Clinicians in ambulatory practice may also be presented with the option of meas-
uring Tg concentrations (discussed in depth in Chap. 7). Tg is a key protein in the 
thyroid hormone synthetic pathway within the thyroid [11]. Circulating levels of 
Tg are used primarily in the assessment of thyroid cancer recurrence after surgery 
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and radioactive iodine ablation. Tg measurement has a limited role in the evaluation 
of thyroid dysfunction in the nonthyroid cancer patient and should be reserved for 
specialized circumstances, such as the diagnosis of thyrotoxicosis factitia.

Finally, clinical judgment of each individual patient should dictate whether 
thyroid function testing should be performed in certain situations. Alterations in 
thyroid function are possible in the setting of recent large iodine loads, and consid-
eration should be given to defer testing in these situations if there is otherwise no 
urgency. Thyroid function test abnormalities can be seen for up to 2 months after 
the administration of intravenous contrast media [12]. Similarly, thyroid function 
testing results may be altered in the setting of even a mild, concurrent nonthyroidal 
illness. Unless there is a strong clinical indication, thyroid function testing should 
also be deferred until the patient has recovered from the illness, as the alterations of 
thyroid hormone economy in sick euthyroid syndrome may make thyroid function 
measurements difficult to interpret [13, 14].

8.2  Evaluation of the Symptomatic Patient

The symptoms of thyroid dysfunction, especially hypothyroidism, are general and 
nonspecific. Manifestations vary greatly between individuals, and clinically appar-
ent disease may further be masked by use of concurrent medications, particularly 
in the elderly. Although severe clinical consequences are possible, most patients 
follow an insidious progression of disease.

The spectrum of common signs, symptoms, risk factors, and other clues for 
hyperthyroidism and hypothyroidism are summarized, respectively, in Tables 8.1 
and 8.2. It may be reasonable to pursue thyroid function testing when one or more 
of these clues are present when interpreted in combination with clinical judgment. 

Signs and symptoms
Weight loss
Palpitations
Heat intolerance diarrhea
Muscle weakness
Dyspnea
Insomnia
Diaphoresis or sweating
Anxiety or nervousness
Tremor
Tachycardia or atrial tachyarrhythmias
Skin moistness
Abnormalities of common laboratory tests
Hypercalcemia
Elevation in hepatocellular enzymes
Elevation of alkaline phosphatase

Table 8.1  Clues to 
thyrotoxicosis
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Moreover, since there may be associations between thyroid dysfunction and several 
common comorbidities, including osteoporosis, atrial fibrillation, and obesity, the 
evaluating clinician should also consider thyroid function testing when there is an 
otherwise unidentifiable etiology to these and other diseases. An algorithm to the 
evaluation of a patient with suspected thyroid dysfunction is presented in Fig. 8.1.

8.2.1   Suspected Thyrotoxicosis

When thyrotoxicosis is suspected clinically, further biochemical testing of thyroid 
function is required to confirm the diagnosis. As discussed above, the initial thyroid 
function test in suspected thyrotoxicosis should be a serum TSH level, as almost all 
etiologies of thyrotoxicosis will result in TSH suppression. If the TSH is undetect-
able or below the lower limit of the reference range, it should be followed with a 
free T4 or FTI level and/or total T3, which, if elevated, confirms the diagnosis of 
hyperthyroidism (Fig. 8.1). If the peripheral (T3 or T4) hormone levels are normal 
in the setting of a subnormal TSH level, differential diagnoses include subclinical 
hyperthyroidism, early pregnancy (first-trimester gestational thyrotoxicosis), the 
early phase of sick euthyroid syndrome, recent exposure to an exogenous iodine 
load (e.g., intravenous iodinated contrast dye, amiodarone, kelp), recent glucocorti-
coid administration, and central hypothyroidism.

Although a normal serum TSH level usually does not warrant follow-up testing 
with T3 or T4 levels, this may be performed when there is a suspicion of a thyroid 

Signs and symptoms
Weight gain 
Bradycardia
Cold intolerance 
Constipation
Muscle cramps
Myalgias
Menstrual irregularity
Fatigue
Coarse or dry skin
Coarse or dry hair
Depression
Dementia
Edema
Hypothermia
Abnormalities of common laboratory tests
Hyperlipidemia
Anemia
Elevation lactate dehydrogenase 
Hyponatremia
Elevation of creatine phosphokinase
Hyperprolactinemia

Table 8.2  Clues to 
hypothyroidism
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hormone protein binding abnormality. In such cases, one may encounter elevated total 
T3 and T4 concentrations in the setting of a normal serum TSH level. This pattern 
suggests the diagnosis of euthyroid hyperthyroxinemia and should be confirmed by 
ensuring the free T3 and free T4 levels are within their respective reference ranges. 
The most common etiology to this thyroid function testing pattern is TBG excess. 
Elevated TBG levels are seen in hereditary disorders, including familial dysalbu-
minemic hyperthyroxinemia [15]; increased estrogen states, including pregnancy 
and the use of oral contraceptive or hormone replacement pills [16]; hepatitis [17]; 
and the use of certain medications [18]. Patients with euthyroid hyperthyroxinemia 
are clinically euthyroid and should not be treated for hyperthyroidism. Rarely, serum 
T4 and T3 levels may be elevated in the presence of elevated TSH concentrations. 
This constellation of labs may be seen with TSH-secreting pituitary adenomas [19], 
TSH resistance [20], and peripheral thyroid hormone resistance [21].

8.2.2   Suspected Hypothyroidism

Signs and symptoms of an underactive thyroid (Table 8.2) often progress slowly and 
can be particularly nonspecific. Many features of hypothyroidism, such as fatigue, 

Fig. 8.1  Evaluation of suspected thyroid dysfunction

suspected thyroid
dysfunction

serum TSH

highlow normal  

euthyroid 
obtain FT4 or FTI 

obtain FT4
or FTI

normal
or low high 

subclinical
hyperthyroidism 

overt
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consider central
hypothyroidism

thyrotoxicosis

normal highlow
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overt
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with TT3

highnormal
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weight gain, and constipation, are common in the euthyroid general population. Sim-
ilar to the scenario of suspected thyrotoxicosis, a serum TSH should be the initial test 
obtained in suspected hypothyroidism (Fig. 8.1). An elevated TSH level should then 
be followed with a free T4 or FTI level. Overt primary hypothyroidism is diagnosed 
with an elevated TSH level and low free T4 or FTI concentrations, while subclini-
cal hypothyroidism refers to the pattern of an elevated TSH level and a normal free 
T4 or FTI concentration. Patients with overt hypothyroidism should be started on 
levothyroxine replacement, but the recommendation to begin thyroid replacement 
therapy in those with subclinical hypothyroidism is controversial [22]. In individuals 
with subclinical hypothyroidism, it may be reasonable to obtain TPO antibody titers 
which may predict the course of thyroid failure and eventual dysfunction [23].

Other reasons to consider for an isolated abnormally high TSH level are 
resolving sick euthyroid syndrome [14] and use of certain medications, including 
dopamine antagonists [24] and amiodarone [25]. While an elevated TSH is almost 
always indicative of hypothyroidism, TSH-mediated thyrotoxicosis may rarely be 
observed, as noted above.

Analogous to the entity of euthyroid hyperthyroxinemia, it is possible to encoun-
ter the pattern of euthyroid hypothyroxinemia, in which total T3 and T4 concentra-
tions are decreased and TSH, free T3, and free T4 levels are normal. The isolated 
reductions in total T3 and T4 concentrations can be the result of TBG deficient 
states, such as hereditary causes [26], elevated androgen levels [27], glucocorticoid 
use [28], nephrotic syndrome in children [29], use of certain medications [18], and 
displacement of T4 from binding proteins by medications including salicylates 
[30]. Similar to the diagnosis of euthyroid hyperthyroxinemia, patients with 
euthyroid hypothyroxinemia are clinically euthyroid and should not be treated for 
hypothyroidism.

8.2.3   Nodular Goiter

Thyroid function testing is often utilized upon the detection of a thyroid nodule, 
although most patients with nodules are euthyroid. Palpable thyroid nodules are 
estimated to be present in 4–7% of the US population, with women affected more 
frequently than men [31]. The risk of developing a nodule has been estimated to be 
0.1% per year, with a lifetime expectancy of 10% [31]. When ultrasound is used, up 
to 45% of women and 25% of men may be shown to harbor a thyroid nodule. The 
American Thyroid Association recommends the assessment of thyroid function for 
nodules greater than 1 cm [31].

The initial thyroid function test in a patient with a thyroid nodule should be a 
serum TSH, which is obtained to rule out biochemical evidence of hyperthyroidism. 
If the TSH level is low, the confirmatory tests should be performed as discussed 
above and nuclear thyroid imaging may be considered. Once biochemical euthy-
roidism is confirmed in the setting of a nodular goiter, there is no need for future 
serial measurements of TSH levels for the development of nodule autonomy.
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8.3  Use of Thyroid Function Tests to Monitor Treated 
Thyroid Dysfunction

8.3.1   Monitoring Hypothyroidism

Patients with primary hypothyroidism who are treated with levothyroxine replace-
ment require periodic assessments of thyroid function to ensure dose adequacy. For 
patients on a stable dose, a serum TSH level assessed annually is reasonable. This can 
be performed more or less frequently at the discretion of the clinician. An altered TSH 
(increase or decrease) in a patient who had previously been on a stable dose of lev-
othyroxine should raise the possibility of one of a variety of interactions (Table 8.3). 
For example, high estrogen states that elevate TBG (i.e., birth control pill usage, estro-
gen replacement therapy, raloxifene, or pregnancy) or interference with levothyroxine 
absorption (i.e., concomitant administration of iron and/or calcium, history of gastric 
bypass surgery) may result in an elevation in TSH and require a dose increase. On the 

Reduced Absorption
Ferrous Sulfate
Calcium
Cholestyramine resin
Colestipol
Soybean formula
Aluminum hydroxide
Gastric bypass surgery
Short bowel syndrome
Celiac disease
Altered metabolism
Rifampin
Carbamazepine
Phenobarbitol
Amiodarone
Sertraline
Sorafanib
Sunitinib
Altered hormone binding
Estrogen (i.e., OCPs, ERT, Pregnancy)
Raloxifene
Phenytoin
NSAIDs (i.e., Salicylate)
Altered potency
Change in Levothyroxine brand
Change to generic Levothyroxine preparation
Transient alterations
Intercurrent illness
Patient compliance

Table 8.3  Factors that may 
alter levothyroxine dosing 
in hypothyroidism
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other hand, stopping birth control pills or the interference with levothyroxine bind-
ing to TBG (e.g., discontinuation of phenytoin) may lead to a decreased TSH and a 
dose reduction. Another complicating factor has become prevalent since the Food and 
Drug Administration (FDA) approved generic levothyroxine products in 2001. Physi-
cians should be aware that generic levothyroxine preparations may be interchanged 
by pharmacists without provider notification despite the possibility of up to 15% dif-
ference in the potency of the differing brands [32, 33]. Current recommendations 
are to recheck thyroid function tests in patients switched to a generic levothyroxine 
preparation after 6–8 weeks of the change, although the FDA has recently removed 
this as a Black Box warning. Transient etiologies for altered TSH values in patients on 
levothyroxine include intercurrent illnesses and changes in patient compliance.

In general, dose adjustments should not exceed 25 µg with each titration, with 
the possible exception of during pregnancy (see below). Serum TSH values reflect 
steady state concentrations of levothyroxine, and dose adjustments will not reach new 
steady state levels until 4–6 weeks after a change in levothyroxine brand or dose.

There are no guidelines regarding the use of serial thyroid function testing for 
the monitoring of subclinical hypothyroidism if levothyroxine treatment is not ini-
tiated. New signs or symptoms suggestive of thyroid dysfunction should prompt 
repeat testing, but otherwise it is reasonable to repeat testing on an annual basis. It 
is interesting that one recent study has found that increasing the frequency of inter-
val between follow-up visits was associated with a lower prevalence of subclinical 
hypothyroidism over 1 year [34].

There are special considerations to the management of hypothyroidism in women 
of childbearing age and in pregnant women (discussed in depth in Chap. 11). In 
studies by Haddow et al. [35] and Pop et al. [36], infants born to mothers with 
elevated TSH values or hypothyroxinemia, respectively, had worse neurocogni-
tive outcomes as compared to controls. Thus, women with preexisting hypothy-
roidism should have a TSH and, in most cases, an FT4 or FTI measured as soon as 
pregnancy is confirmed. Alternatively, it has been suggested that the levothyroxine 
dose be empirically increased by approximately 30% as soon as pregnancy is con-
firmed [37]. The levothyroxine dose should be titrated to maintain a TSH in the 
first trimester of pregnancy of less than 2.5 mU/L and less than 3.0 mU/L during 
the second and third trimesters [38, 39]. Measuring TSH and FT4 or FTI values 
every 4–6 weeks during the first half of pregnancy and once in the third trimester 
is a reasonable approach. Following delivery, levothyroxine requirements typically 
decrease to prepregnancy levels. The levothyroxine dose should be returned to the 
prepregnancy dose and serum TSH levels should be monitored closely [40].

8.3.2   Monitoring Hyperthyroidism

Thyroid function testing is used to assess the response to antithyroid medication 
in the treatment of hyperthyroidism. Hyperthyroid patients who undergo definitive 
treatment with radioactive iodine ablation or surgery frequently become perma-
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nently hypothyroid and should be followed similarly to those with primary hypothy-
roidism as described above.

The monitoring of the effectiveness of antithyroid medication therapy should ini-
tially be done with serial serum total T3 and total T4 levels. Certain types of hyper-
thyroidism, such as Graves’ disease, usually produce greater elevations in serum T3 
concentrations relative to serum T4. TSH levels are often misleading in the initial 
stages of therapy, as they can continue to be suppressed for up to several months 
despite the initiation of treatment and subsequent normalization of serum T4 and T3 
concentrations. Once within the normal range, TSH levels can also be used to titrate 
doses of antithyroid medication. The recommended frequency of obtaining T3 and 
T4 levels is dependent on the degree of their elevation prior to antithyroid medica-
tion initiation and in accordance with the clinical status of each individual patient.

8.4  Screening of the General Population  
for Thyroid Dysfunction

Several large population-based studies have demonstrated that serum thyroid func-
tion abnormalities are common in otherwise healthy asymptomatic individuals. 
Measurements of TSH levels from the Third National Health and Nutrition Exami-
nation Survey (NHANES III, 1988–1994) detected hypothyroidism in 4.6% (4.3% 
subclinical, 0.3% clinical) and hyperthyroidism in 1.3% (0.5% clinical, 0.7% sub-
clinical) of the US population [1]. The Colorado Health Study, a cross-sectional 
analysis of 25,862 participants at a state health fair, reported elevated TSH levels 
in 9.5% and decreased TSH levels in 2.2% of the study population [2]. The Whick-
ham Survey, a large cross-sectional assessment of thyroid dysfunction conducted in 
Great Britain during the late 1970s, found the prevalence of an elevated TSH value 
in 7.5% of women and 2.8% of men [3]. The recent 20-year follow-up report of the 
survivors of the original Whickham study demonstrated that the mean incidence 
of hypothyroidism over this time period was 4.1/1000 survivors per year (95% CI 
3.3–5.0) in women and 0.6/1000 survivors per year (95% CI 0.3–1.2) in men, while 
the mean incidence of hyperthyroidism was 0.8/1000 survivors per year (95% CI 
0.5–1.4) in women and negligible in men [41].

Despite the increased frequency of abnormal TSH values, recommendations for 
screening asymptomatic healthy adults for thyroid dysfunction have been contro-
versial. Some have advocated the use of a targeted case-finding approach, in which 
clinicians perform thyroid function testing only in patients presenting with signs, 
symptoms, or other clues of thyroid disease. Others have argued for a more gener-
alized screening method to detect potentially more individuals with nonclinically 
overt disease [42].

The American Thyroid Association recommends screening of adults beginning 
at age 35 with repeat measurements every 5 years thereafter using serum TSH [5]. 
The American College of Physicians recommends screening in women over the age 
of 50 when at least one symptom possibly attributable to thyroid disease is present 
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[43]. The American Academy of Family Physicians recommends against routine 
screening in asymptomatic individuals less than 60 years old [44]. The US Preven-
tive Services Task Force has found insufficient evidence for routine thyroid disease 
screening (grade I recommendation) [6] based on multiple observational and con-
trolled studies examining the benefits of treating subclinical thyroid disease [45]. 
Finally, the Institute of Medicine has recommended against Medicare coverage of 
routine thyroid screening [46].

8.5  Screening of Targeted Populations

Identification of risk factors for thyroid disease in the asymptomatic patient may be 
helpful in narrowing the focus in the decision to pursue thyroid function testing. These 
risk factors include previous thyroid dysfunction, goiter, history of surgery or radio-
therapy affecting the thyroid gland, diabetes mellitus, vitiligo, pernicious anemia, leu-
kotrichia (prematurely gray hair), and use of iodine-containing medications or agents 
(including amiodarone hydrochloride, radiocontrast agents, expectorants containing 
potassium iodide, and kelp) [47]. A family history of thyroid dysfunction is associated 
with a higher incidence of Graves’ disease and Hashimoto’s thyroiditis [48].

Thyroid nodules are also common and found more often in certain subsets of 
the population. As iodine is an essential component in thyroid hormone synthe-
sis, iodine-deficient populations are more likely to have nodular goiters than those 
residing in iodine-sufficient areas. The presence of a nodular goiter prompts thyroid 
function testing for nodules greater than 1 cm [31], but there are currently no guide-
lines which recommend the screening of the general population for the detection of 
thyroid nodules.

Certain populations may be especially susceptible to thyroid dysfunction and 
warrant a targeted assessment to ensure normal thyroid function. In this section we 
discuss the indications to screen for thyroid dysfunction in the ambulatory setting 
for (1) women of childbearing age, pregnant women, lactating women; (2) the eld-
erly; and (3) patients with specific comorbid conditions.

8.5.1   Women of Childbearing Age, Pregnant Women, 
and Lactating Women

The assurance of normal maternal thyroid function is imperative, as maternal 
hypothyroidism is adversely related to several important neurodevelopmental infant 
outcomes [36]. Women of childbearing age, pregnant women, and lactating women 
may thus require targeted screening to ensure normal biochemical thyroid function 
[49]. Indeed, one study has suggested that screening all women in the first trimester 
of pregnancy for thyroid autoimmunity has been found to be cost effective as com-
pared to not screening [50].
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In addition to serum TSH, measuring TPO autoantibodies in early pregnancy 
has been shown to be a good predictor of postpartum thyroiditis and can be used to 
identify those at higher risk for thyroid dysfunction after delivery [49, 51–54]. Not 
only can maternal thyroid autoantibody positivity status be suggestive of present or 
eventual maternal hypothyroidism, but the presence of TPO autoantibodies alone in 
euthyroid pregnant women has been suggested to have adverse obstetrical outcomes 
[55, 56]. Further, levothyroxine treatment in euthyroid women with positive TPO 
autoantibodies has been shown in one study to lower the chance of miscarriage and 
premature delivery [55].

Regarding the population subsets of women of childbearing age and pregnant 
women, the American Association of Clinical Endocrinologists recommends screen-
ing with a serum TSH in all women of childbearing age either before pregnancy or 
in the first trimester [57], and the American College of Obstetricians and Gyne-
cologists recommends that physicians be aware of the symptoms and risk factors of 
postpartum thyroid disease and to obtain thyroid function tests when indicated [58]. 
The Endocrine Society recommends aggressive case finding, but not screening, 
among pregnant women (Table 8.4) [39]. However, case finding alone in pregnant 
women has limitations; it has been reported that screening pregnant women with a 
family or personal history of thyroid disease or other autoimmune disease would 
fail to identify 30% of women with overt or subclinical hypothyroidism [59]. In one 
study of primary care practices in Maine, screening of thyroid dysfunction during 
pregnancy was performed in 48% of primary care settings and employed the serum 
TSH assay, although the reference ranges between these were variable [60].

8.5.2   Elderly

The presentation of thyroid dysfunction can be especially subtle in older individuals, 
and clinicians should consider screening for thyroid disease, particularly in those at 
high risk (discussed in depth in Chap. 12). The prevalence of thyroid dysfunction is 

Table 8.4  Endocrine Society recommendations on conditions that warrant screening for thyroid 
dysfunction in pregnant women [39]
History of hyperthyroid or hypothyroid disease, postpartum thyroiditis, or thyroid lobectomy
Family history of thyroid disease
Presence of goiter
Thyroid antibodies (when known)
Symptoms or clinical signs suggestive of thyroid underfunction or overfunction, including  

anemia, elevated cholesterol,and hyponatremia
Type I diabetes
Other autoimmune disorders
Infertility should have screening with TSH aspart of their infertility work-up
Prior therapeutic head or neck irradiation
Prior history of miscarriage or preterm delivery
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higher in the elderly than in younger patients. In one study of 258 individuals more 
than 60 years old, followed serially for 4 years, TSH values > 4 mU/L were seen in 
13.2% of individuals [4]. Of those with an elevated TSH but normal T4 concentra-
tions, 33% progressed to overt hypothyroidism within the observation period. It has 
been postulated that the mechanisms for this phenomenon include the age-depend-
ent processes of a decrease in thyrotropin-releasing hormone hypothalamic synthe-
sis and release, a decrease in T4 degradation, and the impaired activity of the type 
I deiodinase (D1) [61, 62].

8.5.3   Patients with Specific Comorbidities

There are several well-established associations between thyroid dysfunction and 
certain comorbid conditions frequently encountered in the ambulatory setting. Clin-
ical consideration of each patient on an individual basis should guide the decision to 
pursue thyroid function testing in the setting of specific concurrent diseases.

Both overt and subclinical hyperthyroidism have effects on bone and cardio-
vascular health. Recent data using the NHANES III database demonstrated that 
postmenopausal women with TSH values in the low–normal reference range were 
nearly five times as likely to have osteoporosis and three times as likely to have 
osteopenia, as compared to women with high–normal TSH values [63]. Thyrotoxi-
cosis can also have serious cardiovascular consequences, including various arrhyth-
mias. One study has reported the association of male sex, increasing age, ischemic 
heart disease, congestive heart failure, and heart valve disease with an increased risk 
of atrial fibrillation or flutter in hyperthyroid patients [64]. In older adults, those 
with subclinical hyperthyroidism have a greater incidence of atrial fibrillation than 
those with no thyroid dysfunction [65].

Patients with hypothyroidism, including those with subclinical disease, also have 
an increased chance of having specific comorbid conditions. Hypothyroidism has 
been positively associated with hyperlipidemia [66], obesity [67], and psychiatric 
disease [68]. Some [69], but not all [70], studies have found an increased risk of 
cardiovascular disease in those with subclinical hypothyroidism. Some have argued 
against population-based screening for detecting subclinical thyroid disease [71], 
while others have suggested the utility of aggressive screening and treatment of 
subclinical hypothyroidism if detected [72].

Although thyroid autoimmunity status has been correlated with other autoim-
mune processes, there is no utility of assessing thyroid antibody titers solely for this 
reason. However, in the presence of symptoms, evaluation for other conditions may 
be reasonable. The prevalence of thyroiditis is increased [73], with an estimated 
prevalence of 38.6%, in children with type 1 diabetes mellitus [74]. Interestingly, 
in diabetic patients (both types 1 and 2), TSH levels may be better predictors of 
thyroid dysfunction than thyroid autoantibodies [75].

Finally, the use of many medications can also alter thyroid function testing 
results, and confirmation of normal thyroid function prior to beginning these agents 
will enable interpretation of any future potential abnormal test results (discussed in 
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depth in Chap. 13). Amiodarone, used as a Class III antiarrhythmic agent, is 37% 
iodine by weight, has an extremely long half-time of approximately 100 days, and 
releases 6 mg of inorganic iodine (in comparison to daily dietary intakes on average 
of 100–500 µg iodine) per 200 mg of amiodarone ingested [76]. It may produce 
an iodine-induced hyperthyroidism (amiodarone-induced thyrotoxicosis, type I) as 
well as an inflammatory destructive thyroiditis (amiodarone-induced thyrotoxico-
sis, type II). Large iodine loads, such as those administered with intravenous con-
trast dye and oral cholecystographic radiopaque agents (e.g., iopanoic acid, sodium 
ipodate), can also produce alterations in thyroid function within several days [77]. 
Drugs which induce changes in thyroid function tests through various mechanisms 
include interferon-alpha, lithium, phenytoin, carbamazepine, rifampin, glucocorti-
coids, and propanolol [18].

8.6  Conclusions

While thyroid function testing is commonly performed in ambulatory practice, the 
indications for thyroid function measurements in the nonhospitalized patients are 
varied. The interpretation of test results is dependent on the individual’s clinical 
status, degree of suspicion for thyroid disease, reason for which the tests were per-
formed, and recent use of medications or other agents which may alter thyroid func-
tion test findings.

In this chapter, we have reviewed the use of thyroid function testing in the rec-
ommended approach to initial testing, use in evaluation of symptomatic and asymp-
tomatic patients, evidence for screening in targeted populations, and screening 
guidelines in the general population. A knowledgeable, systematic approach inte-
grating these areas will best utilize the tool of thyroid function testing in ambulatory 
practice.
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9.1   Introduction

This chapter will review assessment of thyroid function through measurement of 
serum thyroid hormone and thyroid stimulating hormone (TSH) levels in infants and 
children. There are aspects of thyroid function that are unique to infants and chil-
dren, as compared to thyroid function in adults. While serum TSH is the single most 
accurate test to diagnose hypo- or hyperthyroidism [1], age-related normal ranges 
are higher and vary with age more in infants and children as compared to adults [2]. 
Further, a TSH level alone is not adequate to diagnose central hypothyroidism or 
thyroid hormone resistance. In addition, in the early stages of thyroid dysfunction, 
a serum TSH abnormality will precede an abnormality in thyroid hormone levels, 
e.g., mild or subclinical hypo- or hyperthyroidism. For all of these reasons, pediatric 
endocrinologists prefer to measure both serum TSH and serum free thyroxine (T4; 
or total T4) in the evaluation of patients with suspected thyroid dysfunction.

