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Welcome to the American Thyroid Association
2023 Annual Meeting

Dear ATA� Annual Meeting Attendees,

On behalf of the American Thyroid Association� Board of Directors, we are thrilled to wel-
come you to Washington, DC. This year’s meeting is particularly special because it is the

culmination of planning to celebrate the ATA’s Centennial. Our organization has grown and sup-
ported members since its initial inception onDecember 9, 1923, when the Illinois Clinical Clubmet in
Bloomington, IL and created The American Association for the Study of Goiter. This growth and
advancement are chronicled online in our Clark T. Sawin History Resource Center, specifically in
three timelines created by our History &Archives Committee. We’d particularly like to thank Valerie
Anne Galton, PhD, for her leadership of this initiative over the years. The fascinating biographies and
interesting photographs you see represent the culmination of many hours of devoted research by the
key committee members.

This celebration would not be possible without acknowledging the many contributing members.
Wewould like to thank the co-chairs of our Centennial Task Force, Peter A. Kopp,MD, and Elizabeth
N. Pearce, MD, and staff liaison Sharleene Cano, CAE, for their tireless efforts to ensure that our
celebration is enduring. You will see the results of this work in this printed piece and online with the
different manuscripts and videos that were created to capture the spirit of the ATA and highlight the
many accomplishments and advancements of our members over the past 100 years. Thank you to,
Anna M. Sawka, MD, PhD, Angela M. Leung, MD, and Catherine F. Sinclair, MD, the Editors-in-
Chief for Thyroid�, Clinical Thyroidology� and VideoEndocrinology�, respectively, for coordi-
nating these efforts with the Centennial Task Force. Also, a special ‘‘thank you’’ to David S. Cooper,
MD, for his hours of research exploring the Sawin Library resources and working with Dr. Kopp on
the historical manuscript for Thyroid and this year’s Sawin Lecture.

Special thanks to this year’s Annual Meeting Program Co-Chairs, Alexandria M. Dumitrescu, MD,
PhD, and Elizabeth Gardner Grubbs, MD, for creating an exceptional program that highlights science
and innovation from bench to bedside and features two new pre-meeting courses designed to meet our
attendees’ evolving needs.

It goes without saying that we would also like to thank you, the ATA members and supporters, for
being part of our community, being the source of our energy and providing the enthusiasm, talent, and
expertise that makes our organization unique. We hope that this keepsake brings you joy as you
celebrate the centennial onsite with us and look ahead to the next 100 years with pride and excitement
as part of the ATA community. We’ve left some pages at the back of the book for you to gather
signatures and notes from other attendees – consider it your ‘‘ATA Centennial Yearbook’’ of sorts.

With gratitude and thanks,
Julie Ann Sosa, MD, President

Jacqueline Jonklaas, MD, PhD, Secretary
Amanda Perl, Executive Director
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The American Thyroid Association 1923–2023:
Honoring Our Past, Embracing Our Future

David S. Cooper1 and Peter A. Kopp2,3

The year 2023 marks the centennial year of the Amer-
ican Thyroid Association (ATA).Hence, it seems fitting to

briefly review the history of our organization.* The American
Association for the Study of Goiter (AASG) had its beginnings
in the early 1920s when a group of surgeons began to meet
informally in Bloomington, IL, and other medical centers in the
United States as the ‘‘Illinois Clinical Club’’ under the direction
of Edwin Plummer Sloan, a thyroid surgeon.1 The purpose of
these meetings was to update the participants on the latest ad-
vances in thyroid surgery and anesthesia.

Thyroid disease, predominantly manifested as goiter, was a
very common problem throughout the United States. This was
not limited to the ‘‘goiter belt’’ (Upper Midwest, Great Lakes
regions, Appalachians, and Pacific Northwest) with endemic
iodinedeficiency,where the rates of goiter in somecommunities
were>60%.2 In addition,WorldWar I had created a demand for
surgeons, who were then trained in large medical centers, often
in areas of the countrywhere goiter was prevalent. However, on
their return from the war, there were often operative compli-
cations due to the surgeons’ inexperience with thyroid surgery.

It was in this environment that Dr. Sloan proposed an or-
ganization of ‘‘medical men’’ from across the country that
would include not only surgeons, but also experts from all
medical disciplines, to stimulate research into the cause of
goiter (it was not clear that much of it was due to iodine
deficiency at that time), and to advocate for improved treat-
ments and possible prevention. This was to be accomplished

through meetings and subsequent publication of information
about goiter that would be available to all physicians inter-
ested in caring for patients with goiter.

On December 6, 1923, in Bloomington, IL, Dr. Sloan’s
vision was realized in the formation of the AASG (Fig. 1).3 Dr.
Sloan was inaugurated as the first president for the years 1923–
1924 (Fig. 2).{ According to a recollection of the early history
of the society, there were 26 ‘‘Charter Members,’’ including a
Denver surgeon, Seymour D. Van Meter (who initiated the
VanMeter award in 1930 during his presidency), as well as his
daughter, Dr. Virginia Van Meter, who was also surgeon. Of
note, Dr. Henry S. Plummer, an internist, was also one of the
founding members of the society.

The first regular meeting occurred at the Unitarian Church
during January 23–25, 1924, in Bloomington, IL, with >200
physicians in attendance (Fig. 3).4 Lectures included ‘‘An
Analysis of the Types of Goiter with Indications for Treat-
ment,’’ ‘‘Radium Treatment of Goiter,’’ and ‘‘A Review of
Another Years Work with Thyroid Disease’’ by Dr. Frank
Lahey (who could not attend the meeting), and, interestingly,
‘‘Use of Seaweed in the Prevention and Treatment of
Goiter,’’ by Dr. J.W. Turrentine from the U.S. Department of
Agriculture. There were also debates on the causes and

1Division of Endocrinology, Diabetes, and Metabolism, The Johns Hopkins University School of Medicine, Baltimore, Maryland, USA.
2Division of Endocrinology, Diabetes and Metabolism, University Hospital of Lausanne and University of Lausanne,

Lausanne, Switzerland.
3Division of Endocrinology, Metabolism and Molecular Medicine, Feinberg School of Medicine, Northwestern University, Chicago,

Illinois, USA.