There also are some unique differences in thyroid function between infants and 
children. In the newborn infant, there is a TSH surge shortly after birth that results 
in elevation of serum T4 and triiodothyronine (T3) levels in the first week of life to 
the range generally associated with hyperthyroidism. The levels fall over the first 
2–4 weeks of life to the values characteristic of early childhood, but still some-
what higher than of older children. In addition, infants born preterm have their own 
unique set of thyroid function tests. Serum T4 levels (and to a lesser extent free T4 
levels) are reduced in preterm infants, with levels directly correlated with gesta-
tional age and birth weight [3]. We will organize the chapter as the clinician might 
approach assessment of thyroid function, i.e., with a clinical suspicion of either 
hypothyroidism or hyperthyroidism, first in infants and then in children.
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9.2   Infants

9.2.1   Hypothyroidism

9.2.1.1   Primary Hypothyroidism

Primary or congenital hypothyroidism in infants almost universally is detected by 
routine newborn screening programs, as obvious clinical manifestations typically 
do not develop until after 3–6 months of life. Screening newborns for congenital 
hypothyroidism is routine in all 50 states in the United States, as well as most devel-
oped countries, with a birth prevalence of approximately 1:3,000 [4]. In the United 
States, 4 million newborns are screened annually, while worldwide it is estimated 
that 25% of the birth population of 130 million babies undergo screening tests. Whole 
blood is collected onto special filter paper cards by heel prick, typically between 2 
and 5 days of life. Some programs collect a routine second specimen between 2 and 
6 weeks of life. The filter paper cards are then sent to a centralized laboratory for 
testing. Blood spots are “punched” and whole blood is eluted for testing.

There are two main approaches to newborn thyroid testing: initial T4 measure-
ment with a follow-up TSH determination on those infants whose T4 is below a set 
cutoff, or a primary TSH determination. Serum thyroid function undergoes dramatic 
changes after birth. Serum TSH rises from cord levels of approximately 6 uIU/mL 
(6 mU/L) at birth to a peak of 60–80 uIU/L (60–80 mU/L) 30 minutes after deliv-
ery. This TSH surge leads to a rise in serum T4 from cord levels of approximately 
10 ug/dL (129 nmol/L) at birth to a peak of 16 ug/dL (206 nmol/L) at 24 hours of 
age (see Fig. 9.1). Serum TSH levels fall abruptly over the first 24 hours of life to 

Fig. 9.1   Changes in serum TSH, T4, T3 and reverse T3 at birth and the first 120 hours of life. 
(From [26])

80 18

16

14

12

10

8

6

MEAN & S.E.M.

500

600

400

300

200

100

0
24B 48 72

AGE IN HOURS

TSH

RT3

T3

T4

96 120

70

60

50

40

30T
S

H
 (

µl
U

/m
l)

S
E

R
U

M
 T

4 
(µ

g/
10

0 
m

l)

S
E

R
U

M
 R

T
3 and T

3 (ng /100 m
l)

20

10

0

                                                      



1759 Assessing Thyroid Function in Infants and Children

about 20 uIU/mL (20 mU/L) and then more slowly over the first week of life to 
about 6–10 uIU/mL (6–10 mU/L). Serum T4 levels also fall over the first week 
of life to approximately 10–16 ug/dL (129–206 nmol/L). Screening programs that 
use a primary T4 test set a statistical cutoff, typically <10th percentile for each 
assay. The absolute T4 level will vary depending on the age of the newborns when 
the specimen was obtained; at 2 days of age, the 10th percentile correlates with a 
serum T4 of approximately 10 ug/dL (129 nmol/L). The serum TSH cutoff, both in 
programs that do a follow-up TSH test and those that do a primary TSH screening 
test, varies with the age when the specimen was obtained. A typical TSH cutoff is 
>25 uIU/mL (>25 mU/L) in babies >48 hours of age [5].

Once an infant is detected to have a low filter paper T4 and elevated TSH, or 
an elevated TSH, a call is made to their primary care physician to examine the 
infant and obtain blood tests to confirm the diagnosis of congenital hypothyroidism. 
The recommended confirmatory serum tests are a TSH and free T4 determination, 
or T4 (total) determination and some measure of serum binding proteins, e.g., T3 
resin uptake [6]. Measurement of serum T3 (total or free) is not useful in assess-
ing thyroid function in infancy as it is often normal in primary hypothyroidism. 
Given the higher normal TSH and T4 levels present in the first few weeks of life, 
it is important to compare the patient’s test results to the normal range for age (see 
Table 9.1). Between 1 and 4 weeks of life, the normal TSH range is approximately 
1.7–9.1 uIU/mL (1.7–9.1 mU/L); the free T4 range is 0.9–2.3 ng/dL (12–30 pmol/L),  
while the T4 (total) range is approximately 7.2–15.7 ug/dL (93–202 nmol/L).

The finding of an abnormally elevated serum TSH and low serum free T4 or 
total T4 for age confirms the diagnosis of primary hypothyroidism. As in adults, an 
elevated serum TSH with a normal free T4 or total T4 is diagnostic of subclinical 
hypothyroidism. Because of the critical dependence of the developing central nerv-
ous system on adequate amounts of T4, most clinicians choose to treat infants with 
subclinical hypothyroidism. In these unique cases, it may be helpful to undertake 
imaging tests of the thyroid, such as a radionuclide uptake and scan or an ultrasound 
examination. The most common etiology of congenital hypothyroidism is thyroid 

Table 9.1   Normal range for thyroid function tests in infants and children. (From [2, 27] and Eso-
terix Laboratory Services (Endocrine Sciences), CA, USA)
Age Free T4

(ng/dL)
T4
(ug/dL)

Free T3
(pg/dL)

T3
(ng/dL)

TSH
(mU/L)

TBG
(mg/dL)

Cord blood 0.9–2.2 7.4–13.0 15–75 1.0–17.4 2.5–5.1
1–4 days 2.2–5.3 14.0–28.4 180–760 100–740 1.0–39.0
2–20 weeks 0.9–2.3 7.2–15.7 185–770 105–245 1.7–9.1 2.1–6.0
5–24 months 0.8–1.8 7.2–15.7 215–770 105–269 0.8–8.2
2–7 years 1.0–2.1 6.0–14.2 215–700 94–241 0.7–5.7 2.0–5.3
8–20 years 0.8–1.9 4.7–12.4 230–650 80–210 0.7–5.7 1.8–4.2
21–45 years 0.9–2.5 5.3–10.5 210–440 70–204 0.4–4.2 1.8–4.2
To convert free T4 from ng/dL to pmol/L and to convert T4 from ug/dL to nmol/L, multiply by 
12.87. To convert free T3 from pg/dL to pmol/L, multiply by 0.1536; to convert T3 from ng/dL 
to pmol/L, multiply by 15.361. TSH uIU/mL = mU/L. To convert TBG from mg/dL to mg/L, 
multiply by 10.000
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dysgenesis, and some infants with subclinical hypothyroidism may have a hypo-
plastic and/or ectopic gland. Finding such an abnormality would support true mild 
hypothyroidism and the importance of thyroid hormone treatment. Most cases of 
subclinical hypothyroidism have a normal “gland-in-situ”; such cases may be asso-
ciated with an inborn error in thyroid hormone biosynthesis (dyshormonogenesis). 
In other cases where imaging has not been done or does not disclose an abnormality, 
after 3 years of age thyroid hormone treatment can be discontinued for a month and 
thyroid function reevaluated.

Some primary T4 test programs choose to follow-up infants with persistently low 
filter paper T4 test results, even though the screening TSH is not elevated. When serum 
thyroid function tests are obtained, some of these infants have mild primary hypothy-
roidism, with serum TSH in the 10–20 uIU/mL (10–20 mU/L) range (keep in mind 
that the filter paper TSH cutoff is typically >25 uIU/mL [>25 mU/L]). This screening 
follow-up approach will also detect infants with secondary or central hypothyroidism 
[7]. Serum thyroid tests will show a low serum free T4 or total T4 for age and either 
a normal or low TSH level (see “Secondary or Central Hypothyroidism” for details). 
A low serum total T4 and normal TSH level are also seen in infants with low serum 
binding proteins, most commonly due to hereditary thyroxine binding globulin (TBG) 
deficiency. For this reason, it is important to obtain some measure of serum thyroid 
hormone binding proteins when measuring a total T4, such as a T3 resin uptake. In 
cases of decreased binding protein, the T3 resin uptake will be elevated. Congenital 
TBG deficiency is a benign, X-linked recessive disorder, occurring in approximately 
1:4,000 newborns, mostly males. Such infants are euthyroid, with normal free T4 and 
TSH levels and no treatment is indicated. Finally, preterm infants and infants with 
nonthyroidal illness syndrome will also have a “low T4—nonelevated TSH” finding 
(see discussion of “Hypothyroxinemia in the Preterm Infant” for details).

Monitoring Treatment of Primary Hypothyroidism

The American Academy of Pediatrics (AAP) recommends serum TSH and free T4 
(or total T4) testing 2 and 4 weeks after initiation of treatment, every 1–2 months in 
the first 6 months of life, every 3–4 months between 6 months and 3 years of age, 
and 4 weeks after any change in l-thyroxine (I-T4) dose [6]. Infants with congenital 
hypothyroidism require more frequent monitoring than, for example, children with 
acquired hypothyroidism. Infants undergo rapid growth and development, and it is 
important to try and prevent any prolonged periods of under- or overtreatment dur-
ing the first 3 years of life, the critical period of brain dependence on normal thyroid 
hormone levels. Thyroid function target ranges are [6]:

• Free T4 1.4–2.3 ng/dL (18–30 pmol/L)
• T4 (total) 10–16 ug/dL (130–206 nmol/L)
• TSH 0.5–2.0 uIU/mL (0–2.0 mU/L)

Treatment of most infants with congenital hypothyroidism will result in serum 
thyroid function tests in the target ranges. However, some infants will manifest a 
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persistently elevated serum TSH level, typically in the 8–20 uIU/mL (8–20 mU/L) 
range, despite free T4 or T4 in the upper half of the normal range. If the l-T4 dose 
is raised to normalize the TSH level, the free T4 or T4 level will be elevated above 
the normal range and some patients will manifest thyrotoxic symptoms. This mild 
pituitary-thyroid resistance is speculated to be a result of in utero hypothyroidism 
resulting in resetting of the hypothalamic-pituitary-thyroid axis [8]. If there is evi-
dence for this mild pituitary-thyroid resistance, we recommend using the free T4 or 
T4 level and clinical assessment to adjust the thyroid hormone dose, allowing the 
serum TSH to remain slightly elevated. Most cases of altered feedback resolve by 
age 10 years [8].

It should also be kept in mind that some infants with congenital hypothyroidism 
will manifest an elevated serum TSH with free T4 or T4 in the upper half of the 
normal range as a result of irregular compliance. The explanation for these findings 
appears to be irregular administration of l-T4 until just before an appointment and 
blood testing, when missed doses are quickly made up. Under these circumstances, 
serum free T4 or T4 will increase quickly, over 24 hours, while serum TSH may 
take several weeks to fall into the normal range [1]. These infants usually will have 
had normalization of serum TSH in the past, and so they can be separated from 
infants with resistance to thyroid hormone and abnormal feedback relationships 
described above.

9.2.1.2   Secondary or Central Hypothyroidism

A suspicion of secondary or central hypothyroidism resulting from TSH deficiency 
may occur because of clinical features or because of “low T4–nonelevated TSH” 
results from newborn screening tests (see above). TSH deficiency in infancy may 
be isolated, but more commonly it occurs in infants with congenital hypopituitarism 
(incidence approximately 1:25,000 to 1:100,000 [7]). In this situation, clinical fea-
tures of hypothyroidism may be present, but more commonly the clinical manifesta-
tions are the result of other pituitary hormone deficiencies, such as hypoglycemia 
resulting from growth hormone deficiency or micropenis and undescended testes in 
males resulting from gonadotropin deficiency. In addition, TSH deficiency may be 
seen in congenital syndromes with mid-line defects, such as septo-optic dysplasia 
(presenting with vision defects), cleft lip and/or palate, or it may follow birth trauma 
or asphyxia.

Serum thyroid tests will show either a normal or low TSH level combined with 
a low serum free T4 or total T4 for age. While one might expect the serum TSH to 
be below the lower range of normal, studies show that the TSH is subnormal only in 
approximately 25% of cases of proven central hypothyroidism [1]. One explanation 
is that increased sialylation of the TSH molecule results in decreased bioactivity, 
but immunoactivity is preserved [9]. In the face of a low free or total T4, the TSH 
is “inappropriately” normal. If a thyrotropin releasing hormone (TRH) stimulation 
test is performed, it may show a delayed, lower TSH peak. With the current, sensi-
tive third generation TSH assays, results from TRH stimulation tests generally do 
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not add to the diagnosis (in addition, TRH is not currently commercially available 
in the United States).

As noted above, if one chooses to measure the total T4 level, it is important 
to combine this with some measure of serum thyroid hormone binding proteins, 
such as a T3 resin uptake, to be sure low serum binding proteins are not the cause 
of the low total T4. Lastly, some automated, one-step analog free T4 assays may 
give false low levels in infants (discussed in depth in Chap. 5). This is particularly 
likely if serum protein levels are low, or in the presence of the nonthyroidal illness 
syndrome. For these reasons, in the setting of possible central hypothyroidism we 
recommend repeating the free T4 measurement by the more accurate equilibrium 
dialysis method before a decision is made to start thyroid hormone treatment.

Monitoring Treatment in Central Hypothyroidism

The goal of treatment is to maintain the serum free T4 or total T4 in the upper half of 
the normal range for age. For the reasons described above, serum TSH determinations 
are not useful in monitoring treatment in patients with central hypothyroidism.

9.2.2   Hypothyroxinemia in the Preterm Infant

Preterm infants have a disproportionate number of “low T4–nonelevated TSH” test 
results in newborn screening programs. Fetal thyroid development begins in the 
first trimester, with increasing serum T4 production occurring from mid-gestation 
until delivery at term. As such, cord blood T4 levels are proportional to gestational 
age and birth weight [3]. After birth, preterm infants undergo the same changes in 
thyroid function as term infants, but the postnatal TSH surge is reduced and conse-
quently the postnatal T4 increase is smaller. Preterm infants born at 23–27 weeks 
gestation actually experience a fall in serum T4 levels after birth rather than the rise 
seen in more mature infants [10]. This “hypothyroxinemia of prematurity” is the 
result of several factors: loss of the maternal T4 contribution to the fetus (amounting 
to approximately 5 ug/dL [64 nmol/L] at term), immaturity of the hypothalamic-
pituitary stimulation of the thyroid gland, immaturity of each of the steps involved 
in thyroid hormone production, and lastly some infants receiving only IV nutri-
tion may not receive adequate iodine intake (RDA = 90 µg/day). Further, some of 
the common drug treatments in preterm babies affect the hypothalamic-pituitary-
thyroid axis. Both dopamine and steroids inhibit TSH release, and steroids inhibit 
thyroid hormone secretion. Acutely ill infants may be exposed to iodine-contain-
ing skin antiseptics. Absorption of excess iodine may result in transient primary 
hypothyroidism. Finally, infants who are acutely ill (either preterm or term) may 
manifest features of nonthyroidal illness.

For the above reasons, newborn screening programs often make requests for 
either repeat filter paper specimen or serum thyroid function tests in preterm infants. 
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In the typical case, serum T4 levels gradually rise to the normal range seen in term 
infants. If serum protein levels are low, which is not unusual in preterm infants, a 
serum free T4 determination will give a more accurate indication of thyroid func-
tion than a total T4 measurement [11]. As noted above, some automated, one-step 
analog free T4 assays may give false low levels in infants with low serum protein 
levels, whereas a method employing dialysis or filtration to physically separate thy-
roid hormone from its binding proteins will give a more accurate result. Conversely, 
falsely high free T4 results may occur with exposure of the specimen to heparin, 
either in the collection tube or in blood drawn from an incompletely flushed line. 
Heparin increases lipoprotein lipase, resulting in production of free (nonesterified) 
fatty acids, which result in dissociation of T4 form binding proteins and elevation 
of the apparent free T4 level [12].

Serum TSH levels are normal in the vast majority of infants born preterm. 
Some screening programs report an “atypical hypothyroidism” characterized by a 
low T4 and normal TSH level on initial screening, followed by an elevated TSH 
on repeat screening tests. This finding is more common in very low birth weight 
infants (<1500 g, incidence 1:294) as compared to low birth weight (1500–2500 g, 
incidence 1:4,224), or normal birth weight infants (>2500 g, incidence 1:77,820) 
[13]. When these abnormal filter paper tests are followed up with serum testing, the 
elevated TSH level normalizes in most of these low birth weight infants. However, 
this pattern of “delayed TSH rise” appears to be associated with permanent primary 
hypothyroidism in approximately 1:18,000 infants [14]. While there is good evi-
dence to treat the preterm infants with an elevated serum TSH level, there is not 
convincing evidence that infants with transient hypothyroxinemia (without TSH 
elevation) benefit from thyroid hormone treatment.

9.2.3   Hyperthyroidism

9.2.3.1   Neonatal Graves’ Disease

A clinical suspicion of hyperthyroidism in infancy occurs most commonly in the 
setting of maternal Graves’ disease with possible neonatal Graves’ disease. Neo-
natal Graves’ disease (incidence approximately 1:25,000) is more likely when the 
maternal thyrotropin receptor stimulating antibody (TRSAb) test activity is >500% 
of the values seen in the normal population [15]. TRSAbs are typically determined 
by either a thyroid stimulating immunoglobulin (TSI) or thyrotropin binding inhibi-
tor immunoglobulin (TBII) measurement.

In cases of suspected neonatal Graves’ disease, serum TSH, free T4, and T3 
should be measured in cord blood or shortly after birth. If the infant’s mother has 
been treated with antithyroid drugs, testing in the first day or two of life may show 
results consistent with euthyroidism or hypothyroidism. However, most cases of 
neonatal Graves’ disease will show hyperthyroidism at birth, with elevation of 
serum free T4 or T4 levels, elevation of T3 or free T3 levels, and suppression 
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of TSH. Again, it is important to compare test results to the normal range for age, 
as serum T4, free T4, T3 and free T3 levels are higher in the first few weeks after 
birth (see Table 9.1).

Monitoring Treatment in Neonatal Graves’ Disease

Serum free T4, T3, and TSH levels should be followed serially to monitor the effect 
of antithyroid drug treatment in the neonate. As the serum TRSAb activity falls, 
serum free T4 and T3 levels will also decrease, leading to a reduction in antithy-
roid drug dose. Most cases of neonatal Graves’ hyperthyroidism resolve somewhere 
between 4 and 12 weeks of life. Serum TSH may stay suppressed for several weeks 
or months after euthyroidism occurs, and so generally it is not useful in monitoring 
treatment. In some cases, TSH will stay low indefinitely, serum free T4 or T4 will 
fall below normal, and so it appears the infants now have central hypothyroidism 
[16]. This outcome appears to be the result of in utero hyperthyroidism resulting in 
suppression of TSH during a critical period of hypothalamic-pituitary-thyroid axis 
development.

Rare cases of hyperthyroidism in infants are not associated with maternal 
Graves’ disease, are permanent rather than transient, and may be caused by activat-
ing mutations of the TSH receptor or of the alpha subunit of the G protein, as seen 
in McCune–Albright syndrome.

9.3   Children

9.3.1   Hypothyroidism

9.3.1.1   Primary Hypothyroidism

A clinical suspicion of hypothyroidism in a child is usually the result of clinical 
manifestations, such as decreased growth velocity or a goiter, though sometimes 
screening may be done because the child has risk factors such as autoimmunity. The 
most common cause of primary hypothyroidism in children is autoimmune thy-
roiditis, otherwise known as Hashimoto thyroiditis. Other causes include exposure 
to excessive iodine, iodine deficiency, thyroid irradiation, and cystinosis.

Regardless of the cause of the hypothyroidism, serum TSH and free T4 or total 
T4 should be measured. As mentioned previously in the section on infants, if total 
T4 is used, it should be accompanied by a measure of serum thyroid hormone bind-
ing proteins. This is important because most cases of TBG deficiency are not identi-
fied at birth and because TBG concentrations can be altered by acute illnesses and 
by taking estrogens and androgens. As is true for both infants and adults, findings of 
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free T4 or total T4 below the lower end of normal for age and TSH above the upper 
end of normal for age are consistent with a diagnosis of hypothyroidism. Measure-
ment of T3 is not useful in evaluating for hypothyroidism because it is normal in a 
large portion of patients with hypothyroidism [17].

It is possible to measure antithyroid peroxidase antibodies and antithyroglobu-
lin antibodies to confirm a diagnosis of autoimmune thyroiditis. Because of the 
frequency of autoimmune thyroiditis and the fact that obtaining antibody levels 
does not change clinical management in most cases of confirmed hypothyroidism, 
measuring antibodies is not necessary, although some families are interested in 
knowing the underlying etiology. Antibody levels may be useful in very mild cases 
of hypothyroidism because some of these cases can revert back to normal thyroid 
function. Those with high antibody levels are unlikely to revert to normal.

9.3.1.2   Subclinical Hypothyroidism

Subclinical hypothyroidism is relatively common in children. The 1988–1994 
National Health and Nutrition Examination Survey (NHANES III) found that 2% 
of children 12–19 years old had an elevated TSH (defined in the study as a TSH 
>4 uIU/mL [>4 mU/L]), but the majority had a normal T4 level [18]. Findings in 
subclinical hypothyroidism are a normal free T4, normal total T4, normal free T3, 
normal total T3, and elevated TSH level. As changes in TSH precede changes in 
free T4 and total T4 in early hypothyroidism, this may represent very early hypothy-
roidism. Because of the risk of developing overt hypothyroidism, thyroid function 
in these patients should be monitored. Also, because those who have high antithy-
roid antibodies are more likely to progress to overt hypothyroidism [19, 20], meas-
uring antibodies is useful in helping to assess risk of progression. Whether or not to 
treat subclinical hypothyroidism in children who are older than 3 years old is still 
an area of debate.

The other scenario that could result in an elevated TSH with a normal free T4 or 
total T4 is irregular administration of thyroid medication. The tendency is to try to 
make up for missed doses right before the appointment, resulting in normalization 
or even elevation of the free T4 and total T4. However, the TSH usually does not 
have enough time to normalize before blood is drawn.

Monitoring Treatment of Primary Hypothyroidism

When treatment with thyroid hormone is started, free T4 and total T4 normal-
ize more quickly than TSH. Free T4 and total T4 can normalize in as little as 
1–2 weeks. TSH takes 4–6 weeks to normalize. As a result, it is recommended 
that the first check of thyroid function on treatment be 4–6 weeks after the initia-
tion of treatment. Also thyroid function should be checked 4–6 weeks after a dose 
change. After a stable dose is established, T4 and TSH should be checked every 
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6–12 months until growth is completed [6]. The goal of treatment is to keep the 
TSH in the lower end of the normal range for age and T4 in the upper end of the 
normal range for age [1].

9.3.1.3   Secondary or Central Hypothyroidism

As is the case for infants, isolated TSH deficiency in children is rare. Usually it 
occurs in association with hypopituitarism. Any child who has a history of septo-
optic-dysplasia, head trauma, brain tumors, radiation to the brain, or central nerv-
ous system infections should be monitored for deficiency of the pituitary hormones 
including TSH. The laboratory findings are the same for children with central 
hypothyroidism as they are for infants: TSH that is low or normal for age and free 
T4 or total T4 that is low for age.

Monitoring Treatment of Secondary Hypothyroidism

As was mentioned previously in the section on infants, monitoring is based on free 
T4 or total T4. TSH is not useful in monitoring. The goal of treatment in children 
with secondary hypothyroidism is the same as in infants: maintain the free T4 or 
total T4 in the upper half of the normal range for age. The frequency of monitoring 
is the same as in primary hypothyroidism: routine monitoring every 6–12 months 
until growth is complete and 4–6 weeks after any dose changes.

9.3.2   Hyperthyroidism

9.3.2.1   Primary Hyperthyroidism

A clinical suspicion of hyperthyroidism is most often prompted by symptoms and 
findings on physical examination, including diffuse enlargement of the thyroid 
gland and possible eye signs of Graves’ disease. In children, the most common 
cause of hyperthyroidism is Graves’ disease (incidence approximately 1:5,000 
[21]). Graves’ hyperthyroidism is an autoimmune disease that involves elevated 
TRSAb. In most cases of hyperthyroidism, TSH is suppressed below normal for 
age, free T4 and total T4 are high for age, and free T3 and total T3 are high for age. 
However, there are some cases in which free T4 and total T4 are normal for age and 
only T3 is elevated [22, 23]. In these cases, a free T3 or total T3 level can help make 
the diagnosis.

Another scenario in which patients can have symptoms of hyperthyroidism, 
elevated T4, elevated T3, and suppressed TSH is ingestion of thyroid hormone. 
In cases in which the form of thyroid hormone ingested is T4, both T4 and T3 will 
be elevated, but the rise in T4 will be greater than the rise in T3 [17]. If the form 
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of thyroid hormone taken is T3, T4 will be low while T3 will be elevated [17]. In 
either case, serum thyroglobulin levels will be low because endogenous production 
of thyroid hormone is suppressed [24].

Other rare causes of elevated T3 and T4 are infectious thyroiditis (subacute or 
chronic granulomatous), TSH secreting adenomas, and thyroid hormone resistance. 
In infectious thyroiditis causing hyperthyroidism, the TSH is suppressed and T3 and 
T4 are elevated. However, in contrast to hyperthyroidism from ingestion of thyroid 
hormone, the serum thyroglobulin level is elevated. In TSH secreting adenomas and 
thyroid hormone resistance, TSH is elevated along with T3 and T4.

9.3.2.2   Subclinical Hyperthyroidism

Children with subclinical hyperthyroidism have few to no symptoms of hyperthy-
roidism. Thus, this diagnosis is generally made based on screening that is done for 
other reasons. In subclinical hyperthyroidism, free T4, total T4, free T3, and total 
T3 are in the normal range for age, whereas, TSH is below the normal range for 
age. This may occur because TSH is very sensitive to small changes in T3 and T4. 
Thus a small increase in T3 and T4 can be enough to cause TSH to drop below the 
normal range for age. There is no evidence-based medicine to guide management 
of subclinical hyperthyroidism in children. The recommendation for young adults, 
observation and follow-up testing, is likely appropriate for children [25].

9.3.2.3   Monitoring Treatment of Hyperthyroidism

Monitoring treatment in Graves’ disease is dependent on the choice of treat-
ment. In cases where thyroidectomy or I-131 ablation is the treatment, the patient 
most frequently becomes hypothyroid and is started on thyroid hormone replace-
ment. Thus the monitoring and goals of therapy become the same as in primary 
hypothyroidism.

Antithyroid drugs inhibit hormone formation, not release. As a result, T3 and 
T4 can be elevated and continue to suppress TSH for several weeks after starting 
therapy while the hormone stored in the thyroid gland is released. Once all of the 
stored hormone is released, T3 and T4 levels drop and TSH rises. The duration 
of this process is approximately 4–6 weeks. Rechecking thyroid function studies, 
including free T4 or total T4 and T3, for adequacy of treatment should occur after 
the initial 4–6 weeks have elapsed. The goal of therapy is to maintain TSH, T4, and 
T3 in the normal ranges for age. It is recommended that thyroid function tests be 
checked every 3–4 months after thyroid function has been normalized. Also, thyroid 
function should be checked 4–6 weeks after a dose change. In children who have 
gone into remission, there is a risk of relapse as well as a risk of hypothyroidism. As 
a result, lifelong monitoring is important. It is recommended that thyroid function 
be checked every 6 months until growth and puberty are completed and then every 
year thereafter.
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10.1   Introduction

Severe nonthyroidal illness requiring hospitalization in an individual without a his-
tory of preexisting thyroid disease produces a series of well-orchestrated and pre-
dictable alterations in serum thyroid hormone indices. The changes in circulating 
thyroid hormone values have come to be known as the nonthyroidal illness syn-
drome. Most commonly, these assume the form of a low triiodothyronine (T3) state 
in which serum total and free T3 concentrations are decreased in the face of normal 
circulating total and free thyroxine (T4) levels which, then, can progress to the low 
T3/T4 state in which both T3 and T4 values are reduced. This spectrum of change 
becomes more pronounced as the underlying disease transitions to more severe 
life-threatening illness. Concurrent with these alterations in T4 and T3 levels, a 
rise in the circulating reverse triiodothyronine (rT3) concentration is also observed. 
Despite the fall in T4 and T3 values, little clinical evidence of hypothyroidism can 
be found. In addition, serum thyrotropin (TSH) levels generally remain in the nor-
mal range [1–3]. It is interesting to note that all of these changes are reversible 
with resolution of the inciting event (Fig. 10.1). This constellation of biochemical 
changes and clinical findings has also led to the use of descriptor euthyroid sick 
syndrome, which is used interchangeably with the nonthyroidal illness syndrome 
[4]. However, with recent evidence demonstrating a more local tissue regulation 
rather than a global response in the thyroid hormone axis being responsible for the 
alterations in circulating thyroid hormone levels, it may be better to use the more 
general descriptive expressions of low T3 and low T3/T4 states. In addition, this 
begs the question as to whether serum thyroid hormone values accurately reflect the 
true thyroid status of the hospitalized patient.

The types of illnesses responsible for these alterations in serum thyroid hormone 
levels vary widely and include acute disease such as infection, sepsis, trauma, and 

G. A. Brent (ed.), Thyroid Function Testing, 
DOI 10.1007/978-1-4419-1485-9_10, © Springer Science+Business Media, LLC 2010

Chapter 10
Assessing Thyroid Function  
in Hospitalized Patients

Jonathan S. LoPresti and Komal S. Patil

J. S. LoPresti ()
Keck School of Medicine, University of Southern California,  
Los Angeles, CA 90089, USA
e-mail: jlopresti@socal rr.com



188 J. S. LoPresti and K. S. Patil

surgery; chronic disease, such as cardiac failure; and degenerative conditions as 
well as metabolic disorders, such as diabetes mellitus, undernutrition, and fasting 
[3]. Although the low T3 state represents a distinct alteration from normal, it is 
still uncertain as to the metabolic impact that these changes have on the affected 
individual. The most widely held view is that the reduction in circulating T3 levels 
acts to minimize protein losses and conserve energy sources in catabolic condi-
tions, especially with caloric deprivation. This has a great deal of appeal as the 
characteristic alterations observed in the low T3 and low T3/T4 states do not occur 
as isolated events but rather take place in conjunction with a wide array of other 
endocrine alterations in response to illness or fasting. These include a reduction 
in insulin-like growth factor 1 and its binding protein, an acquired state of central 
hypogonadism as evidenced by a reduction in both gonadotropin and sex steroid 
concentrations, and a rise in serum adrenocorticotropic hormone (ACTH) and cor-
tisol values. This integrated endocrine response aids in the adaptation to catabolic 
stress by decreasing the anabolic processes of growth and reproduction, facilitating 
catabolism and immune modulation as well as providing a mechanism to reduce 
metabolic demands and conserve overall energy sources.

In the clinical realm, it is important for the physician to distinguish between the 
changes in serum thyroid hormone concentrations due to nonthyroidal illness and 
those resulting from true thyroid dysfunction. This may be particularly difficult in 
the severely ill individual when serum T4, T3, and TSH values may all be abnormal. 
One approach would be to defer all thyroid testing until the patient is discharged 
from the hospital, but this would mean misdiagnosing and not treating individuals 
with true thyroid disease with its possible dire consequences. This chapter, thus, will 
focus on the typical changes seen in thyroid hormone levels in the hospitalized indi-
vidual, speculate on their pathogenesis, and develop a paradigm for differentiating 
abnormal thyroid tests due to illness from those caused by intrinsic thyroid disease.

Fig. 10.1   The temporal changes in serum thyroid hormone indices with increasing severity of 
illness is shown. Note the predictable transition from the low T3 state (low serum T3, elevated 
rT3, and normal T4) to the low T3/T4 state (very low serum T3, markedly elevated rT3, and low 
T4) as illness becomes more severe. Serum TSH remains in the normal range until severe illness 
is superimposed leading to variable TSH levels. All thyroid tests normalize with resolution of the 
underlying illness
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10.2   Low T3 State

The most common abnormality seen in patients hospitalized with a nonthyroidal 
illness is the low T3 state which is defined as low serum T3 levels, normal range 
circulating T4 and TSH values, and increased rT3 concentrations. This low T3 state 
of illness can be observed in up to 90% of hospitalized patients [1]. The magnitude 
of the fall in the serum T3 concentration is indicative of the severity of the under-
lying illness. These biochemical changes associated with illness are also seen in 
other catabolic conditions, including uncontrolled diabetes mellitus, administration 
of glucocorticoids, calorically restricted diets, and fasting. Alterations in peripheral 
thyroid hormone metabolism rather than changes in the secretory function of the 
thyroid gland appear to be pivotal in the genesis of low T3 state.

Three distinct deiodinase enzyme systems play a major role in the peripheral 
metabolism of thyroid hormone (discussed in depth in Chap. 1). These include the 
type 1 5′-deiodinase (D1) which can remove an outer-ring iodide from either T4 or 
rT3 to form T3 or T2, respectively, with rT3 serving as the preferred substrate for 
this enzyme, the type 2 5′-deiodinase (D2) which preferentially removes an outer-
ring iodide from T4 to produce T3, and the type 3 5-deiodinase (D3) which appears 
to act as an inactivating enzyme by catalyzing deiodination of an inner-ring iodide 
from T4 to rT3 or T3 to T2. The interplay amongst these various deiodinase enzymes 
likely determines circulating thyroid hormone concentrations. Normally, about 80% 
of circulating T3 arises in peripheral tissues from the 5′-deiodination of T4 with 
the remaining 20% being from direct thyroidal secretion. The enzymatic source of 
circulating T3 has not been firmly identified in humans, but recent data suggest that 
the type 2 5′-deiodinase (D2) may be responsible for this conversion process [5, 6]. 
In contrast, almost all circulating rT3 is generated from T4 mediated by the type 3 
5-deiodinase (D3) [7]. The type 1 5′-deiodinase (D1), at least in humans, plays a 
minor role in T3 generation and appears to be pivotal in overall thyronine disposal. 
With the onset of either illness or fasting, predictable changes in the peripheral 
metabolism of thyroid hormones occur. Kinetic analysis of tracer T3 in these condi-
tions suggests that a decrease in the conversion of T4 to T3 takes place, presumably 
form an inhibition of the type 2 5´-deiodinase (D2) activity, while that for rT3 shows, 
not a diversion of T4 to rT3, but rather a reduction in the disposal of rT3 mediated by 
a decrease in the activity of the type 1 5′-deiodinase (D1). Tracer T4 studies in illness 
and fasting have shown no change in the production rate of T4 when compared to 
healthy, euthyroid control subjects [8]. The net result is the aforementioned serum 
thyroid hormone indices characteristic of the low T3 state, that is, low T3, high rT3, 
and normal T4 levels. Recent studies in both animal models of fasting and illness 
and postmortem humans who died in an intensive care unit (ICU) setting have lent 
considerable insight into the possible mechanisms responsible for the genesis of the 
alterations of the serum thyronines observed in the low T3 state [9].

It is well documented that the activity of type 1 5′-deiodinase (D1) is reduced in 
the low T3 state and likely plays a role in the thyroid hormone adaptation to illness 
[10]. Consistent with this finding is a similar slowing of the clearance and deiodina-
tion efficiency of tracer rT3 in humans undergoing a voluntary fast or critically ill in 
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the ICU setting when compared to the effects of propylthiouracil (PTU), a specific 
type 1 5′-deiodinase (D1) inhibitor, administered to euthyroid volunteers [6, 11]. 
More recent investigations have demonstrated a similar inhibition in activity in this 
deiodinase when hepatocytes in cell culture are exposed to cytokines (TNF alpha, 
IL-1, and IL-6) [10]. Parenthetically, administration of these cytokines to humans 
produces a drop in serum T3 and rise in rT3 concentrations, while T4 and TSH 
levels remain relatively normal [12, 13]. Recent studies carried out in postmortem 
liver samples have also shown a marked reduction in hepatic type 1 5′-deiodinase 
(D1) activity in patients who died in an ICU setting [14]. Thus, it appears that both 
fasting and illness decrease the type 1 5′-deiodinase (D1) activity in the liver and 
this decline likely plays a pivotal role in the genesis of the low T3 state of illness.

In contrast to the type 1 5′-deiodinase (D1), T4 is the preferred substrate of the 
type 2 5′-deiodinase (D2) which removes an outer-ring iodide to produce T3. For 
years this enzyme was felt to be responsible for local tissue production of T3 from 
T4; however, recent studies strongly implicate the type 2 5′-deiodinase (D2) as the 
source of circulating T3 in healthy, well-fed humans [5, 6]. Little data, however, 
exist as to the role that the type 2 5′-deiodinase (D2) plays in the thyroid adaptation 
to illness/fasting. Initial studies completed suggested that little to no activity of the 
type 2 5′-deiodinase (D2) could be detected in postmortem muscle samples which 
was consistent with the notion that this decrease in enzyme activity contributes to the 
genesis of the low T3 state. A more recent study, on the other hand, demonstrated no 
reduction in either the activity or expression of the type 2 5′-deiodinase (D2) with 
acute illness and, in fact, a frank increase in both when the illness is more protracted 
[15]. This provocative study strongly implies that the type 2 5′-deiodinase (D2) may 
have little direct role, but rather facilitates the genesis of the low T3 state.

The third deiodinase enzyme responsible for thyronine deiodination and periph-
eral thyroid hormone metabolism is the type 3 5-deiodinase (D3). This enzyme 
appears to play more of an inactivating role in peripheral thyroid hormone metabo-
lism, as it is responsible for the generation of rT3, an inactive metabolite, from T4 
and for the production of T2 from T3 [7]. Much like the type 2 5′-deiodinase (D2), 
little is known about its function in illness and fasting. Rodent models have dem-
onstrated an increase in the activity of this deiodinase in states of acute and chronic 
inflammation [16]. In addition, a recent study has shown that with illness, expres-
sion of the type 3 5-deiodinase (D3) can be found both in liver and skeletal muscle 
samples from postmortem tissue obtained from patients who died in an ICU setting 
[14]. What is so intriguing about these observations is that no type 3 5-deiodinase 
(D3) activity could be detected in tissue samples in healthy humans. These results 
suggest that the type 3 5-deiodinase (D3) may play a role in the genesis of the low 
T3 state of illness in humans, possibly serving to inactivate T3 to T2 thereby reduc-
ing T3’s entrance into the circulation.

The elegant work describing the changes in the various deiodinase activities in 
illness and fasting (summarized above) cannot fully explain the genesis of the low 
T3 state associated with illness in humans. Studies describing the kinetic handling 
of the various thyronines in fasting and illness have added an unexpected layer of 
complexity to the process. Normally, most T4 is metabolized to either T3 or rT3 in 
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the healthy human. As the low T3 state develops, a presumed reduction in conver-
sion of T4 to T3 occurs leading to a fall in serum T3 levels. Concurrent with the fall 
in T3, a rise in circulating rT3 is noted, but this increase results from an impaired 
clearance of rT3 rather than from an increase in production of rT3 from T4 [6]. 
As overall T4 production remains unaltered in the low T3 state, an increase in the 
production of alternate metabolites of thyroid hormone must occur to explain this 
accounting gap in T4 metabolism. The source of these alternate T4 metabolites has 
not been fully characterized, but one likely pathway is the formation of sulfated 
thyronines. One attractive product is triiodothyronine sulfate (T3S), a hormonally 
inactive metabolite produced when a sulfate moiety is added to T3 via the action of 
thyronine sulfotransferases. In fact, up to 50% of T3 disposal occurs via this route 
in healthy humans [17]. Elevations in serum T3S and diiodothyronine sulfate (T2S)  
have been measured in the low T3 state consistent with its enhanced formation from 
T3 [18–21]. This enhanced T3S generation would act to shift T3 away from the 
circulation and contribute to the low T3 state similar to that seen for T3 undergoing 
deiodination to T2. Another T3 metabolite, triiodothyroacetic acid (TA3), a natu-
rally occurring metabolite of T3 may also play a role in the genesis of the low T3 
state. Normally, TA3 formation is a very minor component of overall T3 metabo-
lism in healthy humans, but its enhanced formation in the low T3 state, if it occurs, 
would also help lower serum T3 concentrations leading to a low T3 state. The unal-
tered or even enhanced type 2 5′-deiodinase (D2) activity recently described sug-
gests that local tissue production of T3 may be unaltered in the low T3 state, and 
that the actual fall in T3 is due to shunting of T3 through these alternate pathways of 
metabolism as well as to T2. Evidence for augmentation in these alternate pathways 

Fig. 10.2   Proposed mecha-
nisms for the genesis of the 
low T3 and low T3/T4 states 
of illness are described. 
Cytokines and nutritional 
status are the likely media-
tors of the alterations in 
thyroid hormone metabolism 
observed in illness (see text 
for details)
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in the genesis of the low T3 state in illness and fasting was recently seen when it was 
noted that serum T3 levels fell within a few hours into a surgical procedure despite 
no reduction in type 2 5′-deiodinase (D2) activity. Consistent with augmentation of 
these alternate pathways was the demonstration of a marked increase in the urinary 
excretion of both TA3 and T3S in fasting humans. A proposed model for the genesis 
of the low T3 state of illness is depicted in Fig. 10.2.

10.3   Low T3/T4 State

A transition from the low T3 to the low T3/T4 state is observed in patients as any 
given illness progresses to more severe conditions, including overwhelming infec-
tion, sepsis and septic shock, and major trauma. In contrast to the low T3, high rT3, 
and normal range T4 and TSH values characteristic of the low T3 state, the low 
T3/T4 state is defined by even lower T3 and higher rT3 levels, the onset of a fall in 
the T4 concentration, and more variable TSH values. This decline in the serum T4 
value is strongly correlated with an overall increase in mortality.

What is responsible for the decline in serum T4 noted in critically ill patients? 
In contrast to the unaltered T4 clearance and production noted in the low T3 state, 
the metabolic clearance rate of T4 is enhanced while its production rate falls [22]. 
Three possibilities have been hypothesized for the genesis of the low T3/T4 state. 
The first is a change in the molecular structure of thyroxine binding globulin (TBG) 
such that the affinity of TBG for T4 is reduced thereby decreasing its binding which 
facilitates disposal from the circulation. Second is the “inhibitor theory” of nonthy-
roidal illness [23]. This states that substance(s) produced from tissues during severe 
illness, possibly oleic acid, is released into the circulation, whereby it interferes 
with the binding of T4 to TBG with the resultant defect leading to the decline in 
serum T4 levels. This has inherent appeal, as this inhibitor can also interfere with 
leukocyte function which could explain the loose association between the absolute 
drop in T4 in the low T3/T4 state and overall mortality. However, this has fallen 
somewhat out of favor as, depending on how serum samples are handled after being 
collected from ill patients, the presence of the inhibitor may or may not be detected. 
The final, and certainly most intriguing, hypothesis is the White Blood Cell (WBC)-
mediated theory of the low T3/T4 state. It has been shown that TBG, a protein in the 
serpin class, is susceptible to degradation by enzymes known as elastases. Activated 
WBCs seen in sepsis, which are rich in elastases, take up the T4–TBG complex 
from the circulation. Once in the cell, this complex undergoes hydrolysis freeing 
up the bound T4 [24]. In addition to elastases, WBCs also have the capability to 
catalyze ether link cleavage of the unbound T4 producing diiodotyrosines which 
would serve as a source of iodine for free radical generation in phagocytosing leu-
kocytes. This free iodine within the WBCs likely will iodinate bacteria facilitating 
their killing by the activated WBCs. Several studies in humans have given evidence 
corroborating this theory. The low T4 state in meningococcal sepsis has been associ-
ated with lower serum TBG levels when compared to those without the low T4 state.  
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Further analysis demonstrated a strong inverse correlation between the low TBG 
levels and elastase activity [25, 26]. This reduction in T4 also portended a higher 
mortality. Thus, thyroid hormone, besides its purported role in energy conservation 
in illness and fasting, may, in addition, be a crucial player in the body’s defense 
mechanism of infection. Figure 10.2 also depicts the theoretical pathogenesis of the 
low T3/T4 state of illness.

10.4   Measurement of Thyroid Hormones in Illness

Controversy exists as to the accuracy of free thyroid hormone measurements in 
hospitalized patients [27] (discussed in depth in Chap. 5). Ultrafiltration and dialy-
sis methodologies offer the most precise and reliable assessment of free thyronine 
concentrations. In fact, free T4 values are reported to be normal in fasting and 
illness consistent with the notion that T4 production rates are unchanged when 
they have been determined. It is interesting to note that free T3 determinations 
also have been reported to be normal when employing these methods [28]. In spite 
of this, the routine use of either ultrafiltration or dialysis is impractical as they 
are complex and costly to perform. To combat these limitations, analog tests to 
estimate free T4 and T3 values have been developed and have gained widespread 
acceptance as they are both cost effective and give reproducible results in healthy 
outpatients. However, the ability to accurately measure free thyroid hormone lev-
els in the face of a nonthyroidal illness has recently come into question. This has 
been highlighted in studies comparing various analog methods in their ability to 
accurately determine free T4 and T3 concentrations. When serum samples from 
sick patients are run concurrently in the different assays, little to no agreement 
amongst the methods could be shown, with the lack of reproducibility being worse 
for T3 than for T4. This lack of accuracy may reflect a problem with either the 
quantity or structure of the protein in the sample, as varying the protein content in 
the assays can produce variable and inconsistent results [29]. One, then, has to ask 
if any free thyronine measurement is accurate in the sick patient? Finally, there is 
no role for the routine determination of free T3 in the hospitalized patient as the 
serum T3 appears to be a poor indicator of intracellular T3 concentration. In addi-
tion, the assays currently available to measure free T3 are even less reliable than 
those for free T4 due to these protein matrix problems making the interpretation 
of any given value challenging.

What, then, is to be done if thyroid hormone indices need to be determined in 
the sick patient? Because of the limitations in newly developed methodologies (cost 
and complexity of ultrafiltration/dialysis and lack of reliability of analog assays), 
perhaps a return to the more traditional and robust free T4 estimate by a free T4 
index determination (the product of the total serum T4 and T3 uptake [T3U]) should 
be considered. This would minimize matrix problems (total T4) as well as give an 
assessment of the severity of the illness as evidenced by lack of TBG binding (the 
higher the T3U value, the greater the binding defect).
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10.5   TSH Regulation in the Low T3  
and Low T3/T4 States

In the healthy subject, the serum TSH concentration is the net effect of the stimu-
latory effect of the hypothalamic hormone thyrotropin releasing hormone (TRH) 
on the synthesis and release of TSH and the inhibitory effect of thyroid hormone 
on TSH production in the thyrotroph (discussed in depth in Chap. 4). In contrast, 
the hallmark of the euthyroid sick syndrome is, for the most part, a normal range 
serum TSH concentration in the face of either low circulating T3 or T4 levels 
[1–3]. This observation has remained an enigma until recently when a series of 
elegant studies have begun to unravel the mechanisms responsible for this seeming 
paradox in serum thyroid hormone indices in illness and fasting. The first piece 
of the puzzle came when it was observed that patients who demonstrated low T3/
T4 state and died from their illness showed a decrease in the hypothalamic gene 
expression of TRH [30]. Subsequent investigations have begun to understand the 
genesis of the reduction in TRH in both illness and fasting. Induction of limited 
tissue inflammation by local turpentine administration or an acute systemic ill-
ness by lipopolysaccharide injection produces distinct and predictable changes in 
deiodinase activities within the hypothalamus [31]. The first is an up regulation in 
the activity and expression of the type 2 5′-deiodinase (D2) in the tanycytes, cells 
that line the third ventricle. In addition to this increase in type 2 5′-deiodinase 
(D2) activity, the same maneuvers lead to a reduction in type 3 5-deiodinase (D3) 
in the hypothalamus rather than the previously described induction in the type 3 
5-deiodinase (D3) seen in liver and skeletal muscle associated with acute illness 
[32]. The net effect of the increase in type 2 5′-deiodinase (D2) and inhibition of 
the type 3 5-deiodinase (D3) is an increase in local hypothalamic T3 production 
which, in turn, down regulates TRH gene expression leading to the paradoxically 
normal TSH levels observed in illness.

Fasting of healthy, euthyroid individuals also produces a predictable decline in 
serum TSH levels in the face of the low T3 state, though the values remain in the 
normal range [33]. Despite the fact that the changes in TSH are not as well delineated 
as that for illness, some insights have been gained in describing this paradox. Leptin 
levels fall dramatically with the onset of fasting and it has been well documented 
that these lower leptin levels in fasting stimulate the activity and expression of the 
same type 2 5′-deiodinase (D2) level in the hypothalamus that immune activation 
appears to do in illness [34, 35]. The net result of this enhanced hypothalamic enzy-
matic activity is a local increase in T3, which, in turn, contributes to the decrease in 
TSH values. Thus, in the low T3 and T3/T4 states, the regulation of TSH is not as 
dependent on circulating thyroid hormone levels as seen in the healthy individual, 
but rather via the hypothalamus sensing systemic signals that induce local type 2 
5′-deiodinase (D2) and reduce type 3 5-deiodinase (D3) enzyme activities leading 
to a decrease in TRH and a subsequent fall in serum TSH levels characteristic of 
these conditions [36, 37]. This begs the question, then, as to the role of serum TSH 
determinations in assessing the thyroid status of hospitalized patients.
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10.6   Interpretation of Thyroid Tests in the Hospitalized Patient

Alterations in serum thyroid hormone indices in the form of either the low T3 or low 
T3/T4 state can be seen in up to 90% of hospitalized patients making interpretation 
of thyroid status difficult in this setting. When and how to evaluate a patient with 
nonthyroidal illness for the presence of thyroid disease now becomes a diagnostic 
challenge. Because of the frequency of these changes one cannot advocate routine 
screening of hospitalized patients for thyroid disease. On the other hand, it would 
not seem prudent to delay thyroid testing until resolution of the underlying illness 
occurs. In order to minimize diagnostic difficulty, thyroid testing should be limited 
to those situations where clinical thyroid disease is suspected, such as the pres-
ence of a goiter, tachycardia and bradycardia, atrial fibrillation, or poor response to 
appropriate medical therapy.