*Much of the history of the ATA to be recounted in this review is
contained in society meeting minutes that are available in the ATA
archives, funded in part by the Clark T. Sawin, MD, History and
Resource Center at the ATA offices. The Transactions of the
American Association for the Study of Goiter, also included in the
ATA archives, and that were published by various journals over
the years, including the Journal of Clinical Endocrinology, served
as an additional source of information. Finally, the Daily Panta-
graph, the Bloomington, IL, newspaper (provided by the McLean
County [IL] Museum of History), provided documentation about the
initial meeting of the AASG in January 1924.

{According to a document by J. Rudolph Yung dated October 2,
1950, entitled ‘‘American Association for the Study of Goiter: Early
History; International Conference on Goiter’’, the founding mem-
bers of the American Association for the Study of Goiter were
Elmer R. Arn*, Joseph L. DeCourcy, Frank Deneen, Frank B.
Dorsey*, J.W. Dreyer, William Englebach, Gordon S. Fahrni*,
L.W. Frank, N.W. Gilette, Arthur E. Hertzler, J. W. Hoschelle, A.S.
Jackson, H.M. Joy, R.A. McGillicuddy, G.W. Newell, A.J. Paulson,
H.S. Plummer*, A.F. Renneker, Marcus O. Shivers*, R.G. Stevens,
Edwin P. Sloan, A.C. Scott, Seymour Van Meter*, Virginia Van
Meter (?), F.S. Wetheraell, and J. Rudolph Yung*.
*Indicates individuals who became presidents of the AASG. This
document is stored in the ATA Archives in a volume entitled
‘‘American Goiter Association History and Minutes 1923–1949.’’ It
remains unknown whether this manuscript has ever been published.

THYROID
Volume 33, Number 0, 2023
ª Mary Ann Liebert, Inc.
DOI: 10.1089/thy.2023.0409 (Pages 1–7 ahead of print)
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classification of goiter, with emphasis on the benefit of ap-
propriate classification,{ which might, importantly, lead to
nonoperative treatment.

In addition to >50 lectures during the 3-day meeting, op-
erative clinics were held each day at 2 local hospitals where
surgeons demonstrated the latest surgical and anesthetic
techniques (Fig. 4). Interestingly, the names of the patients
who were to have surgery were published in the local
newspaper (The Daily Pantagraph, Bloomington, IL) each
morning.

The first meeting of the AASG concluded with the an-
nouncement that the officers would continue their role in the
following year, and that the site of the following years’
meeting was yet to be decided (the meeting, in fact, took
place in Bloomington, IL, in conjunction with the annual
meeting of the AmericanMedical Association in Chicago). In
1959, the AASG was incorporated in the New York State as
the American Goiter Association, and in 1961 the name was
changed to the American Thyroid Association (Fig. 1).

Programmatic Themes 1923–2023

The founding members of the AASG were focused on the
improvement of thyroid surgery and outcomes, still a sig-
nificant challenge in the 1920s. Gordon S. Fahrni, a founding
member of the AASG, wrote in his recollections in 1973: ‘‘Its
birth was a response to a need across the country to increase
our knowledge of the whole subject and improve the care of
people so afflicted.’’4

The subsequent developments are reflected in the topics of
the meeting programs and abstracts, in publications, and the
membership composition (see Composition of the ATA by
Medical Specialty and Sex). Accompanied by numerous
scientific, medical, technological, and societal developments,
there has been a constant and dynamic development, which
has impacted the focus and the composition of the ATA.
A detailed summary of these milestones is not possible due to
space constraints, but the timelines in the Clark T. Sawin
History Resource Center illustrate the landmarks in the his-
tory of the ATA,3 the International Goiter and Thyroid
Meetings,5 and the history of thyroidology (Fig. 1).6

Composition of the ATA by Medical Specialty
and Sex

In the beginning, the AASG was composed almost exclu-
sively of male surgeons.4 Despite a focus on surgical aspects,x

the group had an interest in nonsurgical topics related to the
thyroid already at the inaugural meeting in January 2024. For
example, Dr. Henry Plummer spoke, although the topic of his
address is not known. Presumably, it related to the use of po-
tassium iodide to prepare patients with Graves’ disease for
thyroidectomy, an approach that significantly improved the
outcomes of hyperthyroid patients undergoing surgery.4,7

Dr. Plummer would go on to become the first nonsurgeon
to be elected president of the society in 1933. At the January
1927 meeting in Philadelphia, James Howard Means spoke
on ‘‘The Development of Our Knowledge of the Thyroid
Gland.’’ Dr. Means would later become the second non-
surgeon to become president of the society in 1948. From the
early days, the AASG was committed to integrate other dis-
ciplines interested in thyroid pathophysiology.** However,

FIG. 2. Edwin Plummer Sloan, first president of the
American Society for the Study of Goiter. Dr. Sloan was
born in Missouri and graduated from medical school in
1898. After a surgical residency, he received additional
training at clinics in Berlin, Germany, and with Theodor
Kocher in Berne, Switzerland. Further information can be
found in the Clark T. Sawin History Resource Center of the
ATA that includes biographical notes and pictures of all past
presidents.9

FIG. 3. Call for the first meeting of the American Asso-
ciation for the Study of Goiter. From N Engl J Med 189:
961, 1923.

{In 1924, a committee of the AASG was formed to better un-
derstand and classify goiter, and, working with other American and
European experts, proposed, after five years of work, a definition of
goiter that was ‘‘a disease of unknown cause and numerous char-
acteristics of which are disturbance of functions and enlargements
of the thyroid gland.’’ In addition, a classification of goiter was
proposed, which, in its simplest form, divided goiter into four ca-
tegories: diffuse nontoxic goiter, diffuse toxic goiter, nodular non-
toxic goiter, and nodular toxic goiter.

xRecollections of Gordon S. Fahrni: ‘‘The first decade in the life
of our Association typified somewhat, that of a Surgical Club, the
members of which assembled each year to compare experience and
to work toward a broader perspective.’’2

**Recollections of Gordon S. Fahrni: ‘‘Basic in this plan was to
bring into membership the other branches of our profession inter-
ested in thyroid problems. In this we were successful and some of
our first recruits were internists and research workers in this field,
then followed endocrinologists and biochemists and as the years
went by our membership increased and broadened to include all
phases of effort in thyroid problems.’’2

4 COOPER AND KOPP



unfortunately, there did not appear to be a formal breakdown
of medical specialty within the organization until 1961
(Fig. 5).

At that time, *50% of active members were surgeons
and the other half were composed mostly of endocrinolo-
gists and internists in equal proportion. Over the subse-
quent three decades, the number of surgeons in the
organization decreased dramatically to only 3% in 1990.
The reasons for this decline are uncertain, but possibly
relate to a decrease in nontoxic goiter prevalence due to
iodine sufficiency in the population, as well as a decrease in
surgical therapy for many thyroid conditions, especially
Graves’ disease and toxic nodular goiter. Beginning in
2000, there has been a welcomed increase in the proportion
of surgeons, both endocrine surgeons and head and neck
surgeons. This is likely reflective of the increase in the
prevalence of thyroid nodules and thyroid cancer, as well as
important advances in thyroid cancer care. Over the years,

FIG. 4. Goiter surgeons have a busy day. Excerpt of the
The Daily Pantagraph, Bloomington, IL, January 25, 1924
(page 3), describing educational events presented at the first
meeting of the American Association for the Study of Goiter.
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FIG. 5. Demographic development by specialty groups
within the ATA.

FIG. 6. Virginia Kneeland Frantz, first female president of
the ATA in 1962. Dr. Frantz pursued medical studies at
Columbia College of Physicians and Surgeons, graduating
in 1922, and she became the first woman surgery intern at
New York Presbyterian Hospital. In 1935, she described
insulin-secreting tumors of the pancreas in collaboration
with Dr. Allen Whipple. In 1942, she was involved in the
pioneering study demonstrating radioiodine uptake in a
metastatic focus of well-differentiated thyroid cancer but not
in coexisting poorly differentiated metastases.9,10
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there have always been society members who were pa-
thologists, basic scientists, radiologists, and pediatricians,
and these proportions have remained relatively stable over
time. Paralleled by the development of systemic therapies
for advanced thyroid cancer, the ATA membership now
also includes a group of dedicated oncologists.

Initially, the AASG was composed entirely of men (with
the exception of Dr. Virginia Van Meter), reflecting the
paucity of women physicians in the United States. Dr. Vir-
ginia Van Meter did address the group at the January 1925
meeting in Bloomington, IL, on the topic of ‘‘Goiter Survey
in the Public Schools of Denver.’’ In reviewing minutes of
society meetings and member participation lists at annual
meetings is difficult to extract information about the ma-
keup of the organization by sex, since the listings utilize first
name initials, so the sex of individual participants cannot be
identified.

Dr. Virginia Frantz, an esteemed thyroid pathologist at
Columbia University became the first woman president of the
ATA in 1962 (Fig. 6). The number of women members in the
society has continued to increase progressively over the past
several decades, reflecting increasing number of women in
medicine in general, and in endocrinology and surgical spe-
cialties in particular. By the year 2020, 44% of ATA mem-
bers were women (Fig. 7). There are currently no reliable
longitudinal or cross-sectional data on ethnic/racial back-
ground, minorities, and diversity.

Mission and Perspectives

The ATA’s vision is committed to achieving the goal of
Optimal Thyroid Health for All, and its mission statement is
Transforming thyroid care through clinical excellence, edu-
cation, scientific discovery and advocacy in a collaborative
community.

Efforts toward clinical excellence and education
are strongly supported by the ATA’s dedication to devel-
oping high-quality guidelines, the educational meet-
ings, and its publication portfolio. Thyroid, the official
journal of the ATA, was launched in 1990 with Dr. Jerome
Hershman as founding editor.8 It is complemented by

Clinical Thyroidology (year of inception 1988), Clinical
Thyroidology for the Public (2008), and VideoEndocri-
nology (2014).

Scientific discovery is, in part, dependent on appropriate
funding, sources that must be defended. Much work needs to
be done toward the elimination of national and global dis-
parities and inequities in terms of access to health care and
education. The ATA is committed to valuing diversity and
integration, and the organization is embedded in a global
context. Worldwide collaborative efforts and connections are
key to respond to the challenges of the future with con-
structive and sustainable solutions.

All these goals can only be achieved by ongoing engage-
ment and citizenship of the ATA membership and, as illus-
trated by our history, openness to dynamic change and
reorientation. To quote Gordon Fahrni: ‘‘. our Thyroid
Association, . kept pace with and helped to stimulate and
develop the sequence of changes over the years of which we
are all so proud.’’4

Let us enter into the ATA’s new century with a renewed
commitment to the prevention and innovative treatment of
thyroid disorders, with dedication to excellence in clinical
care and research, and with a collaborative approach and an
inclusive membership.
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Thyroid Hormone Metabolism:
A Historical Perspective

Valerie Anne Galton1 and Arturo Hernandez2

In this article, starting with the recognition that iodine is essential for normal thyroid function and is a
component of thyroid hormone (TH) molecules, we discuss the many seminal observations and discoveries that
have led to identification of various pathways of TH metabolism and their potential roles in TH economy and
action. We then recount evidence that TH metabolism participates in maintaining the appropriate content of
active hormone in a TH-responsive tissue or cell. Thus, metabolism of the TH is not merely a means by which it
is degraded and eliminated from the body, but an essential component of an intricate system by which the
thyroid exerts its multiple regulatory effects on almost all organs and tissues. The article ends with a summary
of the current concepts and some outstanding questions that are awaiting answers.

Keywords: deiodinases, thyroxine, thyroxine glucuronide, thyroxine sulfate, triiodothyronine

Introduction

In 1820, Coindet reported that the newly discovered
element, iodine, could be used successfully to treat en-

demic goiter, suggesting that it is important for normal
functioning of the thyroid gland (1). In 1874, Gull published
the symptoms of a disease that he described as a cretinoid
state supervening in adult life in women (2), and in 1878, Ord
proposed the termmyxedema for this disease and noted that it
was associated with atrophy of the thyroid (3).