The strong inverse relationship between free T4 and log TSH described in the 
healthy human is no longer seen between free T4 and log TSH in sick patients 
(Fig. 10.3). This likely reflects the aforementioned hypothalamus sensing systemic 
illness leading to a local change in deiodinase activities producing changes in TRH 
leading to alterations of serum TSH independent of circulating thyroid hormone 
levels. Further complicating the ability to assess thyroid status is the inherent var-
iability in serum TSH levels seen in the low T3/T4 state of illness (Fig. 10.4). 
Fifteen percent of hospitalized patients will display either frankly elevated (3.5–
20 mU/L) or low (0.1–0.5 mU/L) TSH concentrations. In addition, about 3% of 
these patients have markedly elevated (>20 mU/L) or suppressed (<0.01 mU/L) 
TSH values that may or may not reflect thyroid disease (Figs. 10.5 and 10.6) [38]. 
These variations likely reflect the inherent lability of TSH secretion in response to 
or recovery from illness as well as the local hypothalamic effects on TRH secretion 
[39]. In addition, the administration or cessation of drugs known to influence TSH 

Fig. 10.3   Free T4/TSH relationship in healthy outpatients and hospitalized individuals is depicted. 
Note the loss of the inverse relationship between free T4 and TSH in the hospitalized setting
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levels, such as dopamine and glucocorticoids, may also play a role in these TSH 
changes in illness [40, 41].

How, then, does one approach the diagnosis of thyroid disease in the hospital-
ized patient? Combined measurements of T4 and TSH would seem to offer the 
most cost effective and useful approach to thyroid testing in the hospitalized set-
ting, which contrasts with the utility of a sole TSH determination to asses thyroid 
status in the healthy patient in the outpatient venue. If both free T4 and TSH levels 
are in the normal range, it can reasonably be concluded that the hospitalized patient 

Fig. 10.4   This figure describes the various serum TSH patterns seen in illness. Note that with 
mild illness (low T3 state) TSH remains in the normal range while with severe illness (low T3/T4) 
serum TSH becomes variable with values above and below the normal range. TSH normalizes with 
resolution of illness

NORMAL

NORMAL
RANGE

LOW T3 LOW T3/T4 LOW T3 NORMAL

WELL ILLNESS RECOVERY WELL

SEVERITY EARLY LATE

Fig. 10.5   This figure depicts 
the distribution of low serum 
TSH levels measured in 
hospitalized patients and 
the underlying cause shown 
to be due to nonthyroidal 
illness (Illness), thyroid 
disease (Thyroid) or to 
Glucocorticoids

TSH < 0.4 mU/L

7.5%
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is euthyroid. Conversely, if the serum TSH is either slightly low (0.1–0.5 mU/L) 
or high (3.5–20 mU/L) and the serum free T4 is normal, the most likely diagnosis 
is abnormal tests due to nonthyroidal illness. As previously mentioned, these iso-
lated alterations in serum TSH concentrations are seen in about 15% of hospitalized 
patients. On the other hand, if the serum TSH value is markedly high or low, then 
it makes sense that if the free T4 shows a reciprocal change with the TSH level the 
presence of underlying thyroid disease is likely. Severe but isolated changes in TSH 
levels are more consistent with illness alone (Tables 10.1 and 10.2). One clinical 
situation of a low free T4 and normal range TSH in the sick patient needs attention. 
Does this represent the low T3/T4 state of illness or does it reflect pituitary disease? 
The most reliable means to distinguish between the two is to determine a serum cor-
tisol level where the value would be elevated in illness and be inappropriately low 
in pituitary disease. As mentioned earlier, much of this confusion can be avoided if 
thyroid testing is limited to those clinical situations where the presence of inherent 
thyroid disease is strongly suspected.

Table 10.1 describes the spectrum of thyroid status associated with low serum 
TSH during illness.

Fig. 10.6   This figure depicts 
 the distribution of elevated 
serum TSH levels in  
hospitalized patients and the 
underlying cause shown to 
be due to nonthyroidal  
illness (Illness) or to thyroid 
disease (Thyroid)

TSH > 4.5 mU/L

7.5%

TSH 4.5 – 20 TSH > 20

5.8%

ILLNESS THYROID

1.7%

Table 10.1   Interpretation of low serum TSH levels during illness
TSH (mIU/mL) Normal 0.1–0.4 0.01–0.1 <0.01 <0.01
Free T4 Normal Normal Normal Low/Normal High
Thyroid Status Euthyroid Euthyroid Likely euthyroid Likely hyperthyroid
Treatment None None None Antithyroid drugs
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Table 10.2 describes the spectrum of thyroid status associated with high serum 
TSH during illness.

10.7   Drugs that Affect Thyroid Function Tests

Several drugs that are commonly administered to the hospitalized patient can influ-
ence thyroid function tests making it more difficult to assess the thyroid status of that 
patient (discussed in depth in Chap. 13). Obtaining a good drug history is extremely 
important in order to most accurately assess the true thyroid status of any given 
patient. In addition, serum thyroid hormone indices, if indicated, should be obtained 
prior to initiating any drug therapy. A brief discussion on the effects of some of the 
most commonly used drugs in hospitalized patients on thyroid function tests are 
summarized below. A more detailed accounting of the effects of these drugs, as well 
as others, on serum thyroid function tests can be found in Chap. 13.

Table 10.3 outlines and summarizes the patterns of thyroid function tests that 
occur with the administration of certain drugs.

10.7.1   Glucocorticoids

Pharmacologic doses of glucocorticoids are administered in a variety of clinical sce-
narios in hospitalized patients, including asthma and rheumatic disease, and are also 
increasingly given in stress doses for the treatment of presumed adrenal insufficiency 
in the ICU setting. Prolonged glucocorticoid administration in critically ill patients 
will exacerbate the low T3 and high rT3 state presumably via its stimulatory effects 
on the type 3 5-deiodinase (D3) enzyme [42]. Glucocorticoids are also known to 
reduce TSH secretion at the level of both the hypothalamus (via inhibition of TRH 
release) and the pituitary leading to low serum TSH levels [43, 44]. In fact, up to 
50% of hospitalized patients with a serum TSH level <0.1 mU/L and 10% with a 
TSH value <0.01 mU/L have received glucocorticoids (Fig. 10.5).

10.7.2   Dopamine

Dopamine is a naturally occurring hormone and neurotransmitter that is commonly 
used in the ICU for its pressor effects. Administering dopamine acutely suppresses 

Table 10.2   Interpretation of high serum TSH levels during illness
TSH (mIU/mL) Normal 5–20 5–20 >20 >20
Free T4 Normal Normal Low Normal Low
Thyroid Status Euthyroid Likely 

euthyroid
Likely 

hypothyroid
Likely 

euthyroid
Hypothyroid

Treatment None None Levothyroxine None Levothyroxine
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serum TSH levels to the 0.1 mU/L range within hours after starting its infusion [41]. 
In addition, protracted dopamine use may exacerbate the low T4 state by decreasing 
the production of T4, possibly via an inhibition of T4 secretion by the thyroid gland 
in response to the low serum TSH concentrations. On the other hand, cessation of 
dopamine infusion resulted in a rapid normalization of TSH, T3, and T4 levels, and 
even a rebound in TSH giving a high serum TSH value [41].

10.7.3   Amiodarone

Amiodarone is a class III antiarrhythmic agent used in the management of refrac-
tory supraventricular and ventricular arrhythmias as well as severe congestive heart 
failure. The acute administration of amiodarone reduces the egress of T4 from the 
circulation leading to an increase in serum free T4 levels by 15% and total T4 values 
by 12% above baseline [45]. In addition, amiodarone inhibits the various 5′-deiodi-
nase enzymes resulting in a rise in serum rT3 and a fall in serum free T3 values by 
12% and total T3 levels by 18% [45]. Because of these effects on thyroid hormone 
metabolism an increase in the serum TSH concentration by 39% at 24 hours and 
65% at 48 hours is also observed [45], giving a picture of T4/TSH discordance. 
After 3 months of treatment with amiodarone, the serum TSH returns to normal/
high to normal range [45, 46], whereas serum total T4 and rT3 remain elevated 
(113% and 219% of baseline, respectively) and total T3 continues to be low (87% 
of baseline) [45].

10.7.4   Heparin and Low Molecular Weight Heparins

Unfractionated heparin is a naturally occurring polysaccharide whereas low molec-
ular weight (LMW) heparin is synthetically derived and consists of shorter chains 
of polysaccharides. Both agents are commonly used in the inpatient setting for anti-
coagulation. The administration of intravenous unfractionated heparin increases 
free fatty acid concentrations secondary to release of lipoprotein lipase and hepatic 
lipase from the vascular endothelium [47, 48]. These fatty acids then displace T4 
from TBG causing a transient increase in the serum free T4 concentration [49].

The literature that exists for the effects of LMW heparins on free T4 values is 
more varied. Studies to date show conflicting results on serum thyroid hormone 
indices. Depending on the type of LMW heparin that is utilized and the time at 
which the serum free T4 assay is performed in relation to when the specimens are 
collected influences the effect on the final measurements. The two LMW heparins 
studied to date include enoxaparin (Lovenox) and dalteparin (Fragmin). A marked 
increase in free T4 values (~60%) was observed in individuals administered a single 
dose of enoxaparin, while patients receiving chronic enoxaparin demonstrated an 
even greater rise in free T4 values (~170%) [49]. These alterations appeared to be 
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related to the effect of the drug on lipoprotein lipase activity and subsequent fatty 
acid release. To minimize this influence, specimens should be drawn more than 
10 hours after the last injection, and the assays should be performed within 24 hours 
of receiving the sample. In contrast, dalteparin was found to have a substantially 
lower lipolytic effect in comparison to unfractionated heparin, and may not increase 
free T4 values [50].

10.7.5   Diphenylhydantoin

Diphenylhydantoin (Dilantin) is an antiepileptic agent that is commonly used in 
both the outpatient and hospital settings for the treatment of seizures. There are 
specific changes in thyroid hormone indices that occur with both the acute and 
chronic administration of Dilantin. Loading doses of Dilantin given for new onset 
seizure activity have been shown to displace T4 from its TBG binding sites leading 
to a transient rise in free T4 measurements, usually resolving within 24 hours of 
administration [51, 52]. However, chronic Dilantin therapy and its resultant effect 
on the hepatic metabolism of thyroid hormone produces frankly low and low nor-
mal serum T4 and free T4 values [2, 53], while serum T3, free T3 and TSH remain 
in the normal range [54].

10.8   Variants of Nonthyroidal Illness

10.8.1   HIV and Thyroid Function

Patients infected with HIV do not have an increase in the overall prevalence of 
thyroid disease. However, there are identifiable patterns of thyroid function abnor-
malities that are common in the different stages of HIV infection. The prevalence 
of overt thyroid disease is seen in up to 2% of patients affected with HIV, but as 
many as 35% of these patients may have aberrant thyroid function tests [55, 56]. 
In addition, the pattern of thyroid hormone indices varies according to whether or 
not highly active antiretroviral therapy (HAART) is employed in these patients. 
This remains an issue as most HIV positive patients that are hospitalized with an 
AIDS or non-AIDS related illness are either HAART naïve or not taking the medi-
cal regimen.

The characteristic alterations in thyroid function tests in patients seropositive 
for HIV but not receiving HAART therapy include significant increases in serum 
T4 concentrations with normal range serum T3 and TSH levels. In contrast, with 
the superimposition of severe illness, HIV positive patients do not display the typi-
cal fall in serum T3 values previously described in patients without HIV and only 
demonstrate the expected low T3 state as a preterminal event [57]. Much like the 
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unexpected stability of T3 levels in the face of a superimposed illness, rT3 concen-
trations did not show the expected rise in hospitalized HIV positive patients until 
death was imminent [57]. No change in T4 values was noted, suggesting that this 
unique group of patients does not generate the signals responsible for both the low 
T3 and low T3/T4 states of illness [57].

10.8.2   Liver Disease and Thyroid Function

Predictable patterns in thyroid function tests have been demonstrated in patients 
with acute and chronic liver disease. The alterations in the plasma concentrations 
of TSH, T3, and T4 depend on the type of liver disease and the level of dysfunc-
tion (mild vs. end-stage). Much as described for untreated HIV positive patients, 
in individuals with compensated liver disease (acute and chronic) serum total T4 
levels are elevated secondary to elevation of plasma TBG levels. TSH has also been 
shown to be higher at baseline in patients with liver cirrhosis, though still within the 
normal range (3 ± 1.2 µU/mL vs. 1.6 ± 0.73 µU/mL) [58]. Plasma T3 concentra-
tions, however, usually remain within the normal range, and rT3 levels are found 
to be slightly depressed in compensated liver disease [59]. The exception to normal 
serum T3 is seen in patients who have acute viral hepatitis—T3 levels are elevated 
in these patients [59]. However, when patients with liver disease decompensate, the 
expected low T3 state of illness is seen where serum T3 levels are decreased and 
plasma rT3 concentrations are increased [60]. Depending on the severity of liver 
disease, there may also be a decrease in serum T4 levels.

10.8.3   Hyperemesis Gravidarum

Hyperemesis gravidarum (HG) occurs in up to 1.5% of all pregnancies, and is 
characterized by prolonged and severe vomiting and weight loss that causes a 5% 
loss of body weight, dehydration, and ketosis [61, 62]. It usually presents early in 
pregnancy (6–9 weeks gestation) and resolves without treatment by 18–20 weeks 
gestation [63]. Thyroid function tests consistent with biochemical hyperthyroidism 
are common in the setting of HG—66% of women will have either a low or sup-
pressed serum TSH or an elevated serum free T4 value [62], while free T3 levels 
are elevated in only 12–20% of patients [64]. These changes likely occur secondary 
to beta-human chorionic gonadotropin (hCG) stimulation of the thyroid gland. In 
fact, a correlation between beta-hCG levels and the degree of thyroid stimulation 
in patients with HG when compared to normal patients has been reported in the 
literature [64]. Initially hyperthyroidism was implicated as the cause of HG, but 
nausea and vomiting have been shown to persist despite treatment with antithyroid 
medications. At this time, the recommendation is to clinically observe patients with 
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thyroid function test abnormalities and HG, as the TSH, T4, and T3 will normalize 
on resolution of HG.

10.8.4   Psychiatric Illness and Thyroid Function

Extremes of overt thyroid dysfunction, either severe hypothyroidism or thyrotoxi-
cosis, have been shown to exacerbate psychiatric illness. It has also been demon-
strated that treatment of these entities leads to clinical improvement in psychiatric 
disorders. However, there are some recognizable alterations in serum thyroid hor-
mone indices in response to depression and other psychiatric illnesses that do not 
reflect systemic thyroid disease.

One of the most commonly appreciated alterations in the hypothalamic-pitui-
tary-thyroid axis is the low circulating serum TSH value. This is likely the result of 
a down regulation of the TRH receptor on the thyrotroph, making it more resistant 
to TRH stimulation. In fact, a blunted TSH response to TRH stimulation has been 
reported [65, 66]. This abnormality in the TSH values has been demonstrated in 
25–30% of depressed patients [67].

Another common perturbation of the thyroid axis is an increase in total T4 and/or 
free T4 levels from baseline [68], as seen with both depression and acute psychotic 
decompensation. The serum T4 concentrations return to normal after treatment and 
resolution of depression [68]. It has also been shown that patients hospitalized for 
acute manifestations of psychiatric illnesses have a transient rise in T4 outside of 
the normal range that resolves without treatment [69].

Psychiatrists currently advocate the assessment of thyroid hormone indices in 
all patients with psychiatric infirmities [67], but given the cost of these laboratory 
analyses and the frequency of “psych-induced” changes in thyroid hormone values, 
this approach is not currently recommended. Thus, analysis of thyroid function tests 
should be limited to hospitalized patients in whom thyroid disease is suspected or 
in those who manifest the extremes of psychiatric illness. Prompt treatment of overt 
thyroid dysfunction can help alleviate severe manifestations in patients with under-
lying psychiatric disorders.

10.9   Concluding Remarks

The low T3 and T3/T4 states of nonthyroidal illness represent an altered state of 
thyroid hormone metabolism compared to that seen in a well-fed, healthy popula-
tion. Recent studies suggest that these changes in serum thyroid hormone indices 
likely reflect alterations in local tissue rather than systemic thyroid hormone metab-
olism and can be triggered by both cytokines and undernutrition, thus suggesting 
that they may be adaptive in nature. Because of the frequency and scope of the 
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changes in thyroid function tests in hospitalized patients, it seems imperative to test 
for thyroid abnormalities only if thyroid disease is strongly suspected and not on a 
routine basis. Compared to the outpatient setting where a single TSH determination 
is usually adequate to assess thyroid status, if one is testing in the hospital setting, 
an estimate of both T4 and TSH levels should be obtained. Physicians also need to 
be aware that commonly administered drugs can influence serum thyroid hormone 
indices making the task of interpreting thyroid function tests in the hospitalized 
patient even more difficult. In addition, certain diseases give “variant” patterns of 
serum thyroid function tests. The challenge remains to properly assess the thyroid 
status in a hospitalized patient, but if one restricts thyroid function testing to those 
strongly suspected of having concurrent thyroid dysfunction and ordering tests for 
both T4 and TSH levels, then this daunting task will be made easier.
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11.1   Importance of Thyroid Status in Pregnancy

The role of iodine in ensuring normal fetal development has been appreciated for 
more than 100 years [1]. Cretinism, defined as an infant or child with an IQ of 40 
or less, was described in many severely iodine-deficient areas of the world and 
prevention of this state was achieved by iodine supplementation before or early in 
gestation [2]. It was not thought that thyroid hormone crossed the placental barrier 
to enter the developing fetus until the opposite was shown in 1989 [3]. Not only 
has this physiological fact now been verified, but there is now a wealth of data 
on the importance of maternal-derived thyroxine (T4) in fetal brain development 
(Table 11.1).

During the last two decades, advances in our understanding of thyroid physiol-
ogy in pregnancy [5] has informed interpretation of thyroid function in gestation 
[6], and has led to a more rational approach to therapy of thyroid disease in preg-
nancy [7]. Central to treatment is an appreciation of the assessment of thyroid func-
tion in pregnancy which is the subject of the following discussion.

11.1.1   Thyroid Physiology in Pregnancy

Pregnancy has an appreciable effect on thyroid economy [5]. There are significant 
changes in iodine metabolism characterized by increased excretion of iodine in the 
urine accounting for the increase in thyroid volume even in areas of moderate die-
tary iodine intake [8]. Although thyroid size increases in areas of iodine deficiency, 
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it does not do so in those regions that are iodine sufficient [9]. There is ample evi-
dence that iodine deficiency during pregnancy is associated with maternal goitre 
and reduced maternal T4 level, which is seen in areas of endemic cretinism [10]. 
Even in moderately iodine-deficient regions urinary iodine excretion is higher in 
all trimesters than in nonpregnant women, and may be causative in maternal goitre 
formation as assessed by ultrasound.

A daily iodine intake of 250 µg is recommended in pregnancy, but is not always 
achieved even in developed parts of the world [11]. Thus, to prevent fetal brain 
damage, additional iodine supplementation in pregnancy may be required in areas 
of suboptimal iodine nutrition.

Thyroid hormone transport proteins, particularly thyroxine binding globulin 
(TBG), increase due to enhanced hepatic synthesis and a reduced degradation rate 
due to oligosaccharide modification. Serum concentration of thyroid hormones 
has been reported to be decreased, increased, or unchanged during gestation by 
different groups depending on the assays used. However, there is general consen-
sus that there is a transient rise in free T4 (FT4) in the first trimester due to the 
relatively high circulating human chorionic gonadotrophin (hCG) concentration 
and a decrease of FT4 in the second and third trimester, albeit within the nor-
mal reference range [6]. Changes in free triiodothyronine (FT3) concentration are 
also seen in which they broadly parallel the FT4, again within the normal range 
[6]. The precise reason for the decline in free thyroid hormones is not clear, but 
the interaction of TSH, estrogen, and thyroid binding proteins is of importance. 
In iodine-deficient areas (including marginal iodine deficiency seen in many 
continental European countries) the pregnant woman may become significantly 
hypothyroxinaemic with preferential T3 secretion. The thyroidal “stress” is also 
evidenced by a rise in the median TSH and serum thyroglobulin [5]. The increase 
in thyroid volume already referred to is substantially greater in iodine-deficient 
areas.

Thus, pregnancy is associated with significant but reversible changes in thy-
roid function (Table 11.2). The findings associated with the hypermetabolic state 
of normal pregnancy can overlap with the clinical signs and symptoms of thyroid 
disease.

Table 11.1   Physiology of thyroid hormone availability to fetal brain (from [4])
Before onset of fetal thyroid function Between onset of fetal thyroid function and birth
T4 and T3 present in embryonic and fetal 

fluids and tissues
Maternal transfer continues

T4 and T3 are of maternal origin Brain T3 dependent on local production of T3 
from T4 by the action of D2

Nuclear receptors present and occupied 
by T3

Normal maternal T4 protects fetal brain from T3 
deficiency

D2 and D3 expressed in brain Normal T3 in low T4 mother does not prevent 
cerebral T3 deficiency

D2 5′ deiodinase Type 2, D3 5 deiodinase Type 3
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11.2   Human Chorionic Gonadotrophin

The placenta secretes hCG, a glycoprotein hormone sharing a common alpha sub-
unit with TSH but having a unique beta subunit, which confers specificity. Evidence 
derived from in vitro studies on thyroid tissue and on eukaryotic cells stably express-
ing the human TSH receptor (TSHR) suggests that hCG, or a molecular variant, is able 
to act as a thyroid stimulating hormone (TSH) agonist [12], although this is contro-
versial [13]. A screening study of more than 23,000 pregnant women has shown inci-
dence of gestational transient hyperthyroxinemia of 0.285% which has been ascribed 
to elevated hCG levels [14]. No therapy is necessary for this condition. There is good 
evidence that hyperemesis gravidarum (HG), which sometimes requires hospitaliza-
tion because of the development of dehydration and ketosis, may be associated with 
hyperthyroidism due to excess hCG stimulation [15]. The situation is complicated 
by the fact that the modification of carbohydrate structure attached to hCG may alter 
the biological activities of the molecule; for example, asialo-hCG plays a critical role 
in hyperthyroidism during pregnancy and has increased thyrotropic effects [16]. The 
precise relationship between hCG structure and bioactivity is not known, not only 
because of the number and complexity of hCG isoforms, but also because bioactiv-
ity is difficult to measure in a way meaningful to human physiology. An important 
problem is the poor correlation between bioactivity as measured by in vitro and in 
vivo systems. Despite these reservations, it is noteworthy that the hCG produced by 
hydatiform mole tissue as well as that produced in the first trimester of normal ges-
tation, is reported to have high thyroid stimulating specific activity [17]. Therefore 
the development of thyrotoxicosis in gestational trophoblastic neoplasia (GTN) and 
gestational thyrotoxicosis (GT) may be related not only to the high serum hCG con-
centrations, but also to the nature of the hCG isoforms that are produced in these 
settings. The sensitivity of the TSH receptor to hCG has also been demonstrated by a 
unique case report of familial gestational hyperthyroidism caused by a mutant TSHR 
[18]. In this report, a woman and her mother were described who both had recur-
rent gestational hyperthyroidism and normal serum hCG. Both were heterozygous 

Table 11.2   Physiologic changes in pregnancy that influence thyroid function tests (from [6])
Physiologic change Thyroid function test change
 Thyroid binding globulin (TBG)  Serum total T4 and T3 concentration
First trimester hCG elevation  Free T4 and  TSH
 Plasma volume  T4 and T3 pool size
 D3 (inner-ring deiodination)  

due to increased placental mass
 T4 and T3 degradation resulting in 

requirement for increased hormone 
production

Thyroid enlargement (in some women)  Serum thyroglobulin
 Iodine clearance  Hormone production in iodine-deficient 

areas
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Fig. 11.1   Gestational variation  
in thyroid function in normal  
women
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for a missense mutation in the extracellular domain of the TSHR, which was more 
sensitive to hCG than the wild-type receptor. The changes in TBG, thyroid hormones, 
and the relationship between hCG and TSH and FT4 are shown in Fig 11.1.

Data from 606 normal pregnancies show the rise in TBG (top panel) accom-
panied by the changes in FT4 and FT3 concentrations throughout gestation in a 
mildly iodine-deficient area (Brussels). The lower two panels show the relation-
ship between serum TSH and hCG as a function of gestational age and the relation 
between FT4 and hCG in the first half of gestation [5].

11.3   Clinical Relevance of Assessing Thyroid Function  
in Pregnancy

There is good evidence that maternal thyroid dysfunction during pregnancy may 
affect maternal health, fetal health, and obstetric outcome. There is significant over-
lap between the symptoms experienced by normal euthyroid pregnant women and 
those with thyroid dysfunction (hyperthyroidism and hypothyroidism). Clinical 
diagnosis is therefore not straightforward making it essential to have reliable accu-
rate tests of thyroid function in pregnancy. It is becoming clear that normative ges-
tational related reference ranges for thyroid hormones are required for diagnosis.