Five years later, J and A Reverdin described the clinical
picture following 21 thyroidectomies and called it ‘‘myx-
oedème opératoire’’ (4,5), and Kocher reported the results of
200 thyroidectomies performed by himself and other sur-
geons in Switzerland and Germany. He termed the resulting
condition, which resembled that of myxedema, cachexia
strumipriva (6).

In 1888, a committee that had been established to consider
these conditions reported their conclusion that myxedema,
cretinism, and the conditions that resulted from total thy-
roidectomy resulted from impaired thyroid function (7). In
1890, Bettencourt R and Serrano J-A reported rapid im-
provement in a patient with myxedema who had received a
graft of sheep thyroid (8), and a year later, Murray showed
that myxedema could be successfully treated with daily in-
jections of sheep thyroid extract (9).

Then in 1896, Baumann reported that the thyroid gland
contained significant amounts of iodine, contained predom-
inantly in a protein fraction that on hydrolysis yielded a
substance that ameliorated symptoms of myxedema in wo-
men and thyroidectomy in animals (10,11). Chemical puri-
fication of an active principle from the thyroid, which
contained 65% iodine, was achieved by Kendall in 1914 and
he named it thyroxin (12). Harington determined that the
compound is a p-hydroxyphenyl ether of tyrosine, with io-
dine atoms located in the 3,5,3¢ and 5¢ positions, and he re-
named it thyroxine (T4) (13) (Fig. 1).

Although it was then evident that most of the biological
activity of the thyroid was due to T4, it was not clear whether
it was also the circulating hormone. In fact, it was not until
1948 that Taurog and Chaikoff, using [131I]T4, found that in
normal animals, most (if not all) of the organic iodine in the
circulation consisted of T4 reversibly bound to plasma pro-
teins (14). This was unequivocally confirmed by Laidlaw,
using the newly developed technique of paper chromato-
graphic analysis (15).

Studies of T4 Metabolism In Vivo

In the 1940s, the availability of radioactive iodine and
paper chromatography opened up a new era of thyroid hor-
mone (TH) research, including studies of T4 metabolism.
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Gross and Leblond reported that 2 hours following injection
of [131I]T4 into rats, up to 50% of the injected radioactivity
was located in the liver, bile, and gastrointestinal tract, and
after 24 hours, as much as 80% was located in the feces as
[131I]T4, while 10% appeared in the urine as [131I]iodide (16).

Taurog et al. demonstrated that majority of the organic
iodine in bile was T4-glucuronide (T4G), a compound
formed by conjugation of glucuronic acid (GA) with the
phenolic hydroxyl group of T4 (17). T4 was also present in
bile in the form of a sulfate ester (T4S) (18). The conjugated
forms were shown to be readily hydrolyzed in the intestine
and thus T4 was excreted in feces in the unconjugated form
(17,18). Initially it was felt that this metabolic pathway was
solely a means by which the liver eliminated excess T4 from
the body. However, Albert and Keating, using a physio-
logical level of [131I]T4, demonstrated the presence of en-
terohepatic circulation of T4, as indicated by the finding that
the rate of secretion of radioactivity into the bile was much
higher than its rate of excretion in the feces (19). The pro-
portion of hormone resorbed from the intestine and the
relative fractions of hormonal iodine excreted in urine and
feces were found to vary widely among species (20).

Many derivatives of T4, including 3,5,3¢-triiodothyronine
(T3) and 3,3¢5¢-triiodothyronine (rT3) (Fig. 1), and the acetic
acid derivatives of both T4 and T3 (tetrac, TA4, and triac,
TA3), can also undergo conjugation with GA and esterifi-

cation with sulfate. Several studies indicate that whereas T4
appears to conjugate more readily with GA in the liver, T3 is
esterified primarily with sulfate (21).

In rats given exogenous T4, the clearance rate of T4
through the hepatic/fecal route steadily increases as the dose
of T4 is raised, suggesting that the process participates in
regulation of the serum T4 level (20). T4G is also formed and
sequestered in the kidney, and it has been suggested that this
organ provides an additional mechanism for regulating the
circulating T4 level (20).

TH also can undergo oxidative deamination and decarbox-
ylation. In 1954, Jouan et al. reported the presence of triac in the
kidneys of rats given [131I]T3 (22), and Albright et al. demon-
strated the formation of both Tetrac and Triac from the parent
hormones in rat kidney slices (23). Both analogs are formed
from endogenous T4 and T3 in the liver and kidney (24).

However, although the acetic acid analogs have significant
thyromimetic activity, the importance of thismetabolic pathway
and the physiological role of endogenous acetic acid analogs
were unknown at the time (21). The pathways of T4metabolism
recognized by the end of the 1970s are shown in Figure 2.

The Role of T4 in TH Action

Although by the 1950s it was recognized that T4 is
quantitatively the major iodinated compound secreted by the

FIG. 1. Chemical structures of Thy-
roxine (T4), 3,5,3¢-triiodothyronine (T3)
and 3,3¢,5¢-triiodothyronine (reverseT3,
rT3).

FIG. 2. Pathways of metabolism
and excretion of T4 identified by
1980. 5¢D, 5¢-deiodination; 5D,
5-deiodination; NB, significant
amounts of T4G are also formed
and stored in the kidneys; T4G, T4
glucuronide; T4S, T4 sulfate; TA4,
tetrac tetraiodothyroacetic acid.
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thyroid and present in circulation, there was some doubt that
it was the active form of the TH. The observations that T4 had
a long latent period of action when administered in vivo and
had no significant effect when studied in tissues in vitro
suggested that it had to be metabolized in peripheral tissues to
an active form.

This concept was substantiated when T3 was identified in
the thyroid and circulation by Gross and Pitt-Rivers. They
showed that T3 was more potent, and its action more rapid,
than T4 and hypothesized that T3 was the active form of the
hormone and T4 was its precursor (25). However, the nec-
essary proof was elusive. As early as 1955, Pitt-Rivers
pointed out that although rats responded more rapidly to T3
than to T4, the response was still measured in hours and
injected [131I]T3 disappeared more rapidly from the body
than did [131I]T4. Furthermore, T3 also appeared to be in-
active when added to tissue preparations in vitro.

Arguably, the more significant issue was that, despite
several attempts, the presence of [131I]T3 following injec-
tion of [131I]T4 into athyreotic humans could not be un-
equivocally demonstrated. Although in 1955 Pitt-Rivers
and Stanbury reported the presence of [131I]T3 in circula-
tion of patients given [131I]T4 (26), Stanbury became con-
cerned that the reported data yielded curves for the
appearance of labeled T3 and failed to conform to the theory
that T3 was formed from T4 by a simple precursor–product
relationship. There was also considerable overlap of T4 and
T3 on the chromatograms. He repeated the study in six
patients using a solvent system that provided excellent
separation of the two hormones and found no evidence of
any T4 to T3 conversion (27).

Attempts to detect T4 to T3 conversion in vitro were also
largely unsuccessful. Although conversion of [131I]T4 to
[131I]T3 in rat kidney slices was reported (28,29), the
findings could not be confirmed (23), and many other
groups were unable to demonstrate [131I]T3 generation
from [131I]T4 in a variety of tissues despite the fact that
deiodination of T4, as evidenced by the release of
[131I]iodide, clearly occurred (21).

At this point, concern was growing regarding the physio-
logical significance of studies of T4 deiodination in vitro.
There were many reports describing the presence in tissues,
particularly in broken cell preparations, of T4 deiodinating
systems that were heat stable and thus unlikely to bemediated
by an enzyme. Furthermore, several compounds were not
only found to stimulate deiodination, including hydrogen
peroxide, flavin compounds, ferrous ions, and ascorbic acid,
but most of the effects were also obtained in heat-treated
tissue preparations.

In all these studies, the reaction product was invariably
inorganic iodide, but no T3 was generated. These diverse
studies, the possible mechanisms involved, and their physi-
ological significance are considered in a 1963 review (21).

By the mid-1960s, it was felt that the results obtained in
studies of T4 deiodination in vitro were of questionable
physiological importance, and investigators focused on
studies in vivo, in particular the isotopic equilibrium tech-
nique developed by Van Middlesworth (30). This involved
giving rats a daily injection of [131I]T4. Once the daily output
of radioactivity in urine and feces became constant, the
model could be used to test the effects of conditions or sub-
stances on the urinary output of [131I]iodide as a measure of

T4 deiodination. For example, Van Middlesworth used this
technique to demonstrate that 6-n-propyl-2-thiouracil (PTU)
partially inhibited the deiodination of T4. However, it was
not possible to determine from these studies whether deio-
dination is a process essential for TH action or merely one by
which it is degraded, and no evidence of [131I]T3 generation
was obtained.

The answer finally came in the early 1970s as a result of
two critical findings. First, in 1970, Braverman et al. de-
monstrated unequivocally that T4 to T3 conversion occurs in
athyreotic humans (31), and Sterling et al. confirmed this by
demonstrating that [14C]T3 was present in euthyroid human
subjects injected with [14C]T4. In humans, up to a third of the
T4 that was metabolized was converted to T3 (32), and in
rats, at least 20% of the total body extrathyroidal T3 was
derived from T4 (33). These convincing findings laid to rest a
major inconsistency in the theory that T3 was the active form
of the hormone, namely, the previous failures to demonstrate
T4 to T3 conversion.

The second finding was the discovery in 1972 of TH re-
ceptors (TRs) by Oppenheimer et al., who demonstrated that
they are located in the nucleus and have much higher affinity
for T3 than for T4 (34). Furthermore, the majority of io-
dothyronine bound to TRs in rat liver and kidney was T3
(35).

Together, these findings provided convincing evidence
that the majority of TH action is initiated by T3 rather than
T4. Thus, 5¢-deiodination (5¢D) is an activating process and
therefore an essential component of TH action.

Identification and Characterization of Deiodinases

Now that the importance of 5¢D for production of T3 in
peripheral tissues was established, interest turned to the
identification and characterization of the specific enzyme(s)
involved. Three reviews documenting the progress made in
this area by Leonard and Visser (1986), Bianco et al. (2002),
and St Germain et al. (2009) are available (36–38).

As discussed above, earlier attempts to study these en-
zymes in vitro had been repeatedly unsuccessful. However,
this problemwas resolved in 1976 when Visser et al. reported
that thiol groups were essential cofactors for deiodination
in vitro, and in the presence of dithiothreitol, subcellular
fractions of rat liver readily converted T4 to T3 (39).

It was soon established that there are two enzymes that
catalyze the conversion of T4 to T3, the type 1 and 2
deiodinases (D1 and D2). D1 and D2 were distinguished
initially because D1, in contrast to D2, was inhibited by
PTU (40). D1 is a dual-purpose enzyme. In addition to its
ability to activate T4 by converting it to T3 by 5¢D, it can
also inactivate iodothyronines by inner-ring or 5-
deiodination (5D), in particular after they have undergone
esterification with sulfate. Thus, whereas D1 is capable of
deiodinating unconjugated T4 by 5¢D or 5D with compa-
rable efficiency, after sulfation of T4 to T4S, 5¢D by D1 is
essentially blocked and T4S is subjected to 5D by D1 to
generate the inactive metabolite, rT3S (41). It is notable
that the preferred substrate of D1 for 5¢D is not T4, but rT3.
D1 activity is increased in hyperthyroidism and decreased
in hypothyroidism. Its expression is most abundant in the
kidney, liver, and thyroid but it is also expressed at a low
level in other tissues (36–38).
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D2 catalyzes only 5¢D and its Kd for T4 is in the nanomolar
range, approximately three orders of magnitude lower than
that of D1 for T4. In contrast to D1, the substrate preference
of D2 for T4 is greater than that for rT3 and its expression is
increased in hypothyroidism. D2 activity is expressed at low
levels in many tissues, but most abundantly in the pituitary,
brain, and brown fat (BAT) (36–38).