11.3.1   Hyperthyroidism

Maternal complications of hyperthyroidism include miscarriage, placenta abruptio, 
and preterm delivery. Congestive heart failure and thyroid storm may also occur 
and the risk of preeclampsia is significantly higher in women with poorly control-
led hyperthyroidism, and low birth weight may be up to nine times as common 
[19]. Neonatal hyperthyroidism, prematurity, and intrauterine growth retardation 
may be observed [20]. Women with thyroid hormone resistance who, despite being 
euthyroid, had high levels of circulating T4 had a significantly increased miscar-
riage rate compared to euthyroid unaffected couples [21]. Subclinical hyperthy-
roidism, comprising 1.7% of women, showed no significant adverse pregnancy 
outcomes suggesting that treatment of this condition in pregnancy is not warranted 
[22]. Nevertheless, it is clearly essential to diagnose and treat overt clinical and 
biochemical hyperthyroidism to lessen the rate of complications described above. 
Gestational amelioration of Graves’ disease is often associated with a reduction 
in titer of TSHR antibody (TSHR Ab) and a change from stimulatory to blocking 
antibody activity [23]. A small number of newborns from mothers with Graves’ 
disease develop central hypothyroidism characterized by low FT4 concentrations 
in combination with suppressed TSH levels and a blunted TSH response after thy-
ropin releasing hormone (TRH) administration. This situation may arise because 
of passively transferred T4 from the mother who is hyperthyroid in the short term 
or as a result of longer term (1 month) neonatal hyperthyroidism due to passively 
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transferred thyroid stimulating antibodies (TSAbs). There is a suggestion from the 
clinical description that maternal thyrotoxicosis before 32 weeks gestation may be 
an important time point for the development of central hypothyroidism in the baby. 
The syndrome provides some indication of the effect of excess maternal thyroid 
hormones on the development of the hypothalamic-pituitary-thyroid axis as well as 
the effect of excess neonatal thyroid hormones on the same system [24].

11.3.2   Hypothyroidism

The incidence of hypothyroidism during pregnancy is around 2.5% [25]. The etiol-
ogy is usually autoimmune thyroiditis characterized by the presence of anti-thyroid 
peroxidase (TPO) antibodies. Significant titers of these antibodies are found in about 
10% of women at about 14 weeks gestation. Other causes of hypothyroidism in 
pregnancy include postoperative thyroid failure and noncompliance with existing T4 
therapy. In areas of iodine deficiency the circulating maternal T4 concentrations are 
low, although TSH is usually in the normal range. In this situation the incidence of 
thyroid abnormalities is higher and in particular thyroid autoimmunity may be asso-
ciated with diminished thyroid reserve and an increase in spontaneous abortion.

The diagnosis of hypothyroidism is made by noting an elevated TSH accompanied 
by a low serum FT4. Subclinical hypothyroidism (mild hypothyroidism) is recog-
nized to be as important in its adverse effects affecting mother and neonate as the full 
expression of the disease [26]. Maternal hypothyroxinemia (without increased TSH) 
is also being increasingly accepted as deleterious to the neuropsychological develop-
ment of the child [27]. Care should be taken in the interpretation of TSH concentra-
tions in early gestation due to the thyrotrophic effects of hCG already discussed.

Previous studies have documented the effects of hypothyroidism on maternal 
and fetal well-being, drawing attention to increased incidence of abortion, obstetric 
complications, and fetal abnormalities in untreated women [28]. Women already 
receiving T4 for hypothyroidism require an increased dose during gestation. This 
is critical to ensure adequate maternal T4 levels for delivery to the fetus, especially 
during the first trimester. The dose should normally be increased by 50–100 µg/day 
as soon as pregnancy is diagnosed; subsequent monitoring of TSH and FT4 is then 
necessary to ensure correct and timely replacement dosage [29].

11.4   Maternal Thyroid Disease in Pregnancy: Effect  
on Child Development

Thyroid hormones are major factors for the normal development of the brain. The 
mechanisms of actions of thyroid hormones in the developing brain are mainly 
mediated through two ligand-activated thyroid hormone receptor isoforms [30]. It 
is known that thyroid hormone deficiency may cause severe neurological disorders 
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resulting from the deficit of neuronal cell differentiation and migration, axonal and 
dendritic outgrowth, myelin formation, and synaptogenesis [31]. This is the situa-
tion well documented in iodine-deficient areas where the maternal circulating T4 
concentrations are too low to provide adequate fetal levels, particularly in the first 
trimester. However, concern has been raised that in an iodine-sufficient area mater-
nal thyroid dysfunction (hypothyroidism, subclinical hypothyroidism or hypothy-
roxinemia) during pregnancy results in neuro-intellectual impairment of the child. 
For example, low thyroid hormone concentrations in early gestation have been 
associated with significant decrements of IQ of the children when tested at 7 years 
and 10 months respectively [32, 33], and maternal hypothyroxinemia during early 
gestation may be an independent determinant of neurodevelopmental delay [34]. 
Furthermore, when FT4 concentrations increase during gestation in women who 
have had low FT4 in early pregnancy, infant development is not adversely affected 
[34]. The neurodevelopmental impairment is similar to that seen in iodine-deficient 
areas and implies that iodine status should be normalized in regions of deficiency in 
addition to routine monitoring of thyroid function.

11.5   Clinical Implications of Thyroid Antibodies in Gestation

Although the measurement of thyroid antibodies (TPO antibodies [TPOAbs] and 
TSHR antibodies) does not give any indication as to thyroid function, their presence 
in pregnancy may have significant effects on mother and child. Their measurement 
is discussed in Chap. 6.

TPOAbs are a marker for an increased risk of infertility, miscarriage, and pre-
term delivery [7]. TPOAbs are found in around 10% of women in early pregnancy, 
and are also associated with decreased thyroid functional reserve during gestation 
with possible development of hypothyroidism. Their presence at 32 weeks gesta-
tion has also resulted in a significant IQ decrement in children even when the moth-
ers were euthyroid [35]. It should also be remembered that the finding of TPOAbs 
in early pregnancy imparts a 50% risk for the development of postpartum thyroid 
dysfunction and the whole spectrum of postpartum thyroiditis [36].

TSHR antibodies are present only rarely in gestation (<1%), but do signify the 
presence of Graves’ disease (see above).

11.6   Methods for Measuring Thyroid Function in Pregnancy

The profound changes that occur during the first few weeks following conception 
have consequences for thyroid hormone concentrations and thyroid function assess-
ment. The increase in TBG concentrations is due to both an increase in hepatic 
synthesis of TBG and an estrogen-induced increase in sialylation, which increases 
the half-life of TBG [37, 38], leading to increases in total T4 concentrations early 
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in gestation. At the same time, dramatic increases in serum hCG lead to thyroid-
stimulating activity and decreases in TSH concentrations [39] and seem to be some-
what dependent on ethnicity [40]. In addition, pregnancy-related increases in plasma 
volume and glomerular filtration rate (by approximately 50%), as well as changes in 
deiodinase activity, can lead to decreases in serum iodine concentrations. Moreover, 
due to the general immunosuppressive state during pregnancy [41], thyroid autoim-
mune-related activity is decreased, leading to additional physiological changes that 
result in changes in serum thyroid hormone concentrations.

The limitations of thyroid hormone assessment in pregnancy are worth noting. 
Free hormone assays, based on analog methods that rely on the concentrations of 
binding proteins, are notoriously method-dependent and may give misleading FT4 
and FT3 values in pregnancy. Direct assays with equilibrium dialysis are expensive, 
laborious to perform, and not widely available [42]. Also, gestation-specific refer-
ence intervals for thyroid function tests are not in use in most laboratories.

11.6.1   Total and Free Thyroid Hormone Measurements  
in Pregnancy

Circulating T4 and T3 are at equilibrium of free- and protein-bound hormones. The 
majority of thyroid hormones (>99%) are bound to transport proteins, mainly to 
TBG and to a lesser extent to transthyretin and albumin. Protein binding may pre-
vent thyroid hormones from entering cells to exert their biological effects and also 
provide a storage reservoir. In contrast, the free hormones are present at much lower 
concentrations (picomolar compared to the nanomolar concentrations of total hor-
mones) and are biologically active.

Due to their increased serum concentrations, it has been technically easier to 
develop assays for total thyroid hormones compared to free (free T4 measurements 
discussed in depth in Chap. 5). These assays tend to be regarded as more accu-
rate and valid than free hormone assays. However, changes in the concentration of 
hormone binding proteins have a big effect on the total hormone concentration. In 
pregnancy, estrogen causes an increase in TBG and by the second trimester, total 
T4 concentration correspondingly increases to 1.5 times the concentration typical in 
the nonpregnant individual. Total T4 assays generally agree quite well resulting in 
better defined reference intervals in adults. Due to the changes in serum concentra-
tions in pregnancy, gestation-specific reference intervals for total thyroid hormones 
need to be defined and used [43]. However, in most clinical laboratories total T4 
testing has been replaced with free hormone assays.

The measurement of free hormones has the theoretical advantage that they meas-
ure the biologically active form of the hormone. However, there are difficulties, not 
least due to the lower concentration of analyte, in the requirement that the assay does 
not disturb the equilibrium between protein-bound and free hormone and that the 
assay is unaffected by the much higher concentrations of protein-bound hormone. 
Measurement of free hormones can be accomplished by immunoassay, or more 
recently using isotope dilution mass spectrometry [44] following physical separa-
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tion of the free from protein-bound hormones by techniques such as equilibrium 
dialysis or ultrafiltration[45, 46]. These assays are technically demanding, are lim-
ited to specialized laboratories, and are not in routine clinical use. More often clini-
cal laboratories employ commercially available immunoassays for FT4 and FT3 
that estimate the free thyroid hormone concentrations without physical separation 
from protein-bound hormone [47]. However, recent evaluation of one such com-
mercially available FT4 assay has shown that it correlates more closely to total T4 
assays than to FT4 measured following physical separation from binding proteins 
[48]. In general, commercial FT4 immunoassays are affected to variable degrees by 
the physiological increase in TBG that occurs in pregnancy [49]. For this reason, 
there is significant method-dependant variation in FT4 measurement in pregnancy 
and it is difficult to establish pregnancy-related FT4 reference intervals [50, 51].

In view of the method-related differences and gestation-specific changes in thy-
roid hormone, it is recommend that method- and gestation-specific reference inter-
vals are used for the interpretation of various laboratory results during pregnancy 
[47]. Furthermore, it is becoming increasingly recognized that iodine sufficiency of 
the reference population, as well as the background thyroid autoimmunity, should 
be taken into account and that the reference population be iodine-sufficient [52, 53]. 
To that end, most clinical laboratory reports only provide nonpregnant reference 
intervals for the interpretation of laboratory results. Unfortunately, few, if any, FT4 
immunoassay manufacturers provide appropriate normal pregnancy-related refer-
ence intervals that are method-specific (specific to the method used for hormone 
analysis). It is therefore imperative that method- and gestation-specific reference 
intervals for FT4 are derived in the appropriate reference populations to prevent 
misinterpretation of thyroid status in pregnant women.

11.6.2   TSH Tests in Pregnancy

In general, serum TSH concentrations provide the first clinical indicator of thy-
roid dysfunction. Due to the log–linear relationship between TSH and FT4, very 
small changes in T4 concentrations will provoke very large changes in serum TSH. 
However, in pregnancy, thyroid and pituitary functions are less stable. During early 
gestation TSH is suppressed by 20–50% by week 10 due to the steep increase in 
hCG concentrations [54]. Therefore, maternal serum TSH does not provide a good 
indicator for the control of treatment of thyroid dysfunction, and can lead to mater-
nal underreplacement with levothyroxine (L-T4) or overtreatment with antithyroid 
drugs, which can result in both maternal hypothyroidism and an increased risk of 
adverse fetal brain development. In women with depressed TSH yet normal FT4, 
the parents’ hypermetabolic symptoms may be explained by the additional evalua-
tion of FT3 and FT3 index (FT3I).

Reliable trimester-specific (or gestation-specific) reference intervals for TSH are 
now available. These reference intervals are based on a large enough sample size com-
posed of iodine-sufficient, antibody-free populations, and use a reliable and sensitive 
detection method (Table 11.3). It is important to base these TSH intervals on women 
who have a singleton pregnancy and do not have high levels of hCG or hyperemesis.
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Some trimester-specific reference intervals are available for a specific popula-
tion. These can be useful for others if the instrument and calibration standards are 
similar. More importantly, different populations may differ depending on dietary 
iodine intake, on individual genetic setpoints resulting in a narrow variability in 
intraindividual variability of the thyroid hormone levels, and the interindividual 
variation reflected by the reference interval. In some cases, serum anti-TPO anti-
bodies, anti-thyroglobulin (Tg) and/or TSHR antibody levels can provide other 
information; TPOAbs can predict the risk of hypothyroidism. In pregnant women 
with low TSH hyperthyroidism this is accompanied by TSHR antibodies in 60–70% 
of the cases.

11.6.3   Free Thyroid Hormone Testing in Pregnancy

Laboratory assessment of thyroid function based on free thyroid hormone estimates 
would bypass the problem of increased serum TBG concentrations and correct for 
the 50% increase in serum binding proteins, as well as ruling out binding protein 
abnormalities. If free hormone concentrations are not sufficient, the analysis of total 
T4 and T3 may resolve or confirm some of the issues. Reanalysis of the samples 
in a different clinical laboratory is an option. The normal, expected changes in the 
hormonal milieu and added demands of pregnancy call for normative gestational 
age-related reference intervals for all thyroid function tests.

11.7   Development of Reference Intervals for Thyroid  
Hormones in Pregnancy

It has been established that diagnosing maternal thyroid dysfunction during preg-
nancy is of clinical importance for maternal and fetal health [76, 77]. This requires 
appropriate technology that can measure thyroid hormones with high specificity 
and sensitivity, normal intervals for comparison, and appropriate treatment regimen. 
Several national organizations have published guidelines e.g., Endocrine Society 
Clinical Practice Guideline and Laboratory Medicine Practice Guidelines [53, 78].

Many of the difficulties associated with the laboratory measurements of thyroid 
function tests result from the profound underlying (normal) physiological changes 
that occur during pregnancy. These changes are being unraveled by intense scien-
tific research accompanied by global efforts in educating obstetricians, gynaecolo-
gists, and primary care physicians who are caregivers to women during pregnancy.

Laboratory analysis of serum thyroid hormones denotes results based on sex, 
age, ethnicity, genetics, and iodine sufficiency of the population tested and is 
method-specific. Until recently, all thyroid hormone assays were conducted using 
immunoassay techniques that do not provide a direct hormone measurement and are 
prone to interference from heterophilic antibodies and thyroid hormone antibodies 
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[50, 51]. A more reliable free thyroid hormone estimate is provided by measure-
ment of total hormone concentrations (T3 and T4) and correction for the increased 
binding proteins by either direct measurement of TBG (to provide T4 to TBG or 
T3 to TBG ratios) or by a T3 or T4 uptake test to provide free thyroid hormone 
indices. Availability of these tests depends on the specific clinical biochemical labo-
ratory. Total hormone measurements and free thyroid hormone measurements are 
the most reliable tests with the highest precision and accuracy. Very recently, free 
thyroid hormones have been measured by tandem mass spectrometry, which pro-
vides accurate, precise, fast, and simple measurements [67, 74, 79]. Such methods 
are technically complex, however not generally available yet, and most laboratories 
use immunoassays.

11.7.1   Trimester-Specif  ic Method-Specif  ic Reference Intervals

The Peer-reviewed publications provide numerous trimester-specific popula-
tion-based reference intervals reflecting increasing total hormone concentration, 
decreasing FT4, and TSH suppressed in the first trimester [55–75]. Even though 
this approach will reduce the global variability of thyroid hormone assessment, it 
is important to stress that laboratory- and population-specific ranges are crucial, 
since measurements by different methods in different populations provide very dif-
ferent ranges (see examples shown in Table 11.3). The table is not exhaustive and 
illustrates that even in the same population different ethnicities will have slightly 
different results. In addition, the table illustrates that the results vary with different 
populations even when using the same method.

It should be noted that population-based reference ranges do not take into account 
that each individual has its own genetic setpoint [80, 81]. It was noted that while the 
intraindividual coefficient of variation (CV) was between 6 and 17% [80, 82], the 
interindividual CV was 11–25%. A more relevant way of evaluating this is through 
an individuality assessment, which was below 0.5 in these studies, indicating that 
thyroid function cannot be meaningfully assessed by population-based reference 
ranges [80–83]. Similarly, during pregnancy intraindividual changes may be more 
important than the specific single measurement in relation to a specific reference 
interval. Therefore, despite the reduction of total variability provided by apply-
ing gestation- and method-specific reference intervals, intraindividual variability 
should also be taken into consideration.

11.7.2   Trimester-Specific Thyroid Function Tests

The data provided in Table 11.3 present gestation-specific medians and means for 
different populations worldwide. Some provided reference intervals for FT4, FT3, 
and TSH for all three trimesters. For others total T4 (TT4) and total T3 (TT3) were 
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available, or only two or one of the trimesters were reported. Iodine status was avail-
able for only some of the studies, making comparisons difficult and often clinically 
irrelevant. For pregnant women and women of childbearing age, urinary iodine lev-
els reflecting iodine intake lower than recommended are reflected in higher TSH 
intervals and lower FT4.

Table 11.3 summarizes some trimester-specific thyroid function test data found 
in the literature. The table provides trimester-specific FT4, FT3, and TSH medi-
ans and means ± SEM (when indicated by the country name). The tables com-
bine either longitudinal or cross-sectional studies. Comparison of these data suffers 
from several drawbacks, since some of the studies rely on very few subjects while 
others rely on hundreds and even thousands of participants. There are published 
cross-sectional studies that established mean concentrations for gestation weeks. 
However, these were based on less than ten subjects per week, and sample size was 
not noted for each of the weeks. Most studies did not determine iodine sufficiency, 
thyroid autoimmunity, multiple pregnancies, or hCG levels, all of which influence 
TSH and thyroid hormone levels. Furthermore, inclusion and exclusion criteria are 
not consistent, nor are statistical methods of analysis and in many of the studies 
some intervals are based on 2.5 and 97.5 percentiles (95% intervals), while others 
on 90% intervals. At times it is difficult to compare intervals due to the variation of 
units employed, therefore conversion factors are provided.

An increase in TSH levels is noted in the second and third trimesters in areas of 
iodine sufficiency, while FT4 and FT3 levels decrease. This is not the case in coun-
tries with populations that are not iodine-sufficient, as iodine-deficient populations 
will show TSH stimulation.

In areas of iodine sufficiency, total T4 levels reach a stable level within the first 
few weeks of pregnancy (approximately 40–50% higher than postpartum). In gen-
eral, the trend for lower TSH in the first trimester persists throughout. Also, the 
increase in T4 relative to nonpregnancy and from first to second trimesters is seen 
in most studies. FT4 values need to be viewed with caution since FT4 methods of 
analysis are notorious for their variability in results even within the same study 
population [50, 51]. In summary, it has been recommended that specific reference 
intervals provide a guide for normal ranges of thyroid hormones, age-, sex-, and 
pregnancy-specific. However, for serum thyroid hormone levels to provide a use-
ful measure of clinical and subclinical disease, there need to be appropriate refer-
ence intervals, namely method- and instrument-specific for the particular laboratory 
where samples were tested. A better understanding of thyroid hormone physiol-
ogy during pregnancy, new developments in the technology for thyroid hormone 
analysis, and progress in defining pregnancy-specific reference intervals for thyroid 
hormones have advanced the detection of thyroid dysfunction in pregnancy. There 
are strengths and weaknesses to the available thyroid function tests as outlined in 
two recent guidelines provided by the Endocrine Society [53] and by the National 
Academy of Clinical Biochemistry [78]. Pregnancy-related physiological processes 
should affect TSH concentrations in the first trimester, total T4, T3, and possibly 
free hormone concentrations throughout gestation, and, therefore, normal refer-
ence intervals for pregnancy should be gestation-specific and method-specific and 
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conducted on iodine-sufficient populations that do not include women with anti-
TPO antibodies who are autoimmune. This can prevent misinterpretation of thyroid 
function test results during pregnancy.

Mild-to-moderate iodine deficiency is still present in certain counties or 
geographical areas despite national efforts to implement the mandatory use of 
iodized salt affecting T4 and TSH levels. Furthermore, iodine intake may vary 
unexpectedly because of significant variations in the natural iodine content of the 
local food and water and because of the variability in response to supplementa-
tion. Therefore, in comparing gestation-specific data it is important to note the 
methods of analysis; take into account iodine status, group sample size, subject 
inclusion and exclusion criteria, statistical methods used for data analysis, study 
design (cross-sectional or longitudinal); as well as note ethnicity, age, and single-
ton pregnancy status.

11.8   Screening for Thyroid Function in Pregnancy

It is clear from the information already discussed relating to the effects of thyroid 
dysfunction in pregnancy on both mother and fetus that consideration be given to 
screening thyroid function in pregnancy with the aim of interventional therapy if 
necessary. The development of normative reference ranges for thyroid hormone 
during pregnancy would assist this process considerably. Screening is a strategy to 
detect a disease in asymptomatic individuals in order to improve health outcomes 
by early diagnosis and treatment. The National Screening Committee (NSC) of the 
UK [84] has indicated appropriate criteria for implementation for the condition, the 
test, the treatment, and the screening program (Table 11.4).

With regard to the criteria for screening for thyroid function in pregnancy, it is 
noted that points 1 and 2 are satisfied; 3 is not completed and 4 is unknown. For the 
test, points 5 and 6 are in place and the tests would be acceptable. There is reason-
able consensus on further testing (point 8). Although there is an effective treatment, 
there is no evidence available from point 10.

A limited number of screening studies for thyroid dysfunction in nonpregnant 
adults have been found to be cost effective [85, 86], but there has been no univer-
sal agreement from expert endocrine and thyroid associations (Table 11.5). Dosiou 
et al. [93] have conducted a cost-effective analysis of screening pregnant women 
for autoimmune thyroid disease using a state transition Markov model [94]. They 
concluded that screening pregnant women in the first trimester for TSH was cost 
effective compared with no screening. Screening using anti-TPO antibodies was 
also cost effective. Nevertheless, the recommendation of the clinical practice guide-
line published under the auspices of the Endocrine society is that targeted screening 
should be performed in those women at high risk for thyroid disease. In a study to 
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validate this strategy, Vaidya [95] found that restricting screening to these groups of 
women would miss about one third of women with significant thyroid dysfunction. 
Until the results of carefully controlled randomized prospective outcome studies are 
available the screening controversy will continue.

Table 11.4   Criteria for appraising the viability, effectiveness, and appropriateness of a screening 
program
The Condition
 1. The condition should be an important health problem
 2.  The epidemiology and natural history of the condition, including development from latent to 

declared disease, should be adequately understood and there should be a detectable risk factor, 
disease marker, latent period, or early symptomatic stage

 3.  All the cost-effective primary prevention interventions should have been implemented as far 
as practicable

 4.  If the carriers of a mutation are identified as a result of screening, the natural history of people 
with this status should be understood, including the psychological implications

The Test
 5. There should be a simple, safe, precise, and validated screening test
 6.  The distribution of test values in the target population should be known and a suitable cutoff 

level defined and agreed
 7. The test should be acceptable to the population
 8.  There should be an agreed policy on the further diagnostic investigation of individuals with a 

positive test result and on the choices available to those individuals
 9.  If the test is for mutations, the criteria used to select the subset of mutations to be covered by 

screening, if all possible mutations are not being tested, should be clearly set out
The Treatment
10.  There should be an effective treatment or intervention for patients identified through early 

detection, with evidence of early treatment leading to better outcomes than late treatment 
NSC/criteria

Table 11.5   Recommendations for thyroid screening in pregnancy by expert groups (from [92])
Authority Year Recommendation
American Association of Clinical Endocrinologists 

[87]
2002 Universal screening

Expert panel of American Thyroid Association, 
 American Association of Clinical Endocrinolo-
gists, and The Endocrine Society [88]

2004 Case finding in high-risk group

Second panel of American Thyroid Association, 
American Association of Clinical Endocrinolo- 
gists and The Endocrine Society [89]

2005 Universal screening

British Thyroid Association, Association of  
Foundation [90]

2006 Case finding in high-risk Clini-
cal Biochemists and British 
Thyroid group

American College of Obstetric and Gynecology  
[91]

2007 Case finding in high-risk group

The Endocrine Society [53] 2007 Case finding in high-risk group



228 J. H. Lazarus et al.

11.9   Conclusions

Evidence has been presented that thyroid disorders occurring during pregnancy 
have adverse effects on mother and fetus, which require active management. In 
view of this it is essential to make a correct diagnosis on the basis of the thyroid 
function tests. As thyroid physiology is altered in pregnancy, it has become clear 
that normative gestational reference ranges for thyroid hormone analytes are neces-
sary. While “gold standard methodology” (e.g., tandem mass spectrometry) is use-
ful for accurate standardization of values, in practice the use of kit assays for free 
thyroid hormones as well as routine estimation of total bound hormones are used. 
Gestational reference ranges for these hormones as well as TSH should be available 
in every hospital dealing with pregnancy. The current views on screening for thy-
roid function in early gestation are summarized. It is suggested that the guidelines 
of the endocrine society whereby only targeted case finding is used for screening 
are appropriate at this time, although there are emerging data to suggest that all 
women should be screened.
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12.1   Changes in Normal Thyroid Function with Aging

With aging, the normal thyroid gland has been reported to increase in size, although 
this is not consistent, and some studies show no changes in thyroid gland size or 
weight (reviewed in [1]). Other studies have reported increased rates of thyroid 
gland atrophy and fibrosis, although this may be due to underlying autoimmune 
thyroid disease in the population. Finally, thyroid nodules are much more common 
with aging, with nodules discovered by ultrasound in up to 50% of subjects over the 
age of 50 years [2].

A number of metabolic changes in thyroid hormone economy occur with aging 
(reviewed in [1]) (Table 12.1). Thyroid and renal clearance of iodine are decreased, 
and the daily production of throxine T4 is lower than in young subjects. This is 
balanced by decreased clearance of T4, and serum levels of T4 are maintained in 
the normal range. In contrast, triiodothyronine T3 levels may decrease by 10–20% 
with aging, while reverse T3 (rT3) levels may increase. These findings suggest that 
5′-deiodinase activity decreases with aging. However, these changes are difficult to 
distinguish from those that occur with illness in many elderly subjects. Studies that 
carefully exclude elderly subjects with concurrent illnesses and medications tend to 
show fewer changes in thyroid hormone levels.