A third deiodinase (type 3 deiodinase [D3]), first demon-
strated in cultured monkey hepatocarcinoma cells (42), cat-
alyzes only 5D and inactivates both T4 and T3. D3 activity is
expressed at high levels in the placenta and pregnant uterus
and at lower levels in fetal and neonatal tissues, in particular
the brain. In nonpregnant adults, it is found predominantly in
the brain and skin (36–38).

Evidence concerning the role of 5¢D in peripheral tissues
was also accumulating from studies in vivo. In 1979, Larsen
et al. demonstrated that inhibition of intrapituitary 5¢D ac-
tivity prevented the acute suppression of thyrotropin release
by T4 in hypothyroid rats, indicating that conversion to T3 is
essential for the action of T4 in this tissue (43). The following
year it was shown that T3 produced from T4 by 5¢D supplies
much of the endogenous T3 in rat brain, including that it was
located on the nuclear TRs (44,45).

It was also found that T3 derived from T4 by 5¢D is ex-
changed with the circulating T3 (46). [131]rT3 was also found
in brain tissue following injection of [131I]T4, suggesting that
D3 may play a role in TH economy in this organ (47). Further
evidence for this concept was provided by Kaplan and Yas-
koski (48) who measured 5¢D and 5D in areas of rat brain,
starting at birth. It was notable that in each area studied, 5D
was highest at, or soon after, birth and then decreased,
whereas 5¢D was relatively low at birth and then increased
markedly over the neonatal period, a time when considerable
maturation of the brain occurs.

Additional evidence for the role of 5¢D came from studies
in BAT. In 1985, Silva and Larsen demonstrated that in rats
exposed to cold, 5¢D activity in BAT was enhanced and this
was associated with an increase in both local and plasma T3
content (49). Local conversion of T4 to T3 by 5¢D activity
was found to be critical for thermogenesis in BAT (50). It was
now clearly evident that in addition to the control of TH
secretion by the thyroid gland, TH economy and presumably
action are also regulated, at least in part, by both 5¢D and 5D
in peripheral tissues.

By the mid-1980s, it was widely accepted that a major role
of D1 is to generate T3 for circulation, whereas that of D2 is
to generate T3 from T4 for local use within the same cell or
tissue. T3 generated by D2 can also contribute to the circu-
lating T3 (49). However, the precise roles of each of the three
deiodinases in vivo, particularly in tissues that express more
than one deiodinase, remained to be established.

One approach to defining the role of a deiodinase is to
study animal models rendered completely deficient in its
activity. Unfortunately, no compound had been found that
could make animals completely deficient in a single deiodi-
nase. However, cloning of cDNAs for the three deiodinases
provided a novel and more specific way to achieve this goal.

Cloning the Deiodinases

In 1991, Berry et al. (51) used expression cloning in the
Xenopus oocyte to isolate a cDNA for D1 from a rat liver

cDNA library. The kinetic properties of the protein expressed
in transient assay systems, tissue distribution of its messenger
RNA, and changes in its level with thyroid status confirmed
its identity. They also found that the mRNA for D1 contains
in its coding region a UGA codon that codes for selenocys-
teine, a rare amino acid essential for full activity of the en-
zyme; enzyme activity was markedly reduced when the
selenocysteine is replaced by cysteine, which has sulfur in-
stead of selenium (SEC) in its structure (52). Reduced D1
activity and abnormal THmetabolism in humans exhibiting a
mutation in the SEC insertion sequence-binding protein 2
have been reported (53).

D3 was the next deiodinase to be cloned. The group of
Dr. Donald D. Brown (Carnegie Institution for Science) iso-
lated a cDNA from a Xenopus laevis tail tissue cDNA library,
which exhibited some homology to the mammalian D1 cDNA.
A collaboration with the laboratories of Galton and St Germain
resulted in the finding that this cDNA coded for a deiodinase
with properties characteristic of D3 (54). The Xenopus cDNA
was used as a probe to isolate D3 cDNAs from other species.

D2 was also first cloned from amphibian tissue by Davey
et al. (55) and then used as a probe to clone a D2 cDNA from
rat tissues. D2 and D3 were also shown to have selenocys-
teine at their active sites.

Studies in Mice Rendered Deiodinase Deficient
by Targeted Disruption of the Corresponding Gene

With the sequences of cDNAs for the deiodinases now
available, Schneider et al. were able to create mice deficient in
D2 (D2KO) (56), D1 (D1KO) (57), and both D1 and D2 (D1/
D2KO) (58), and aD3KOmousewas created byHernandez et al
(59). Surprisingly, none of the three 5¢D-deficientmousemodels
exhibited any appreciable gross phenotype. Growth was essen-
tially normal, reproductive capacity was seemingly unimpaired,
and the serumT3 levelwas normal in all threemodels.However,
the serum T4 level was significantly elevated in D1KO and
D2KO mice and by almost twofold in double D1/D2KO mice
(56–58), and detailed studies in individual organs revealedmany
tissue-specific phenotypes, most notable in the D2-deficient
mice. In these mice, the phenotype included pituitary resis-
tance to TH (56,58), reduced tissue T3 content and altered gene
expression in the brain (60), impaired hearing (61), impaired
BAT thermogenesis (62), and impaired bone strength and
mineralization (63).

Analysis of the D1KO phenotype revealed that serum rT3
was markedly elevated (57), an abnormality also noted in two
patients who had a mutation in the DIO1 gene (64). It has
been estimated that in humans, the T4 secreted by the thyroid
generates rT3 and T3 in approximately equal amounts (65).
These findings, together with the knowledge that rT3 is the
preferred substrate for D1, suggest that a significant fraction
of rT3 normally undergoes 5¢D by D1, rather than being
excreted as rT3 in the feces, a mechanism that would con-
serve iodine should conditions warrant it. Although the serum
level of T4 was elevated, the levels of T3 and TSH were
unchanged, as were several indices of peripheral thyroid
status, suggesting that D1 is not essential for maintenance of a
normal T3 level in this species (57). However, D1 deficiency
resulted in a marked decrease in excretion of iodine derived
from TH, whereas excretion of iodothyronines in feces was
markedly increased (57).
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The D3KO mouse exhibited a much more marked gross
phenotype than those of D1 and D2KO mice, and a list of both
general and tissue-specific phenotypic changes can be found in
a recent review (66). They include growth retardation, impaired
fertility, neonatal thyrotoxicosis, adult hypothyroidism, im-
paired brain development and function, and impaired hearing
and vision (66,67). Unlike in the D1 and D2KO mice, D3KO
mice exhibit considerable perinatal lethality. Since D3 is ex-
pressed at high levels in both the placenta and uterus, this is
likely due, at least in part, to exposure of fetuses to toxic levels
of TH derived from the mother (66,67).

A Major Role for TH Metabolism by D2 and D3
in the Regulation of Tissue T3 Content and Action

Information obtained from the D2 and D3-deficient mice,
together with the known expression profiles of D2 and D3
activities in some tissues, has provided unequivocal evidence
that both these enzymes play a major role in determining the
intracellular T3 content and hence action in peripheral tis-
sues. The coordinated interplay of these two enzyme activi-
ties appears to be critically important during development,
as demonstrated by several groups, in particular those of
Drs. Bianco, Forrest, and Hernandez.

Contributions in this regard are detailed and referenced in a
recent review (66). In this review, the data obtained by
Hernandez (59,66) on the maturing hypothalamic/pituitary/

thyroid (HPT) axis are used as a representative example of
this concept. In both the D2KO and D3KO mice, maturation
of the HPT axis is impaired. Figure 3 shows the general
profiles, relative to each other, of the circulating T4 (panel A)
and T3 (panel B) levels in wild-type (WT), D2KO, and
D3KO mice between birth and postpartum day 30 (P30).
Panel C shows the profiles of D2 and D3 activities in the
hypothalamus of WT mice during the same period. In ro-
dents, maturation of the HPT axis, the time when it reaches its
set point, occurs at approximately 2 weeks of life. It is at this
age that the circulating T4 and T3 levels, which are relatively
low at birth, reach their peaks. In the hypothalamus, D3 ac-
tivity, which is highest shortly after birth, starts to decrease
steadily during neonatal life, reaching a low plateau by P20.
In contrast, hypothalamic D2 activity is low at birth, but
increases steadily and its peak largely coincides with those of
the serum TH levels (Fig. 3). These activity profiles indicate a
scenario whereby in the first few days of life, intra-
hypothalamic T3 content is maintained at an appropriately
low level by the presence of relatively high D3 activity and
minimal D2 activity, until the T3-dependent maturation pe-
riod approaches, when the level of D3 activity declines and
that of D2 increases, changes that enable an increase in in-
trahypothalamic T3 content.

The importance of this delicate interplay of two enzymes
becomes evident when either of them is absent. Thus, in the
D3KO mouse, the serum T3 level is markedly elevated in the

FIG. 3. Profiles of serum T4 levels (A) and T3 levels (B) in WT, D2KO, and D3KO mice between birth and P30. Profiles
of D2 and D3 activities during the same period (C). D2, type 2 deiodinase; D3, type 3 deiodinase; P30, postpartum day 30;
WT, wild-type.
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first few days after birth and this results in elevation of brain
T3 content and TH-responsive gene expression in the hypo-
thalamus (59). The outcome of this T3 toxicity is that the set
point of the HPT axis is impaired, as indicated by subsequent
hypothyroidism. In the absence of D2 activity, hypothalamic
T3 content is reduced and T4 content is elevated at P15,
resulting in partial resistance of the HPT axis to the negative
feedback effect of T4 (56,60). It is notable that a combined
D3 and D2 deficiency results in partial rescue of the HPT axis
impairment (68).

Current Conclusions and Unanswered Questions

To summarize the evolution of knowledge concerning
TH metabolism, a timeline of the major discoveries is
shown in Table 1. Perhaps the most important thing we
have learned in the last 50 decades is that maintenance of
a euthyroid state in humans and animals is dependent not
only on regulation of the rate of secretion of TH from
the thyroid gland but also on a delicate interplay among
the various metabolic processes to which the hormones
are subjected in peripheral tissues. These processes, to-
gether with specific TH transporters that facilitate the
entry of hormones into cells (69), participate in ensuring
that the appropriate amount of active hormone is main-
tained within a given tissue or cell. Thus, both D2 and D3
participate in regulating the intracellular content of the

more active TH, T3, the former by generating it from T4
and the latter by converting both T4 and T3 to inactive
metabolites.

It also appears that a major role for D1 is the 5¢D of rT3, a
process that serves to conserve hormonal iodine. However,
there are still many questions left unanswered. We do not
know the extent to which D1 is involved in converting T4 to
T3 or to what extent the circulating T3 comprises T3 gen-
erated in peripheral tissues by D1 and D2 and T3 secreted by
the thyroid.

Other outstanding questions include the physiological role
and significance of sulfate conjugation of T4 and T3 as it
affects their mode of deiodination; the role of the liver and the
enterohepatic circulation in regulating circulating TH levels;
the role of T4G that is stored in the liver and kidney, whether
T4 has genomic actions that differ from those of T3; and to
what extent other iodinated derivatives of T4 and T3, in-
cluding tetrac, triac, 3,5-T2, and thyronamines (70), have
physiological significance with respect to TH economy and
biological effects.