Serum TSH levels have been unchanged, lowered, or increased with aging in 
various reports. The normal diurnal variation in TSH levels, with higher levels 
at night, may be attenuated with aging. TSH responses to exogenous thyrotropin 
releasing hormone (TRH) have also been reported to be blunted in some studies, 
although others have reported normal or even enhanced responses. Again, is difficult 
to distinguish these changes from those that occur with illness, and healthier elderly 
subjects tend to have preserved TSH levels and TRH responses. This suggests that, 
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regardless of altered thyroid hormone economy with aging, the majority of healthy 
elderly subjects maintain normal thyroid function.

On the other hand, altered thyroid function is common in the elderly, and may 
have important clinical consequences. It can be challenging to accurately diagnose 
thyroid dysfunction in older patients, since presenting symptoms may be atypical, 
and other comorbid conditions may obscure the diagnosis. For these reasons, it is 
always important to consider the possibility of thyroid disease in elderly patients, 
and to accurately screen for it. The next two sections review the existent data on 
the prevalence, causes, clinical manifestations, diagnostic issues, and treatment of 
thyroid disease in older subjects.

12.2   Hypothyroidism in the Elderly

12.2.1   Prevalence

Hypothyroidism can be divided into overt hypothyroidism (elevated TSH, low free 
T4 [f   T4] levels) and subclinical (or mild) hypothyroidism (elevated TSH, normal 
f   T4 levels). The prevalence of hypothyroidism varies with age, gender, ethnic-
ity, iodine content of the diet, and underlying prevalence of antithyroid antibod-
ies in the population. In patients over the age of 60 years, the prevalence of overt 
hypothyroidism is between 2 and 10% [3]. Subclinical hypothyroidism is even more 
common, with three large population-based studies showing prevalence rates that 
increase with age, reaching 20% in subjects aged 80 years [4–6]. Most studies show 
that overt and subclinical hypothyroidism are more common in women, reflecting 
increased rates of autoimmune thyroid disease in women.

There is a high rate of progression from subclinical to overt hypothyroidism, 
especially in antibody-positive subjects. Long-term follow-up of subjects with ele-

Table 12.1   Age-related changes in thyroid hormone economy (adapted from [1])
Parameter Changes with aging
Thyroid iodine clearance Decreased
Renal iodine clearance Decreased
Daily T4 production Decreased
Daily T4 clearance Decreased
Serum T4 concentrations Unchanged
Serum T3 concentrations Unchanged to decreased
Serum reverse T3 concentrations Unchanged to increased
Serum TSH concentrations Usually unchanged
TSH responses to TRH Unchanged to decreased
Diurnal variation in TSH levels Unchanged to decreased
T4 thyroxine, T3 triiodothyronine, TSH thyroid stimulating hormone, TRH thyrotropin releasing 
hormone
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vated TSH levels and positive antithyroid peroxidase (anti-TPO) antibodies indicate 
that about 4% convert to overt hypothyroidism per year [7]. Higher TSH levels also 
predict higher rates of conversion to overt hypothyroidism. Thus, untreated subjects 
with subclinical hypothyroidism must be followed carefully for the development of 
overt hypothyroidism.

However, it should also be noted that there is a high rate of return to normal 
TSH levels in older subjects who have an elevated TSH. This rate of normalization 
depends on the initial TSH levels, with 50% of subjects who started with a TSH 
of 5–10 mU/L normalizing their TSH levels over time [8]. In contrast, in the same 
study, only 5% of subjects with initial TSH levels of 15–20 mU/L experienced nor-
malization of their TSH levels. Normalization rates were also lower in subjects who 
had positive anti-TPO antibodies, as a marker for underlying autoimmune thyroid 
disease.

12.2.2   Etiology

In iodine-sufficient areas such as the United States, most overt and subclinical 
hypothyroidism is due to chronic autoimmune (Hashimoto’s) thyroiditis. The prev-
alence of antithyroid antibodies increases with age, with frequencies as high as 
30% in women older than 70 years [6]. The presence of these antibodies increases 
the risk of developing subclinical and overt hypothyroidism, and also the risk of 
progression from subclinical to overt hypothyroidism [7].

Less common causes of overt and subclinical hypothyroidism in the elderly 
include thyroid surgery, radiation therapy to the neck, radioactive iodine therapy 
of hyperthyroidism, or central hypothyroidism due to a pituitary or hypothalamic 
disorder. Finally, a number of medications can precipitate hypothyroidism in sus-
ceptible elderly patients; see Chap. 13 for a detailed discussion of these issues.

12.2.3   Clinical Manifestations

Many elderly hypothyroid patients manifest the classic symptoms and signs of 
overt hypothyroidism, including fatigue, cold intolerance, dry skin, and constipa-
tion. However, they may have lower rates of certain clinical findings such as weight 
gain, and many symptoms of hypothyroidism can be confused with other comorbid 
conditions that are common in this population [9] (Table 12.2). In addition, certain 
clinical manifestations may be accentuated in the elderly, including cardiac signs 
and mental status changes. Overt hypothyroidism may precipitate congestive heart 
failure or present as pseudo-dementia in this age range [10, 11]. For these reasons, 
an elderly patient who presents with any findings suggestive of hypothyroidism, 
or deterioration in cardiac status or mental function, should undergo testing for 
hypothyroidism.
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Clinical manifestations of subclinical hypothyroidism are controversial (reviewed 
in [12]). Some studies show increased rates of hypothyroid-type symptoms, decre-
ments in quality of life, abnormal lipid levels, decreased left ventricular function, 
or neuropsychiatric dysfunction in subjects with subclinical hypothyroidism. Some 
treatment studies have shown improvements in these parameters when patients with 
subclinical hypothyroidism are given levothyroxine (L-T4), but this is inconsist-
ent. Very few studies have singled out older subjects, and it is not clear whether 
the elderly have lower or higher rates of these effects. One recent study did report 
an increased risk of developing dementia in older women (but not men) with sub-
clinical hypothyroidism, but this must be considered preliminary data which require 
confirmation in other studies [13]. There are no intervention studies that show the 
risk of dementia can be reduced with L-T4 therapy.

The most intensively studied area in subclinical hypothyroidism regards possible 
effects on the cardiovascular system, with outcomes including cardiac events and 
cardiovascular mortality [14]. There are a number of well-conducted, population-
based epidemiology studies of this issue, with two recent metaanalyses of these 
studies [15, 16]. From these metaanalyses, an interesting age-related phenomenon 
has emerged. It appears that cardiovascular morbidity and mortality is only signifi-
cantly increased in studies that included subjects younger than 65 years. In studies 
with older subjects, there was no increase in cardiovascular outcomes, and two 
studies in the “oldest old” (average age 78 and 85 years at study entry) showed a 
protective effect of subclinical hypothyroidism on physical function and mortality 
[17, 18]. These results can be interpreted to mean that the normal TSH range rises 
with age (further discussed below), and therefore elderly subjects with mild TSH 
elevations are in fact euthyroid, or that low thyroid function may protect the elderly 
in some way, perhaps by decreasing metabolic demands. However, there are no 
intervention studies of L-T4 treatment in subclinical hypothyroidism using cardio-
vascular endpoints, and these theories remain untested.

Table  12.2   Comparison of clinical features of hypothyroidism in young versus old patients  
(from [9])
Clinical feature Young patients (%) Old patients (%)
Fatigue 83 68
Weakness 67 53
Mental slowness 48 45
Chilliness 65 35
Dry skin 45 35
Constipation 41 33
Depression 52 28
Anorexia 13 27
Slowed reflexes 31 24
Weight gain 59 23
Bradycardia 19 12
Hair loss 28 12
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12.2.4   Diagnosis

The diagnosis of hypothyroidism is usually straightforward in the elderly, since 
TSH levels are almost always elevated. Exceptions include rare causes of central 
hypothyroidism, or supervening illnesses and medication use, which can lower TSH 
levels (discussed in Chaps. 4 and 13). There are other occasional causes of elevated 
TSH levels, including recovery from illness and medication effects, discussed in 
Chaps. 10 and 13. With these exceptions, serum TSH levels remain the best screen-
ing test for hypothyroidism in the elderly. Note that there has been recent contro-
versy regarding the true upper limit of the normal range for TSH levels, especially 
in the elderly; this controversy is discussed below.

In a patient with an elevated TSH level, it is helpful to obtain a serum f   T4 level, 
which will distinguish overt (low f   T4) from subclinical (normal f   T4) hypothy-
roidism. This distinction is important, since overt hypothyroidism should be treated, 
while there is controversy over whether to treat subclinical hypothyroidism (dis-
cussed below). Serum T3 levels are not helpful in diagnosing hypothyroidism, 
since they remain normal until the patient is severely hypothyroid, and may also be 
affected by nonthyroidal conditions and medications.

If the serum TSH is elevated but the f   T4 is normal, it is advisable to wait a few 
months and repeat the TSH, prior to determining that the patient has sustained sub-
clinical hypothyroidism. This is because a number of conditions can cause transient 
mild elevations in TSH levels, including recovery from illness, changes in medica-
tions, or various forms of temporary thyroiditis (subacute or silent). In addition, as 
described above, there are high rates of normalization of serum TSH levels in older 
subjects followed over time, particularly if the TSH is only minimally elevated [8].

Once overt hypothyroidism is diagnosed, it is not usually necessary to perform 
any further laboratory evaluation, since this would not change treatment decisions. 
In the case of subclinical hypothyroidism, the presence of serum anti-TPO antibod-
ies may help predict the risk of developing overt hyperthyroidism, but measure-
ment of these is optional. Thyroid ultrasounds or radionuclide scans should not 
be ordered in hypothyroid patients, unless there is a focal anatomic abnormality. 
These tests may show heterogeneous gland texture or uptake, which is common 
in Hashimoto’s Disease. These can be confused with thyroid nodules, leading to 
unnecessary anxiety and testing.

12.2.5   Treatment

Once an elderly patient has been diagnosed with overt hypothyroidism, standard 
treatment is with synthetic L-T4. There is no role for other forms of thyroid hormone, 
including thyroid extract or T3 preparations, especially in the elderly, where they can 
precipitate angina and arrhythmias. L-T4 should be started at low doses (12.5–25 μg 
per day) in the elderly, to avoid acute adverse cardiac effects. Doses are adjusted 
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every 6–8 weeks, following TSH levels, aiming for a mid-normal level. This can usu-
ally be achieved without adverse effects, unless the patient has severe coronary artery 
disease and cannot tolerate full replacement doses of L-T4 (reviewed in [1]).

Because of the controversy surrounding the normal TSH range and effects of 
subclinical hypothyroidism in the elderly, it is not clear whether elderly subjects 
with subclinical hypothyroidism should be treated, and what the target TSH level 
should be. With the absence of definitive data to answer those questions, this deci-
sion must be carefully individualized for a given patient. Many thyroid specialists 
recommend treating patients with serum TSH levels above 10 mU/L, but this may 
not be an optimal strategy in the elderly [12].

Average L-T4 replacement doses are lower in older patients, compared to young 
patients. This is due to the decreased clearance of T4 with age [19]. L-T4 absorption 
is decreased by food, conditions associated with impaired gastric acid production 
(such as atrophic gastritis, common in the elderly), and a number of medications 
discussed in Chap. 13. Other medications affect serum TBG levels, which can 
change L-T4 dose requirements. Patients receiving these medications may require 
significant adjustments of their L-T4 doses.

12.3   Hyperthyroidism in the Elderly

12.3.1   Prevalence

Hyperthyroidism can be divided into overt hyperthyroidism (low TSH, elevated 
f   T4 and/or f   T3 levels) and subclinical (or mild) hyperthyroidism (low TSH, normal 
f   T4 and f   T3 levels). The prevalence of hyperthyroidism depends on gender—the 
cutoff used to define a low TSH level—and the iodine intake of the population. 
Overall, the most common cause of hyperthyroidism in the population is overtreat-
ment with thyroid hormone. If one excludes subjects treated with thyroid hormone, 
the prevalence of hyperthyroidism does not vary much with age. In the large US 
population-based National Health and Nutrition Examination Survey III (NHANES 
III), increased rates of hyperthyroidism were noted as the age range increased [5]. 
However, this increase was accounted for by subjects with known thyroid disease, 
most of whom were receiving L-T4. This indicated that these subjects had iatro-
genic hyperthyroidism due to overtreatment with L-T4. When these subjects were 
excluded, there was a higher rate of hyperthyroidism in younger patients, prob-
ably indicating Graves’ Disease, which is most common in young women. There 
was also a slight increase in the rate of hyperthyroidism in subjects over 80 years, 
which might indicate toxic multinodular goiter in this age range. Otherwise, rates of 
hyperthyroidism were fairly constant across age ranges at about 1–2% of the popu-
lation. Women tend to have higher rates of hyperthyroidism than men, reflecting 
autoimmune disease, although this may become less apparent with aging, as toxic 
nodular goiter and medication use are more prevalent.

The prevalence of subclinical hyperthyroidism in older patients varies according 
to the population studied [3]. In the NHANES III study, half of the reported hyper-
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thyroidism rate of 1–2% was overt, and half was subclinical, hyperthyroidism [5]. 
The natural history of subclinical to overt hyperthyroidism is quite variable, with 
some patients eventually progressing to overt hyperthyroidism, while others remain 
stable or revert to a normal TSH level (reviewed in [12]).

12.3.2   Etiology

In young patients, by far the most common cause of overt or subclinical hyper-
thyroidism is Graves’ Disease, an autoimmune process that leads to stimulation of 
thyroid hormone synthesis and a diffuse toxic goiter. Graves’ Disease remains a 
common cause of hyperthyroidism in older patients, but other etiologies become 
more frequent [20]. Toxic multinodular goiter is reported in about 50% of older 
patients with hyperthyroidism, especially in areas of low or borderline iodine intake. 
It occurs most often in patients with long-standing multinodular goiters, which 
gradually convert to toxic multinodular goiters over time. It can also be precipi-
tated more abruptly by administration of a large iodine load, such as radiocontrast 
agents or amiodarone, to patients with nontoxic multinodular goiters. Less common 
causes of hyperthyroidism in older patients include subacute or silent thyroiditis, or 
rarely central hyperthyroidism due to a pituitary disorder with excess TSH secre-
tion. Finally, a number of medications can cause hyperthyroidism; see Chap. 13 
for further discussion. The most common medication to cause overt or subclinical 
hyperthyroidism in the elderly is thyroid hormone itself, since many patients who 
receive L-T4 (or other thyroid hormones) are inadvertently overtreated [4].

Amiodarone-induced thyrotoxicosis is a particular problem in the elderly, since 
amiodarone is most commonly prescribed to older subjects with significant cardiac 
disease or arrhythmias [21]. The onset of amiodarone-induced thyrotoxicosis can 
cause severe and abrupt deterioration in cardiac status in these patients. There are 
two types of amiodarone-induced thyrotoxicosis. Type 1 is due to the iodine load 
present in amiodarone, while Type 2 is a destructive thyroiditis. In theory, these 
two types of thyrotoxicosis can be distinguished by laboratory testing and thyroid 
ultrasound, and have different treatment options. However, in reality, an individual 
patient may have a mixed type, and the need for urgent treatment often precludes 
detailed laboratory testing. Patients receiving amiodarone should be monitored at 
6 month intervals for thyroid hormone levels to screen for the onset of amiodarone-
induced thyroid dysfunction.

12.3.3   Clinical Manifestations

Classic findings of overt hyperthyroidism in young patients include increased appe-
tite, weight loss, heat intolerance, excessive sweating, diarrhea or loose stools, trem-
ulousness, nervousness, tachycardia, and palpitations. Many of these findings are 
due to the hyperadrenergic state induced by hyperthyroidism. Older subjects may 
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also manifest hyperadrenergic and hypermetabolic symptoms and signs, but they 
are less common [20, 22–25] (Table 12.3). Instead, elderly patients often present 
with unexplained weight loss or cardiac decompensation, without the classic find-
ings of hyperthyroidism. This phenomenon was first described in 1931 by Lahey 
as “apathetic hyperthyroidism” [26]. Fewer elderly patients with hyperthyroidism 
have a palpable goiter, further obscuring the diagnosis. If not recognized, apathetic 
hyperthyroidism can lead to an extensive and expensive evaluation for malignancy, 
gastrointestinal disorder, or cardiac disease.

Most of the data on clinical manifestations of subclinical hyperthyroidism have 
been in the areas of cardiac effects, bone loss, and neuropsychiatric effects (reviewed 
in [12]). However, few of these studies specifically evaluated older patients, and it 
is unclear whether these effects apply to the elderly. In addition, many of these 
studies involved patients receiving exogenous thyroid hormone, often in doses now 
considered excessive, and it is not clear whether the results apply to patients with 
endogenous hyperthyroidism.

A well-documented effect of either overt or subclinical hyperthyroidism in older 
patients is the risk of atrial fibrillation [27]. Many studies have shown that older 
patients with low TSH levels are at markedly increased risk of atrial fibrillation, 
compared to age-matched euthyroid subjects. Elderly patients with atrial fibrillation 
should always have TSH measured to rule out occult hyperthyroidism. The risk of 
atrial fibrillation is a major reason to consider treatment of even mild hyperthy-
roidism in the elderly, since older hyperthyroid patients with atrial fibrillation are at 
increased risk for cerebrovascular embolism and stroke.

Another recent area of concern is the possible link between subclinical hyperthy-
roidism and the development of dementia. A few recent epidemiologic studies have 
reported such a link, including the long-term Framingham study, which reported an 
increased risk in older women (but not men) [13]. However, the putative mechanisms 
are unclear, and the results require further confirmation with other population-based 
studies. There are no intervention studies that show the risk of developing dementia 
can be lowered by treating subclinical hyperthyroidism.

Table  12.3   Comparison of clinical features of hyperthyroidism in young versus old patients  
(from [20, 22–25])
Clinical feature Young patients (%) Old patients (%)
Fatigue/weakness 61–84 27–56
Nervousness 42–99 20–38
Confusion 0 8–52
Sweating 39–95 0–38
Heat intolerance 49–92 0–63
Diarrhea 43 18
Palpitations 89 36–63
Increased appetite 38–61 0–36
Decreased appetite 4 32–36
Weight loss 29–85 35–83
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12.3.4   Diagnosis

The best screening test for hyperthyroidism in the elderly is a serum TSH level, 
which will be low in almost all cases of hyperthyroidism (rare exceptions include 
central hyperthyroidism due to pituitary tumors or other conditions). A normal TSH 
virtually rules out hyperthyroidism. However, many elderly subjects with low TSH 
levels do not have hyperthyroidism. A number of medications and acute or chronic 
illnesses can also cause low TSH levels in these patients (see Chaps. 10 and 13), 
although TSH levels are not usually undetectable. If an elderly patient has a low 
TSH level, a careful assessment and further laboratory testing are necessary to dis-
tinguish true hyperthyroidism from nonthyroidal illness or drug effects.

Older patients with low TSH levels require a serum f   T4 level, which can help dis-
tinguish hyperthyroidism from nonthyroidal illness, and determine the extent of the 
hyperthyroidism. If the f   T4 level is elevated, the patient has overt hyperthyroidism 
and requires treatment. If the f   T4 level is normal, a serum T3 or f   T3 level should 
be obtained. This is because many kinds of hyperthyroidism are characterized by 
relatively excessive T3 production, compared to T4 production. In some cases, this 
leads to pure “T3 toxicosis,” which is treated as overt hyperthyroidism [28]. There 
are also cases of “T4 toxicosis,” where the T4, but not the T3, is elevated. This is 
most commonly due to amiodarone or other iodine-induced hyperthyroid states, 
since iodine blocks T4 to T3 conversion [21]. It also appears to be more common 
in older subjects with hyperthyroidism of any cause, perhaps due to age-related 
decrease in T4 to T3 conversion. T4 toxicosis, like T3 toxicosis, is overt hyperthy-
roidism and needs to be treated.

If both the f   T4 and T3 levels are normal in a patient with a low TSH, there 
are two possibilities: (1) The patient has subclinical hyperthyroidism. This is more 
likely if the TSH is undetectable, rather than low but detectable. (2) The patient has 
a nonthyroid cause of the low TSH, either an illness or a medication. It is important 
to distinguish these two etiologies, if possible, since treatment may be indicated for 
subclinical hyperthyroidism, but not for nonthyroidal illness.

Once a patient has been diagnosed with hyperthyroidism, a 24-hour radioac-
tive iodine uptake is often obtained to determine the cause of the hyperthyroidism 
and determine the best treatment options. Graves’ Disease presents as increased 
24-hour radioiodine uptake, while toxic multinodular goiters may have normal or 
increased uptake. Hyperthyroidism due to excessive iodine intake, such as amiodar-
one-induced thyrotoxicosis, leads to little to no radioiodine uptake. A radioiodine 
scan may be added to the uptake test if there is concern about a toxic nodule or toxic 
multinodular goiter. A thyroid ultrasound may also be indicated if physical exami-
nation or the radioiodine scan indicates the presence of thyroid nodules.

12.3.5   Treatment

Treatment options for overt hyperthyroidism in the elderly depend to some extent 
on the severity of the hyperthyroidism, the medical condition of the patient, and 
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the cause of the hyperthyroidism (reviewed in [1]). Radioactive iodine (I-131) is 
the definitive therapy for Graves’ Disease or toxic multinodular goiter. Younger 
patients often proceed directly to radioactive iodine therapy without preceeding 
medical treatment, but this may not be advisable in an elderly patient or one with 
significant cardiac disease. This is because radioiodine causes temporary release of 
preformed thyroid hormone from the gland. In a young patient, this is well toler-
ated, but this can lead to cardiac decompensation in an older patient. For this reason, 
older patients are usually treated with a thionamide for a few weeks before proceed-
ing to radioactive iodine treatment for Graves’ Disease or toxic multinodular goiter. 
Methimazole is the preferred agent, since propylthiouracil has been associated with 
radioiodine resistance. The most common outcome of radioactive iodine therapy 
is long-term hypothyroidism (more common with Graves’ Disease than with toxic 
multinodular goiter), so thyroid hormone levels in treated patients must be moni-
tored for this development.

Therapy with thionamides is also appropriate for older patients with either 
Graves’ Disease or toxic multinodular goiter, and is preferred in unstable patients, 
since the onset of action is much faster than with radioactive iodine. Propythiouracil 
and methimazole are both available, although methimazole is usually preferred, 
since it is more potent, can be given once a day, and is associated with fewer side 
effects. When given for Graves’ Disease, the thionamide is usually discontinued 
after 12–18 months, to see if a remission has occurred. When given for toxic multi-
nodular goiters, the agent must be given indefinitely.

Surgery is rarely indicated for hyperthyroidism, unless the patient has a very large 
goiter and obstructive symptoms, or a nodule that is suspicious for malignancy. The 
risks of surgery in an older hyperthyroid patient are considerable, and pretreatment 
with beta blockers and thionamides are advisable, if there are no contraindications.

Treatment of iodine-induced hyperthyroidism, such as hyperthyroidism asso-
ciated with amiodarone, can be quite difficult [21]. Radioactive iodine is usually 
ineffective, given the large iodine load, and thionamides may have to be used in 
high doses, with variable efficacy. For Type 2 amiodarone-induced thyrotoxicosis, 
prednisone may be effective. Occasionally, these patients proceed to thyroidectomy, 
which is risky in a patient with decompensated cardiac disease.

There is controversy over whether subclinical hyperthyroidism should be treated 
in the elderly (reviewed in [12]). In a relatively healthy older patient with a mild 
decrease in serum TSH level, it may be sufficient to monitor the patient. How-
ever, as mentioned above, there is a significant risk of atrial fibrillation in older 
patients with subclinical hyperthyroidism [27]. In addition, at least in postmeno-
pausal women, there may be accelerated loss of bone mass [29]. Finally, there is 
recent suggestive (although not conclusive) epidemiologic data on increased risks 
of dementia in subclinical hyperthyroidism in elderly women [13]. Given the vari-
able risks, and the complexities of treatment, this decision should be carefully indi-
vidualized for a given patient. In many cases, it is prudent to administer a trial of 
thionamide therapy to normalize serum TSH levels, rather than to proceed to radio-
active iodine therapy.
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12.4   Thyroid Nodules and Cancer

Thyroid nodules are very common in the population, and increase markedly in fre-
quency with aging. By ultrasound or autopsy studies, almost 50% of subjects over 
the age of 50 years have thyroid nodules [2]. Most of these are small (less than 
1 cm in diameter), and do not require further evaluation unless there are suspicious 
features. Patients with single palpable nodules often have multinodular goiters by 
ultrasound examination.

The recommended initial evaluation for a thyroid nodule is a serum TSH level, to 
rule out thyroid dysfunction [30]. Most patients with thyroid nodules have a normal 
TSH level, but occasional patients have suppressed TSH levels, consistent with a 
toxic nodular goiter, evaluated and treated as above. Patients with elevated TSH lev-
els have hypothyroidism, which also needs to be evaluated and treated as above.

In addition to determination of thyroid function by TSH, patients with thyroid 
nodules should undergo a thyroid ultrasound [30]. This allows the number of nod-
ules to be assessed, since many patients with single palpable nodules have addi-
tional nonpalpable nodules that need to be evaluated. It also allows the nodules to 
be characterized by size and ultrasound features, which help with the assessment for 
risk of malignancy. In general, nodules greater than 1–1.5 cm in diameter or those 
with suspicious ultrasound features should undergo fine needle aspiration biopsy to 
rule out thyroid cancer. The exception is “functioning” or “hot” nodules by radioio-
dine scan, which are virtually never malignant.

Thyroid cancer is most common in young patients, particularly young women. 
Although it is less common in older patients, it leads to increased morbidity and 
mortality with aging [31]. In fact, the single most important prognostic factor for 
thyroid cancer mortality is age, rising steeply after the age of 45 years. For this 
reason, thyroid nodules in the elderly should not be ignored, but should be evalu-
ated aggressively, unless the patient is extremely old or medically frail, since early 
therapy may mitigate the detrimental effects of age on thyroid cancer mortality.

12.5   Challenges in Assessing Thyroid Function in the Elderly

12.5.1   What is the Normal TSH Range in the Elderly?

As TSH immunoassays have improved over the past 30 years, the upper limit of the 
TSH reference range has declined from about 10 mU/L to 4.0–4.5 mU/L with cur-
rent assays. However, even with modern TSH assays, the TSH reference range does 
not follow a normal Gaussian distribution. It is skewed at the upper range, leading 
to an increased number of apparently healthy subjects with high-normal TSH lev-
els. This is especially true with aging, as increasing numbers of older subjects have 
high-normal TSH levels compared to younger subjects [5].
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Recent studies have attempted to discern why the TSH reference range is skewed 
at the upper end. The prevalence of anti-TPO antibodies increases as TSH levels 
increase within the normal range. In the NHANES III study, anti-TPO antibodies 
were present in 5.5% of subjects without any known thyroid disease who had TSH 
levels of 0.4–1.0 mU/L, but were present in 31% of subjects with TSH levels of 
3.5–4.0 mU/L [5]. If subjects with positive anti-TPO antibodies were excluded, the 
upper limit of normal for TSH levels decreased from 4.5 to 4.12 mU/L. If the popu-
lation was further constrained to younger subjects, ages 20–29 years, the upper limit 
of normal further decreased to 3.56 mU/L, illustrating the increased prevalence of 
high-normal TSH levels in aging.

These data have generated two opposing theories. The first argues that the skewed 
TSH distribution represents subjects with occult thyroid disease, as indicated at 
least partly by anti-TPO antibodies [32]. If this is the case, the argument concludes 
that the normal TSH range should be lowered to 3.5 mU/L. Other experts argue 
that the TSH normal range should be lowered even further, to 2.5 mU/L, which 
represents the upper 97.5th confidence interval for TSH levels with a Gaussian 
distribution [33]. This last suggestion has far-reaching public health implications, 
since millions of people in the United States would immediately be diagnosed with 
hypothyroidism. Since older subjects have higher TSH levels, many of these people 
would be elderly, with comorbidities that complicate decisions to treat with L-T4.

The second theory argues that the normal TSH range is skewed because TSH 
levels increase with aging, representing a normal resetting of the pituitary-thyroid 
axis with age [34]. A recent subanalysis of the NHANES data by age supports the 
latter hypothesis [35]. This study showed that TSH levels do follow a Gaussian dis-
tribution at each age range, with mean levels increasing slightly as one moves from 
younger to older populations. Ten percent of subjects over 80 years old without 
anti-TPO antibodies had TSH levels above 4.5 mU/L, and the upper 97.5th percen-
tile for TSH levels in this age range was 7.5 mU/L. Another recent study excluded 
subjects with either anti-TPO antibodies or abnormal thyroid ultrasounds as mark-
ers for autoimmune thyroid disease, more rigorous exclusion criteria than in the 
NHANES III study [36]. The TSH distribution was still skewed in this reference 
population, further supporting the theory that the skewed TSH range is not merely 
an effect of autoimmune thyroid disease [36].

The most relevant point about this controversy is that very little is known regard-
ing clinical effects of TSH levels in the upper-normal range, especially in the eld-
erly (reviewed in [12]). There are a few studies that show correlations between TSH 
levels within the normal range and serum lipid levels, bone density, or progression 
to hypothyroidism. On the other hand, there is no apparent correlation between TSH 
levels within the normal range and symptoms or quality of life, and data on cardio-
vascular endpoints are mixed. Finally, in the “oldest old,” lower thyroid function 
within the normal range appears to have a protective effect on functional status and 
mortality [17, 18]. Finally, it should be noted that there are no rigorous intervention 
trials in older subjects with high-normal or mildly elevated TSH levels and relevant 
clinical endpoints.

In the absence of consensus on this issue, one must use clinical judgment to 
decide what constitutes an abnormal TSH level in an older subject who may have 
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nonspecific symptoms and other medical illnesses complicating the decision. It is 
prudent to err on the side of not treating older subjects with high-normal or mildly 
elevated TSH levels, given the recent NHANES III analysis and the absence of data 
showing beneficial clinical outcomes [35]. For example, one recent expert review 
concluded that treatment is not indicated in very elderly patients if serum TSH lev-
els are lower than 10 mU/L [12]. Once a decision is made to treat an elderly patient, 
it is also prudent to choose conservative L-T4 doses, aim for a mid- to high-normal 
TSH level, and avoid overtreatment.

12.5.2   Altered Presentation of Thyroid Disease in the Elderly

As discussed above, hypothyroidism may present in an altered fashion in older 
patients. More importantly, most of the symptoms of hypothyroidism overlap those 
commonly seen with aging or with other medical conditions, including fatigue, 
weight gain, dry skin, cold intolerance, depression, cardiac symptoms, and cogni-
tive decline. For this reason, the diagnosis of hypothyroidism can easily be over-
looked in elderly patients with multiple comorbidities and symptoms. Although 
universal screening for hypothyroidism in the elderly is a controversial topic, there 
is no question that there should be a low threshold for obtaining a serum TSH in an 
elderly patient with any suggestion of hypothyroidism.

Older patients with hyperthyroidism often do not manifest the classic symptoms 
or signs of a hyperadrenergic and hypermetabolic state, as discussed above. Instead, 
many elderly hyperthyroid patients develop unexplained weight loss, anorexia, car-
diac decompensation or arrhythmia, or neuropsychiatric symptoms. As in hypothy-
roidism, there should be a low threshold for suspecting hyperthyroidism in such 
patients and obtaining a serum TSH level.

12.5.3   The Effects of Comorbid Conditions and Drugs  
on Thyroid Function in the Elderly

A further challenge in diagnosing thyroid disease in the elderly is the confounding 
effect of other illnesses and medications on thyroid hormone levels in this popula-
tion. These issues are discussed in detail in Chaps. 10 and 13. In a given patient with 
abnormal thyroid hormone levels, these issues must be factored into the decision 
regarding whether thyroid disease is present and should be treated.

12.5.4   Risks of Treatment in the Elderly

L-T4 treatment for hypothyroidism is generally considered to be safe, since L-T4 is 
identical to endogenous T4, and since serum TSH levels are a sensitive and accurate 



248 M. H. Samuels

measure of L-T4 dose titration. However, inadvertent overtreatment remains a sig-
nificant problem, with approximately 20% of L-T4 treated patients developing 
decreased serum TSH levels [4, 12]. This is a particularly relevant problem in the 
elderly, who could develop complications of excess L-T4, including weight loss, 
cardiac decompensation, arrhythmias, or bone loss. In addition, even physiologic 
L-T4 doses can precipitate angina in patients with significant underlying cardiac 
disease (reviewed in [1]). For these reasons, L-T4 therapy should be started in low 
doses in elderly patients, especially those with known cardiac disease, and dose 
adjustments should be made gradually. Target TSH levels should be conservative, 
given the recent data on normal TSH ranges in the elderly. Finally, since T4 clear-
ance decreases with aging, lower doses of L-T4 are necessary in the elderly [19].

There are a number of treatment options for an elderly patient with hyperthy-
roidism, as discussed above. This decision depends on the severity and cause of 
the hyperthyroidism, the urgency for treatment, and other underlying medical 
conditions (especially cardiac disease). Radioactive iodine is an excellent choice 
for Graves’ Disease and toxic nodular goiter in the elderly, but there is a risk of 
temporary exacerbation of the hyperthyroid state due to radiation-induced leak-
age of preformed hormone from the gland. While this is well tolerated in younger 
patients, it can lead to clinical deterioration in older patients. For this reason, it 
is prudent to treat the patient with a thionamide before proceeding to radioac-
tive iodine, for a long enough time period to deplete the thyroid gland of excess 
hormone.

Thionamide therapy is an excellent alternative to radioactive iodine for Graves’ 
Disease or toxic nodular goiter in older patients, but they must be informed of the 
risks, which include rash, bone marrow suppression, and hepatitis. These drugs 
should be used with caution in older subjects with underlying bone marrow or liver 
diseases. In almost all cases, methimazole is preferred over propylthiorucil, based 
on its longer half-life and better side-effect profile.
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13.1   Introduction

Understanding and identifying medication-induced changes in thyroid function tests 
is crucial to avoid unnecessary investigations and treatment. This chapter discusses 
the effects of medications on the secretion, transport, metabolism, and absorption of 
thyroid hormones, both endogenous and exogenous (Fig. 13.1).

13.2   Alterations of Thyroid Hormone Secretion

Inhibition of thyroid hormone secretion can be induced with a variety of medica-
tions. Many of these medications are utilized to treat patients with hyperthyroidism, 
while decreased thyroid hormone levels are seen as a side effect of others.

13.2.1   Thionamides

Thionamides are compounds that are actively transported into the thyroid, where 
they inhibit both the organification of iodine and coupling of iodotyrosine residues, 
leading to a fall in serum throxine (T4) and triiodothyronine (T3) levels. Propylth-
iouracil (PTU) and methimazole (MMI) are the thionamides available in the United 
States. Carbimazole, which has an additional carboxy side chain that, when cleaved, 
converts it to MMI, is also available in Europe. The thionamides may also inhibit 
the process of thyroid hormone secretion, which can contribute to the decrease in 
serum T4 and T3 concentrations. Thyroid hormone levels are reduced within a few 
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Fig. 13.1   Summary of medications that influence thyroid function arranged in categories based on 
their likely mechanism of action. T4 thyroxine, T3 triiodothyronine, TBG thyroid binding globulin, 
SERM selective estrogen receptor modifier, TSH thyrotropin

Alterations of thyroid hormone secretion
Thionamides (decreased secretion)
Lithium (most commonly causes decreased secretion, also associated with thyroiditis and 
rarely thyrotoxicosis)
Iodides (increased and decreased secretion, depending on baseline thyroid function)
Aminoglutethimide (decreased secretion)
Ethionamide (decreased secretion)

Changes in T4 and T3 Serum Transport Proteins
Increase TBG
Estrogen
SERMS
Narcotics
Mitotane
5-fluorouracil
Clofibrate
Decrease TBG
Androgens
Danazol
Nicotinic Acid
L-Asparaginase

Competition With T4 and T3 Binding Sites on Thyroid Hormone Binding Proteins
Aspirin
Salsalate
Furosemide (high dose)
Heparin

Induction of Metabolism
Phenytoin
Carbemazepine
Phenobarbitol
Oxcarbazepine
Rifampicin

Inhibition of 5'-Deiodination (activation from T4 to T3)
Amiodarone
Radiographic Contrast Agents (iopanoic acid)
Propylthiouracil
Beta Adrenergic Antagonists (high dose)
Glucocorticoids (dexamethasone)

Central TSH Suppression
Dopamine
Dobutamine
Octreotide
Glucocorticoids (dexamethasone)
Bexarotene
Metformin (though less well established)

Medications with Multiple Effects
Glucocorticoids (TSH suppression, reduced T4 to T3 conversion)
Amiodarone (See table 13.2)
Bexarotene (suppressed TSH, accelerated degradation)
Cytokines (thyroiditis)
Tyrosine kinase inhibitors (eg. sunitinib, sorafenib, and imatinib-impairs thyroid hormone synthesis,
associated with thyroiditis, influences thyroid hormone metabolism)
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weeks in 90% of patients, making the thionamides effective treatment for patients 
with Graves’ disease and other forms of hyperthyroidism [1].

In addition to decreasing thyroid hormone levels by direct effects on the thyroid, 
PTU inhibits the 5′-monodeiodinase that converts T4 to T3 in the periphery, which 
will be discussed elsewhere (Sect. 13.4.2.2).

13.2.2   Lithium

Lithium is commonly used to treat bipolar disorder and conduct disorder. Histori-
cally, patients on long-term therapy with lithium were noted to develop hypothy-
roidism and goiter. Lithium has multiple effects on thyroid function [2]. It causes 
inhibition of thyroid hormone secretion, hypothesized to be a result of decreased 
colloid droplet formation in the follicular cells of the thyroid [3–6]. Decreased 
serum levels of total T4 and T3 in turn lead to an increase in thyrotropin (TSH) con-
centration. Hypothyroidism occurs in up to 34% of patients. This typically occurs 
within the first 2 years of lithium use, but has been documented even after years 
of therapy [7–11]. Lithium-induced subclinical hypothyroidism, with an elevated 
serum TSH and normal free T4 and T3 values, is more common than overt hypothy-
roidism, and is more common in older women [12]. Changes in thyroid hormone 
secretion may also result in goiter, which can be found in up to 50% of patients 
within the first 2 years after starting lithium therapy [8, 9]. In addition to decreasing 
thyroid hormone secretion, animal studies have shown that lithium may also cause 
hypothyroidism by enhancing iodine trapping while inhibiting iodine release and 
coupling [4, 5, 13].

Lithium has also been associated with autoimmune thyroid disease. Patients who 
develop hypothyroidism while taking lithium have been noted to have a higher 
prevalence of pretreatment thyroid autoantibodies when compared to patients who 
remain euthyroid [10, 14, 15]. Lithium has also been reported to induce thyroid anti-
bodies and histological features suggestive of autoimmune thyroiditis [9, 16–18].

Rarely, lithium use has been associated with thyrotoxicosis (decreased TSH and 
increased serum total T4 and T3 levels). Cases of Graves’ disease, toxic nodular 
goiter, and thyroiditis have all been reported to be more frequent in lithium-treated 
patients than in the general population, with Graves’ disease and thyroiditis being 
most common [18, 19].

Lithium effects on thyroid hormone secretion have led to its occasional thera-
peutic use in hyperthyroidism [20, 21] and for increasing radioiodine retention in 
the treatment of Graves’ disease [22] or thyroid cancer [23].

13.2.3   Iodides

The effect of iodinated medications on the thyroid depends on baseline thyroid 
function (discussed in depth in Chap. 3). Overall, the thyroid follicular cell provides 
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protection against wide variations in dietary intake of iodide via an autoregulatory 
mechanism, known as the acute Wolff–Chaikoff effect. In the setting of a large 
intake of iodine, escape from the acute Wolff-Chaikoff effect can occur and normal 
thyroid hormone synthesis and secretion resumes [24].

Iodine-induced hypothyroidism can occur in patients who ingest large quantities 
of inorganic iodide (typically greater than 1–2 mg/day), and fail to escape from the 
acute Wolff–Chaikoff effect. These patients usually have underlying thyroid disease, 
such as a history of autoimmune, subacute or postpartum thyroiditis, or Graves’ 
disease that has been treated with partial thyroidectomy or radioactive iodine abla-
tion [25, 26]. Also at risk are the elderly, newborns, and patients with other chronic 
illnesses such as cystic fibrosis or thalassemia major. In the setting of the large 
iodine load, these patients may experience a reduction in serum free T4 and T3 
concentrations and a resultant increase in serum concentration of TSH [25, 27, 28]. 
Iodine-induced hypothyroidism typically resolves within 2–3 weeks of removing 
the source of excess iodine. If the iodine agent cannot be withdrawn, replacement 
levothyroxine therapy may be required. This overall effect of decreasing thyroid 
hormone levels is utilized in the therapy of hyperthyroidism, where administration 
of iodides causes transient suppression of T4 and T3 secretion [29].

Increased thyroid hormone levels due to iodine, known as iodine-induced hyper-
thyroidism or the Jöd-Basedow phenomenon, can result when iodide-containing 
medications are administered to patients with autonomously functioning thyroid 
tissue in whom the acute Wolff–Chaikoff effect does not take place. This most com-
monly occurs in regions of iodine deficiency, typically in patients with autonomous 
nodular goiter. In regions of iodine sufficiency, iodine-induced hyperthyroidism is 
less common overall, and may be seen in patients with latent Graves’ disease or 
autonomous nodules [30, 31]. The risk of iodine-induced thyrotoxicosis is higher 
in patients with subclinical hyperthyroidism at baseline [32]. The elderly are at 
particular risk, given their increased prevalence of autonomous thyroid nodules and 
apathetic, or silent, Graves’ disease [33, 34]. Excess iodide exposure from diet, 
drug therapy, or use of iodinated contrast agents in radiography leads to hyperthy-
roidism, with increased free T4, normal-to-elevated free T3, and suppressed TSH 
concentrations [32, 35]. The hyperthyroidism typically occurs 4–8 weeks after the 
introduction of the iodine source. Clinical symptoms requiring therapy with antithy-
roid agents may occur even after a single dose of iodide [35]. The thyroid hormone 
changes can last for several months following iodine discontinuation.

Many medications are sources of iodine. In addition to increased dietary iodine 
consumption, iodine-containing drugs that can produce these alterations in thyroid 
hormone levels are shown in Table 13.1 and include potassium iodine solutions, 
betadine vaginal douches, topical antiseptics, the antiamebic iodoquinol, and amio-
darone, which is discussed separately below (Sect. 13.6.2) [36–39]. Radiographic 
contrast agents, for example, those used during coronary angiography or com-
puted tomography, also contain significant amounts of iodine, and can lead to the 
changes in thyroid hormone levels discussed above. In addition, certain lipid-solu-
ble radiocontrast agents can affect the deiodination of thyroid hormones, and will be 
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discussed elsewhere (Sect. 13.4.2.1). Radiocontrast agents deserve special attention 
due to their ubiquitous nature in clinical medicine [40].

13.2.4   Other Medications that Decrease Thyroid Hormone 
Secretion

Long-term use of aminoglutethimide, an aromatase inhibitor antineoplastic and 
antiadrenal agent, has been noted to cause decreases in serum total T4 and T3 con-
centrations. This may not be clinically significant, however, as patients in whom 
this has been described were being treated for postmenopausal breast cancer, and 
had thyroid hormone levels that remained in the normal range despite the small 
reduction [41, 42]. In addition, other medications such as tolbutamide (no longer 
used clinically) and sulfonamides have been reported to cause hypothyroidism in 
rare instances [43].

Ethionamide, used as a second-line agent for multi-drug resistant tuberculosis, 
is structurally similar to MMI, and causes decreases in serum total T4 and resultant 
increases in serum TSH concentrations by decreasing thyroid hormone synthesis 
and secretion. The resultant hypothyroidism is partially reversible following drug 
discontinuation [44, 45].

13.3   Changes in T4 and T3 Serum Transport Proteins

Thyroxine binding globulin (TBG), transthyretin, and albumin are the three major 
thyroid hormone binding proteins. Lipoproteins such as high-density lipoprotein 
(HDL) provide another transport vehicle for a much smaller amount of peripheral 
T4 and T3. Serum thyroid hormone kinetics are modified in the setting of changes 

Table 13.1   Iodine-containing medications available in the United States
Antiarrhythmics Antiamebics
Amiodarone (75 mg/200 mg tablet) Iodoquinol (134 mg/tablet)
Iodides Topical antiseptics
SSKI (38 mg/drop) Povidone-Iodine (10 mg/mL)
Lugol’s solution (5–6 mg/drop) Clinoquinol cream (12 mg/gm)
Douches Ophthalmic solutions
Povidone-Iodine (10 mg/mL) Echothiophate iodide solution (5–41 ug/gtt)
Radiocontrast agents Anticellulite therapy
Diatrizoate meglumine sodium (370 mg/mL) Cellasene (720 µg/serving)
Iothalamate sodium (480 mg/mL)
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in the concentrations of thyroid hormone binding proteins or in the affinity of thy-
roid hormones to the binding proteins.

13.3.1   Medications that Increase TBG

TBG binds over 70% of serum T4 and T3, and changes in TBG concentrations can 
thus affect total T4 and T3 levels [46].

13.3.1.1   Estrogens and Selective Estrogen Receptor Modulators

Oral estrogen therapy, used for estrogen replacement therapy or as an oral con-
traceptive, is known to increase hepatic production of TBG [47–51]. As estrogen 
increases, TBG sialyation increases, which reduces the rate of clearance of TBG 
and increases its half-life in a dose-dependent fashion [52]. This effect occurs after 
approximately 2 weeks of estrogen use, and a new thyroid hormone steady state 
is achieved after 4–8 weeks. Maintaining euthyroidism and a normal serum TSH 
level during this time depends on the ability of the thyroid to transiently increase 
T4 secretion. Women taking exogenous levothyroxine may need a dose increase in 
order to maintain euthyroidism. Commonly used doses of estrogen, such as ethinyl 
estradiol (20–30 µg daily) found in oral contraceptive pills, or conjugated estrogen 
(0.625 mg) cause up to a 50% increase in TBG concentration, which results in an 
increase in serum total T4 of up to 35%, and lesser increases of serum total T3. 
Transdermal estrogen, which bypasses the first pass effect on the liver, does not raise 
serum TBG or total T4 levels [48]. Progesterone therapy, used independently or in 
concert with estrogen therapy, has no independent effect on TBG concentrations.

SERMs, selective estrogen receptor modulators, including tamoxifene, 
droloxifene, and raloxifene, have been shown to reduce risks for breast cancer, post-
menopausal osteoporosis, and serious cardiovascular disease. This class of medi-
cines has a weak agonist effect on the liver, and thus increases TBG concentrations 
more modestly than oral estrogen therapy. Tamoxifen induces TBG and serum total 
T4 level increases, while raloxifene has been observed to cause less significant 
changes in both TBG and serum total T4 [53–55]. Droloxifene, a SERM structurally 
similar to tamoxifen, has been shown to increase serum TSH and TBG concentra-
tions, but does not alter free T4 index values in postmenopausal women [56].

13.3.1.2   Narcotics

Long-term heroin and methadone use have been associated with increased TBG 
concentrations [57–59]. It is difficult to determine if the alteration of TBG is due to 
a specific effect of the narcotic, or from the coexistent liver dysfunction present in 
many of these patients. The free T4 index is normal in the majority of these patients 
[59]. Cocaine has not been shown to have a similar effect [60].
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13.3.1.3   Other Medications that Increase TBG

Mitotane, used as long-term therapy in patients with adrenocortical carcinoma, has 
been shown to increase multiple hormone-binding globulins including TBG. This 
increase was reversed 1 year after mitotane was discontinued [61].

5-Fluorouracil, used weekly to treat breast cancer, has been noted to cause 
increased total serum T4 and T3 levels in the setting of unchanged serum free T4 
levels and serum TSH levels. This change is hypothesized to occur due to TBG 
increases [62]. Clofibrate has similarly been noted to increase serum TBG concen-
trations [63].

13.3.2   Medications that Decrease TBG

13.3.2.1   Androgens

Contrary to the effects of estrogen, androgen therapy decreases levels of serum 
TBG concentrations. Total T4 and T3 hormone levels decrease, serum TSH is 
unchanged, and patients remain clinically euthyroid [64–66]. Hypothyroid women 
on levothyroxine who were treated with androgen therapy for breast cancer became 
hyperthyroid, requiring a reduction in levothyroxine dose [67]. The cause of the 
decrease in TBG concentration associated with androgen administration is not clear. 
It is believed that the effect is transcriptionally mediated, although cleavage of the 
protein may also play a role in increasing its clearance. Long-term use of gluco-
corticoids (discussed below) decreases serum TBG levels in a manner similar to 
androgen therapy (Sect. 13.6.1).

Danazol is a synthetic steroid with antigonadotropic properties used in young 
infertile women to treat endometriosis. It has been noted to cause changes in thyroid 
function tests. Total T4 levels were shown to decrease, with increased T3 uptakes, in 
eight patients receiving 800 mg of danazol daily for 1–5 months [67]. TSH and the 
free thyroid index (FTI) were normal, confirming that these patients were euthyroid 
during danazol therapy. This is thought to reflect danazol’s androgen-like reduction 
in TBG rather than an actual decrease in thyroid function or interference with the 
pituitary-thyroid axis.

13.3.2.2   Other Medications that Decrease Serum TBG

Nicotinic acid, used for treatment of hypercholesterolemia, has been noted to 
decrease serum TBG concentrations by 25%. Decreases in serum total T4 are 
smaller, and no changes have been described in serum TSH or free thyroid hor-
mone levels [68–70]. Patients studied were treated with nicotinic acid in doses of 
3–6 g/day, used in combination with colestipol, for treating hypercholesterolemia. 
Colestipol has not been shown to have direct effects on the thyroid or to alter thy-
roid function tests [71].
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L-asparaginase, an antineoplastic therapeutic, has also been associated with an 
acute deficiency of TBG [72].

13.3.3   Competition with T4 and T3 Binding Sites on Thyroid 
Hormone Binding Proteins

The binding sites for T4 and T3 on serum transport proteins can be inhibited by a vari-
ety of drugs, thus altering serum total T4 and T3 concentrations. Initially, free thyroid 
hormones increase due to drug displacement of T4, but after continued administra-
tion, free T4 and TSH levels normalize, and serum total T4 will decrease. Typically, 
this effect is seen when the offending medications are used in high dosages. These 
effects are well described in vitro, but are less well documented in vivo.

Salicylates, nonsteroidal antiinflammatory medicines (NSAIDs), inhibit T4 and 
T3 binding to both TBG and transthyretin when administered in doses greater than 
2 g/day [73–75]. Similarly, the NSAID salsalate inhibits binding of these thyroid 
hormones to TBG alone, resulting in decreases of serum total T4 (up to 30%) and 
total T3 concentrations [76]. While the above studies have involved high dose, 
long-term NSAID use, effects on thyroid function tests have also been observed 
after shorter courses of therapy. Single-dose aspirin or salsalate decreases both 
total and free thyroid hormone measurements. One week of aspirin or salsalate 
decreased total T4, free T4 (salsalate only), total T3, free T3, and TSH [77]. Ibu-
profen, naproxen, and indomethacin showed no effects on thyroid hormone levels 
after either a single dose or 1 week of therapy. Historically, fenclofenac was noted 
to displace T4 from its binding site as well, though this medication is no longer 
available [78].

Furosemide, a commonly used diuretic, has also been shown to inhibit T4 bind-
ing when used in doses higher than 80–100 mg daily [79–82]. This effect is seen 
more commonly with intravenous than with oral doses. The decrease in serum 
total T4 and increase in serum free T4 may be transient depending on a variety of 
factors, including the dosing frequency of furosemide, the rate of renal clearance, 
and the concentration of serum binding proteins, which can also bind this diuretic. 
It is important to note that both furosemide and aspirin (mentioned above) bind 
T4 sites on transport proteins with affinities several orders of magnitude less than 
that of T4.

Heparin similarly results in increased serum free T4 concentrations. Heparin 
activates endothelial lipoprotein lipase, which hydrolyzes triglycerides into free 
fatty acids. These free fatty acids then inhibit the protein binding of free T4 and 
free T3 [83–86]. Large doses of either subcutaneous or intravenous heparin, both 
fractionated and unfractionated, have been shown to increase plasma and decrease 
tissue concentrations of T4 in vitro, but have not been associated with clinical thy-
rotoxicosis. A similar effect has been noted when serum total and free T4 are meas-
ured shortly after an intravenous injection of 2,000 U of enoxaparin [87–89].
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Flavons are naturally occurring substances similar in structure to thyroid hor-
mone. In rats, a synthetic flavanoid has been noted to be a competitive inhibitor 
of thyroid hormone binding to transthyretin, but not of TBG. Naturally occurring 
flavanoids may have similar effects, but to a lesser degree [90, 91].

13.4   Metabolism of Thyroid Hormones

The hepatic metabolism and deiodination of T4 and T3 can be interrupted by many 
different medications.

13.4.1   Hepatic Metabolism

Induction of hepatic p450 enzyme pathways decreases serum T4 concentrations 
due to a decreased plasma half-life of thyroid hormones, and an increased met-
abolic clearance rate. These effects on thyroid hormone tests are pronounced in 
patients who have abnormalities in their baseline hypothalamic-pituitary-thyroid 
axis, and are unable to compensate appropriately for changes in thyroid hormone 
levels. Treated hypothyroid patients may need levothyroxine dose increases when 
concomitantly treated with drugs that induce p450 pathways.

13.4.1.1   Antiepileptics

Phenytoin and carbemazepine cause euthyroid hypothyroxinemia by augmenting the 
rate of thyroid hormone metabolism by induction of hepatic mixed-function oxyge-
nases, the p450 complex. In vitro studies have shown that they also displace thyroid 
hormones from the serum binding proteins, principally TBG. Carbemazepine has a 
less potent effect on thyroid hormone levels when compared to phenytoin, but may 
potentiate the effects of other antiepileptic medications when used in combination. 
Phenytoin and carbemazepine decrease both total and free T4 and T3 concentra-
tions. Total T4 levels can decrease as much as 40%, while less pronounced reduc-
tions are seen in total T3 [92–96].

Phenytoin may also decrease serum TSH levels and inhibit the TSH response to 
thyrotropin releasing hormone (TRH) [93, 97]. This suggests that phenytoin also 
interferes with cellular uptake of T3 and has stimulatory nuclear effects as a par-
tial thyroid hormone agonist. In addition, the hypersensitivity syndrome associated 
with phenytoin has been associated with transient reversible hypothyroidism in five 
patients [43].

Similar to phenytoin and carbemazepine, phenobarbital activates hepatic 
microsomal enzymes that lead to increased T4 and T3 metabolism [98–100].  
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In patients who have a normal hypothalamic-pituitary-thyroid axis, serum total 
T4, total T3, and TSH concentrations remain within the normal range. However, 
patients who are hypothyroid and on levothyroxine therapy frequently require 
an increase in their levothyroxine dose when concomitantly treated with these 
antiepileptics.

Oxcarbazepine, an antiepileptic designed to reduce the side effects traditionally 
observed with antiepileptic drugs, has less of an effect on the hepatic p450 enzyme 
system. However, this medication is still associated with low serum total T4 con-
centrations and normal TSH levels, suggesting a possible central effect [101].

13.4.1.2   Rifampicin

Rifampicin, an antituberculosis drug, is another potent inducer of the hepatic p450 
complex [102, 103]. Due to increased T4 clearance, significant decreases in serum 
total and free T4 are typically noted in patients treated with rifampicin. The changes 
in T4 are more profound than the changes in T3 levels, as glucuronidation of T4 is 
amplified, while T3 is metabolized by sulfation, which is not affected by changes 
in the hepatic mixed-function oxygenases. Normally, patients compensate for these 
changes by increasing thyroidal secretion of T4; this may result in an increase in 
thyroid size [104].

13.4.2   Deiodination

Deiodination, the sequential removal of iodine from T4, is discussed further in 
Chap. 1. It is the primary metabolic pathway of iodothyronine. Many drugs inter-
fere with the activity of the deiodinase enzymes. T4 5′ deiodinase type 1 (D1) is 
the primary producer of T3 outside of the thyroid, and is the most common deio-
dinase targeted by drugs. Inhibition of this enzyme leads to decreased serum T3 
concentrations. Reverse T3 (rT3) concentrations may be increased, as their metabo-
lism depends on 5′-deiodinase type 1 (D1) activity. Iodinated medications are more 
potent inhibitors of deiodinase activity when compared to noniodinated medicines.

13.4.2.1   Iodinated Medications that Inhibit Deiodinases

One of the multiple effects of amiodarone on thyroid function tests is its inhibition 
of the T4 deiodinase type 1 (D1) enzyme. Amiodarone is further discussed below 
(Sect. 13.6.2).

Certain radiographic agents, in addition to causing iodine-induced hypo- or 
hyperthyroidism, are also inhibitors of T4 deiodination, and have been used in the 
treatment of hyperthyroidism [105–108]. These lipid-soluble radiocontrast agents 
(not currently available in the United States), such as iopanoic acid, sodium ipodate, 
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and tyropanoate, cause decreased plasma clearance of T4, increased serum total and 
free T4, and decreased serum total and free T3. Like amiodarone, these radiographic 
agents likely inhibit 5′-deiodinase type 2 (D2) in addition to 5′-deiodinase type 1 
(D1). The result is a transient initial increase in serum TSH that subsequently nor-
malizes. These medications are slowly excreted and can cause prolonged hypothy-
roidism. These effects on thyroid function tests are in contrast to radiocontrast 
agents that are water-soluble, which do not inhibit deiodination.

13.4.2.2   Non-iodinated Medications that Inhibit Deiodinases

Propylthiouracil (PTU), in addition to its effects on decreasing thyroid hormone 
secretion, also inhibits the conversion of T4 to T3. PTU, but not MMI, inhibits 
the 5′-monodeiodinase that converts T4 to T3 in extrathyroidal tissue. This effect 
is achieved only with large doses of PTU (450–600 mg/day), and results in an 
approximate 25–30% reduction of serum T3 levels after 48 hours [109, 110]. Serum 
TSH concentrations may increase, and the TRH–stimulated TSH response is aug-
mented. These thyroid hormone alterations are completely reversible when PTU is 
discontinued.

Beta-receptor antagonists in general can be useful in treating the symptoms of 
thyrotoxicosis, such as tachycardia, tremor, and anxiety, due to the suppression of 
sympathetic nervous system activity. However, propranolol, a nonselective beta-
receptor antagonist, also has effects on the extrathyroidal metabolism of thyroid 
hormones via inhibition of the T4 5′-deiodinase (type 1) (D1). When given in doses 
greater than 160 mg/day, patients experience a modest decrease in serum T3 con-
centration, primarily from decreased conversion of T4, as well as less marked reduc-
tions in serum T4 [111, 112]. Reverse T3 levels increase from inhibited degredation. 
Patients typically remain euthyroid and have stable serum TSH values.

These effects on serum T4 and T3 concentrations are specific to propranolol, 
and are less applicable to the entire family of beta-receptor antagonists. Atenolol, 
metoprolol, and alprenolol (no longer used due to medication-induced esophagitis) 
have also been shown to decrease T3 levels in patients who are hyperthyroid, but 
not as consistently as and to a lesser degree than propranolol [113].

Dexamethasone similarly inhibits 5′deiodination and is discussed below 
(Sect. 13.6.1).

13.5   Central TSH Suppression

Several medications have been noted to inhibit pituitary TSH secretion, causing 
decreased serum TSH concentrations. Typically, this decrease is less pronounced 
than the TSH suppression that occurs in hyperthyroidism. These medication effects 
can be difficult to distinguish from the changes of non-thyroidal illness in the set-
ting of severe illness, where many of these medications are frequently used.
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Dopamine, when used in doses of at least 1 ug/kg per minute, has been shown 
to suppress serum TSH, the TRH-stimulated release of TSH, and the levels of TSH 
subunits alpha and beta [114–116]. Long-term use of a dopamine infusion may 
result in sustained reductions of TSH as well as reduced T4 and T3 secretion from 
the thyroid. It is important to note that these changes in thyroid function tests have 
not been definitively attributed to dopamine, as they may also be a result of underly-
ing illness [117].

Similarly, one study showed that the use of high doses of dobutamine resulted in 
a significantly decreased TSH concentration in the acute setting, likely from cen-
tral suppression [118]. TSH concentrations remained within the normal range in all 
subjects who started with a normal serum TSH, and remained above normal in the 
three dobutamine-treated subjects with elevated TSH at baseline.

Octreotide, a somatostatin analog, has been shown to decrease TSH secretion 
when used in doses higher than 100 ug/day, with subsequent reductions in T4 as 
well [119, 120]. This medication is occasionally used in the therapy of TSH-secret-
ing adenomas in order to reduce TSH levels, restore euthyroidism, and shrink the 
adenoma. However, long-term use of octreotide does not result in sustained sup-
pression of TSH concentrations, because resultant decreases in thyroid hormone 
secretion stimulate TSH secretion again.

Metformin has been associated with TSH suppression in both normal and 
hypothyroid individuals with and without levothyroxine therapy [121, 209]. Glu-
cocorticoids and bexarotene have similar suppressive effects on TSH secretion and 
are discussed below (Sect. 13.6).

13.6   Medications with Multiple Effects

13.6.1   Glucocorticoids

Glucocorticoids are known to have a variety of effects on thyroid function. High 
doses of glucocorticoids, such as dexamethasone 0.5 mg or greater per day, or hydro-
cortisone 100 mg or greater per day, have been shown to reduce serum TSH levels 
due to central suppression of TSH secretion [122, 123]. The decrease in serum TSH 
is not as pronounced as the TSH reduction found in hyperthyroid patients. Within 
48 hours of withdrawal of short-term glucocorticoids, TSH levels may transiently 
increase to above pretreatment levels. Long-term use of glucocorticoids does not 
result in sustained suppression of TSH concentrations, because a resultant decrease 
in thyroid hormone secretion stimulates TSH secretion again [124].

Higher doses of glucocorticoids, such as dexamethasone 4 mg/day, may cause 
a decrease in serum T3 concentrations within approximately 3 days. Nonthyroidal 
production of T3 decreases by up to 30% due to inhibition of the T4 5′deiodinase 
and increased rT3 production [125–129]. Long-term glucocorticoid therapy leads to 
a decrease in TBG concentration, probably due to decreased transcription, although 
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cleavage of the protein also may play a role in increasing the clearance of TBG 
[130].

These effects on TBG and T3 are associated with insignificant reductions in 
serum T4 concentrations in normal patients. However, T4 secretion is decreased 
when high doses of dexamethasone are given to Graves’ disease patients. It is 
unknown whether the decrease in T4 secretion is a direct result of thyroidal inhibi-
tion or because of decreased thyroid-stimulating immunoglobulin production.

Dexamethasone is the best-studied glucocorticoid, but the effects described 
above may apply to all glucocorticoids when given in comparable doses. These 
effects of reducing T3, and, to a lesser degree, T4, can be utilized clinically to 
decrease thyroid hormone concentrations in thyrotoxic patients.

13.6.2   Amiodarone

Amiodarone is an iodine-rich medication commonly used in the treatment of car-
diac tachyarrythmias. The effects of amiodarone on thyroid function tests can be 
classified as either direct toxic effects from the medication, or effects related to 
iodine. Amiodarone is 37% iodine by weight. The average dose of 400 mg/day pro-
vides over 100 times the recommended daily allowance of iodine per day [131]. 
As a result, changes in thyroid function tests occur commonly in patients treated 
with amiodarone. These effects can be long lasting, as the half-life of amiodarone 
is 100 days. The risk of amiodarone-induced thyroid dysfunction ranges from 2 to 
30%, and depends on two major factors: the individual’s underlying thyroid status 
and regional dietary iodine intake [132].

Euthyroid patients with normal thyroid glands who are treated with amiodar-
one frequently experience changes in serum T4 and T3 concentrations, although 
approximately 90% remain euthyroid [133–135]. Typically, in the acute setting (less 
than 3 months) of amiodarone use, serum TSH and total and free T4 concentrations 
increase, while serum total and T3 concentrations decrease. This is due to direct 
inhibition of hepatic 5′-deiodinase type 1 (D1) and inhibition of entry of thyroid 
hormone into the peripheral tissue [136]. Serum TSH levels increase after the first 
day of therapy, while alterations of T3 and T4 concentrations occur 2–4 days later 
[137]. By 3–6 months after initiation of amiodarone TSH normalizes, with total and 
free T4 levels in the high-normal range and total T3 levels in the low-normal range 
in euthyroid individuals (Table 13.2).

Amiodarone-induced hypothyroidism can occur in patients with a variety of 
risk factors, including underlying Hashimoto’s or autoimmune thyroiditis, positive 
antithyroid antibodies, previous radioactive iodine therapy history, or a partial thy-
roidectomy [138, 139]. Because these disorders are more common in women, ami-
odarone-induced hypothyroidism occurs more commonly in women than in men 
[134]. Overall, amiodarone-induced hypothyroidism is more common than hyper-
thyroidism in regions of iodine sufficiency, and may occur in up to 30% of patients 



264 S. Ananthakrishnan and E. N. Pearce

taking amiodarone [132, 140, 141]. This hypothyroidism is a result of the inability 
of the thyroid to escape from the acute Wolff–Chaikoff effect, in the setting of the 
iodine load from amiodarone. This does not appear to be a dose-dependent effect. It 
may occur within 6–12 months after initiation of amiodarone therapy. Resolution, 
with normalization of serum TSH, can occur after 2–4 months of stopping the amio-
darone, unless there is significant preexisting Hashimoto’s thyroiditis.

Hyperthyroidism related to amiodarone administration, commonly referred to 
as amiodarone-induced thyrotoxicosis (AIT), is classified into two forms, either 
iodine-induced (Type I AIT) or an inflammatory thyroiditis (Type II AIT) [142]. 
The prevalence of these two types is thought to differ based on regional iodine 
dietary intake. In iodine-deficient regions, type I AIT predominates, while in iodine-
sufficient areas such as the United States, AIT is less common overall, and AIT 
type II predominates [132, 134, 143]. Type I AIT, seen most commonly in individu-
als with autonomous thyroid glands who may have preexisting Graves’ disease or 
multinodular goiter, results in augmented T4 and T3 production in the thyroid, and 
a suppressed TSH. This is a result of the excess iodine load provided by amiodar-
one and failure of the acute Wolff–Chaikoff effect [136]. Type II AIT is a destruc-
tive thyroiditis that results from the direct toxic effects of amiodarone on thyroid 
follicular cells, leading to increased total T4 and T3 concentrations. It lasts from 
weeks to months [144]. This can be followed by a hypothyroid phase and eventual 
recovery in most patients. Type I and type II AIT may coexist in a mixed form. Of 
special note is that the resultant thyrotoxicosis from amiodarone can potentiate the 
effects of other medications these arrhythmic patients may be taking, such as war-
farin [145].

A lesser effect on thyroid function tests may result from amiodarone or its metab-
olite, desethylamiodarone, acting as a weak antagonist of thyroid hormone actions. 
The medication and/or its metabolite is a noncompetitive inhibitor of T3 binding 
to E. coli-expressed T3 receptor proteins in vitro [146, 147]. This effect has been 
hypothesized to provide a small contribution to the increase in serum TSH that 
is seen after initiation of amiodarone therapy. However, there is no in vivo data 
demonstrating that amiodarone creates selective target tissue resistance to T3, and 

Table 13.2   Effects of amiodarone on thyroid function tests in euthyroid patients (adapted from 
[208])
Test Duration of treatment

Subacute (up to 3 months) Chronic (>3 months)
T4 Modest increase Remains increased by up to 40% 

above baseline; may be in high 
reference range or modestly raised 

T3 Decreased, usually to low reference range Remains in low reference range or 
slightly low 

TSH Transient increase (up to 20 mU/L) Normal, but may be periods of high or 
low values 

rT3 Increased Increased
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it is likely that changes in TSH result primarily from decreased deiodination, as 
described above.

13.6.3   Bexarotene

Bexarotene, a retinoid X receptor-selective retinoid currently approved for use in the 
treatment of cutaneous T cell lymphoma and under investigation for treating other 
malignancies including thyroid carcinoma, has been observed to cause hypothy-
roidism with a variety of effects on thyroid function tests. Bexarotene suppresses 
TSH promoter activity, TSH mRNA synthesis, and subsequently TSH secretion, 
leading to central hypothyroidism with decreases in total T4 and T3 [148–150]. This 
medication has also been observed to cause changes in the peripheral metabolism 
of thyroid hormones, independent of effects on TSH secretion. Parallel decreases in 
serum T4, T3, and rT3 levels and a modest increase in the T3 to rT3 ratio observed 
in athyreotic patients suggest that accelerated degradation of these hormones occurs 
by pathways other than deiodination,such as hepatic conjugation [151].

13.6.4   Cytokines

Cytokine-based treatments have been associated with thyroid hormone abnormali-
ties [152]. Both interferon-α and interleukin-2 have been associated with the novel 
development of anti-thyroperoxidase antibodies [153–155].

Up to 35% of patients treated with interferon-α may experience changes in thy-
roid hormone levels, although these changes do not consistently occur in the setting 
of the appearance of antibodies [156–159]. It is important to recognize that this 
therapy is used in individuals, including patients with hepatitis C and multiple scle-
rosis, who may be at a higher risk for autoimmune thyroid disease than the general 
population [160]. Interferon-α has been linked to both hypo- and hyperthyroidism, 
and although the mechanisms have not been fully elucidated, the changes are 
thought to be immune-mediated [161, 162]. Inflammatory thyroiditis with thyro-
toxicosis followed by hypothyroidism has also been described [163–165]. Thyroid 
dysfunction of any type appears approximately 3 months after initiation of therapy, 
and persists for months after discontinuation [166]. Women and patients with preex-
isting thyroid auto-antibodies have been noted to be at an increased risk for thyroid 
dysfunction during treatment with interferon-α [157, 165]. Although there are case 
reports associating interferon-β with thyroid function changes, it is not clear that 
there is a true association [167].

Another cytokine, interleukin-2, has been associated with transient hypothy-
roidism in 15–40% of patients, as well as with autoimmune thyroiditis [165, 168, 
169]. In these cases, alterations of thyroid function tests appear to resolve after 
cessation of the treatment [170]. Similar effects on thyroid function tests have been 
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described with denileukin diftitox, a fusion toxin consisting of the enzymatic and 
translocating domain of diphtheria toxin and the ligand-binding domain of recom-
binant human interleukin-2 (IL-2) [171]. Interferon-γ may affect major histocom-
patibility complex class II expression that may increase thyroid autoimmunity [172, 
173].

13.6.5   Other Medications with Effects on Thyroid Function Tests

The tyrosine kinase inhibitor, sunitinib, used for gastrointestinal stromal tumors 
(GIST) and metastatic renal cell carcinomas, may cause thyroid dysfunction and 
thyroid function test alterations. Up to 36% of patients on sunitinib have been noted 
to develop hypothyrodism, based on TSH elevation, at a mean of 50 weeks after 
the initiation of sunitinib therapy for GIST [174, 175]. The risk of hypothyroidism 
appears to increase with longer duration of sunitinib treatment, and may be revers-
ible, although the time course of recovery is not certain. The hypothyroidism may 
be mediated by impaired thyroid hormone synthesis early after initiation of treat-
ment, and followed later by thyroiditis [176]. The thyroiditis, which may include a 
period of thyrotoxicosis, can be followed by either transient or permanent hypothy-
roidism [177]. Alternatively, it has been suggested that sunitinib may inhibit thyroid 
hormone organification, or act as a noncompetitive inhibitor of thyroid peroxidase, 
similar in mechanism to MMI or PTU [178]. A recent study showed that sunitinib-
induced hypothyroidism is not a result of inhibition of iodide uptake [179]. Sunitinib 
may also cause changes in thyroid function tests in thyroidectomized patients taking 
levothyroxine by accelerating the rate of thyroid hormone clearance [180].

Other tyrosine kinase inhibitors have similarly been linked to changes in thyroid 
hormone levels. Imatinib, also used to treat GIST, was noted to increase levothy-
roxine requirements in patients who had also undergone thyroidectomy, most likely 
to be related to increased hepatic metabolism of thyroid hormones [181]. Sorafenib, 
a vascular endothelial growth factor (VEGF) receptor tyrosine kinase inhibitor, has 
also been anecdotally noted to cause both hypo- and hyperthyroidism. Treatment 
has rarely been required. Motesanib, an oral inhibitor of the tyrosine kinases of 
VEGF receptors 1, 2, and 3, platelet-derived growth-factor receptor, and KIT, a 
tyrosine kinase receptor for mast/stem cell growth factor, recently studied in the 
treatment of advanced or metastatic radioiodine-resistant differentiated thyroid can-
cer, has been shown to increase serum TSH levels [182].

Thalidomide, originally marketed in 1956 as a sedative and withdrawn from the 
market due to teratogenicity, is now used as an immunomodulatory therapy for a 
variety of conditions including multiple myeloma. Thalidomide-induced hypothy-
roidism has been reported and up to 14% of patients on thalidomide treatment may 
become subclinically hypothyroid (TSH > 10 mu/L) by 3 months [183–185]. This 
thyroid dysfunction might contribute to some of the known side effects of thalido-
mide therapy, such as fatigue, constipation, and bradycardia [186]. The mechanism 
of hypothyroidism is thought to be the induction of autoimmune damage to the 
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thyroid gland through the medication’s immunomodulatory actions. It promotes the 
production of several cytokines and alters T cell populations, which may trigger an 
autoimmune response. An alternative hypothesis is that thalidomide inhibits secre-
tion of thyroid hormones by a direct action on thyrocytes [187].

Quetiapine has been associated with changes in thyroid function tests [188, 189]. 
This medication, used as an antipsychotic treatment, causes decreases in both free 
and total T4 levels after approximately 6 weeks of therapy. No significant changes 
in TSH have been noted. The mechanism of thyroid hormone alteration has not 
been elucidated, and inhibition of thyroid hormone formation/secretion, altera-
tions to hepatic metabolism, and changes to T4 and T3 deiodination have all been 
suggested.

13.7   Levothyroxine Absorption

The gastrointestinal tract plays a minor role in the metabolism of endogenous thy-
roid hormones, while exogenous levothyroxine requires an intact jejunum and ileum 
for adequate absorption. Eighty percent of orally ingested levothyroxine, used to 
treat hypothyroid and thyroid cancer patients, is absorbed within the first 3 hours 
following drug administration [190]. Because consistent and optimal absorption 
is essential, it is important to identify the prescription and over-the-counter medi-
cations that may interfere with the gastrointestinal (GI) absorption of levothyrox-
ine, causing decreases in serum T4 concentrations, and resulting in increased TSH 
concentrations.

Aluminum hydroxide-containing antacids and sucralfate, used in the treatment 
of gastrointestinal ulcers have been shown to decrease levothyroxine absorption, 
though the latter less consistently so [191–194]. Newer medicines used to treat acid 
disorders in the GI tract, such as H2 blockers and proton pump inhibitors have 
not been shown to have similar inhibitory effects on levothyroxine absorption 
[195–198].

Ferrous sulfate and calcium carbonate independently cause decreased absorp-
tion of levothyroxine and increased serum TSH concentrations in levothyroxine 
treated patients [199–201]. Similarly, other elemental medications such as sevela-
mer hydrochloride and lanthanum carbonate, phosphate-binders used in the treat-
ment of hyperphosphatemia in end-stage renal disease, and chromium picolinate 
(an over-the-counter nutritional supplement) have been recently shown to decrease 
levothyroxine absorption [202, 203]. Raloxifene, a SERM, also decreases levothy-
roxine absorption [204].

Cholestyramine, a bile acid sequestrant, decreases serum T4 and increases serum 
TSH concentrations in hypothyroid patients taking levothyroxine, but not in normal 
subjects [205, 206]. Similarly, colestipol and colesevelam, cholesterol-lowering 
bile acid sequestrants, cause parallel decreases in serum T4 concentrations. These 
medications are occasionally used to treat patients with both exogenous and endog-
enous hyperthyroidism [203, 207].
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These changes in serum T4 and TSH can be minimized by instructing all patients 
to take levothyroxine and the above medications several hours apart.

13.8   Conclusions

There are drugs that may affect thyroid function in numerous ways. They can cause 
hypo- or hyperthyroidism, through effects on the thyroid axis at multiple levels. 
Understanding the effect of these medications on thyroid hormone concentrations, 
and the site of the drug interaction can aid clinicians in anticipating and adjusting for 
these changes, as well as utilizing these drugs in the therapy of thyroid disorders.
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