Authors’ Contributions
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Table 1. Timeline of Advances That Have Contributed to Our Understanding of Thyroid Hormone

Metabolism and Its Physiological Importance

Year Report Reference

1820 Iodine is shown to be important for normal function of the thyroid gland (1)
1878 The syndrome called myxedema is noted to be associated with thyroid atrophy (3)
1883 Thyroidectomy is shown to result in cachexia strumipriva, which resembled myxedema (6)
1890 Symptoms of myxedema are shown to be alleviated by a graft of sheep thyroid (8)
1896 Symptoms of myxedema ameliorated with an iodinated substance isolated from the thyroid (10,11)
1914 An active compound, thyroxin, containing 65% iodine is purified from the thyroid (12)
1926 The active compound is synthesized, its structure is determined, and it is renamed thyroxine (13)
1947 [131I] iodide derived by deiodination of injected [131I]T4 is found in rat urine (16)
1947 Significant radioactivity is found in the liver, bile, and GI tract after injection of [131I]T4 (16)
1948 The main circulating iodinated compound is demonstrated to be T4 (14)
1952 Conjugate of T4 with GA is detected in bile (17)
1952 The enterohepatic circulation of T4 is demonstrated (19)
1952 T3 is identified in thyroid and plasma (25)
1956 TH shown to undergo oxidative deamination to form acetic acid analogs in vivo (22)
1960 Conjugate of T4 with sulfate is detected in plasma (18)
1970 5¢D of T4 to T3 is demonstrated in athyreotic humans (31,32)
1972 TH nuclear receptors that have a higher affinity for T3 than T4 are discovered (34)
1977 5D of TH is demonstrated in cultured monkey hepatocarcinoma cells (41)
1979 First report indicating that 5¢D of T4 is critical for its physiological action (43)
1982 Evidence suggesting that there are two mechanisms for 5¢D of TH is reported (40)
1991 A cDNA for D1 is cloned, and the enzyme is shown to contain selenocysteine

at its active site that is necessary for full enzyme activity
(51,52)

1994 A cDNA for D3 is cloned and the deiodinase shown to be a selenoprotein (54)
1995 A cDNA for D2 is cloned and the deiodinase shown to be a selenoprotein (55)
2001 A mouse completely deficient in D2 is created by targeted disruption of its gene (56)
2002 Identification of human DIO2 SNP associated with impaired glucose metabolism (71)
2004 3-Iodothyronamine is shown to be an endogenous active derivative of the thyroid hormone (70)
2006 Mice completely deficient in D1 or D3 are created by targeted disruption of their genes (57,59)
2021 Mutations in the human DIO1 gene associated with abnormal TH metabolism are reported (66)

5¢D, 5¢-deiodination; 5D, 5-deiodination; D1, type 1 deiodinase; D2, type 2 deiodinase; D3, type 3 deiodinase; GA, glucuronic acid; GI,
gastrointestinal; SNP, single-nucleotide polymorphism; T3, 3,5,3¢-triiodothyronine; T4, thyroxine; TH, thyroid hormone.
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The Prevention of Iodine Deficiency:
A History

Elizabeth N. Pearce1 and Michael B. Zimmermann2

Iodine is an essential component of the hormones produced by the thyroid gland and is, therefore, essential for
mammalian life. A landmark trial in the early 20th century definitively demonstrated that iodine supplemen-
tation could prevent what was then known as ‘‘endemic goiter.’’ Subsequent studies over the next decades
demonstrated that iodine deficiency causes a spectrum of disease, including not just goiter, but also cretinism,
intellectual impairment, and adverse obstetric outcomes. Salt iodization, first used in Switzerland and the United
States in the1920s, has become the mainstay of iodine deficiency prevention efforts. The dramatic reduction in
the global prevalence of iodine deficiency disorders (IDD) over the past 30 years represents an outstanding and
under-recognized public health achievement. This narrative review provides an overview of critical scientific
discoveries and advances in public health nutrition related to the prevention of IDD in the United States and
worldwide. This review was written to commemorate the centennial of the founding of the American Thyroid
Association.

Keywords: cretinism, endemic goiter, iodine deficiency, salt iodization

Introduction

Iodine is an essential component of thyroid hormones
and is essential for mammalian life. This narrative review

provides an overview of critical scientific discoveries and
advances in public health nutrition related to the prevention
of iodine deficiency disorders (IDD) in the United States and
worldwide, with a focus on the past century (Fig. 1). This
review was written to commemorate the centennial of the
founding of the American Thyroid Association (ATA).

Discoveries in the 19th Century

In 1811, Courtois accidentally discovered iodine while
producing saltpeter for gunpowder for Napoleon’s army. He
added sulfuric acid to burnt seaweed ash and produced a dark
violet vapor that crystallized on cold surfaces. Gay-Lussac
subsequently identified it as a new element and named it
‘‘iodine,’’ from the Greek for violet.1 Coindet, a Geneva
physician, learned of iodine’s discovery and in 1813 sug-
gested that the historical treatment of goiter with seaweed
or sponges was effective because of their iodine content.

He began giving oral iodine tincture (at a starting dose of
16.5mg/day, which is enormously supraphysiological) to
patients and observed shrinking of goiters with treatment.2

He also provoked some cases of iodine-induced thyrotoxi-
cosis, which led to a backlash and persistent concerns that io-
dine treatment was inherently unsafe.3 Boussingault, a French
chemist working in South America, was the first to propose the
use of iodine-containing salt to prevent goiter.4 Chatin mea-
sured iodine in food and drinking water samples from across
western Europe and concluded, in 1851, that inadequate
drinking water iodine levels were the main cause of endemic
goiter.5 In response, French authorities began distributing iodine
tablets and salt together with other prophylactic measures in
three regions with high goiter rates. A survey of 5000 children
from the region ofHaute-Savoie found that this iodine treatment
led to the shrinking or disappearance of 80% of goiters.1

By the late 1800s, scientists realized that cretinism only
occurred in areas of endemic goiter but were perplexed by the
fact that many patients with cretinism had an atrophic or
absent thyroid gland, the opposite of goiter. In 1874, Gull was
the first to describe thyroid atrophy in a myxedematous
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patient.6 Then, in 1878, the term ‘‘myxedema’’ was coined by
Ord.7 Myxedema resembled cretinism but was seen only in
adults, usually women. It was characterized by slowness in
thought and movement, facial swelling, and ‘‘spade-like
hands with skin resembling dry leather.’’ Building on the
work of Gull and Ord, in an 1882 address and subsequent
1883 article coauthored by his cousin, the Swiss surgeon
Reverdin described the deleterious phenotype after total
thyroidectomy as ‘‘myxoedème opératoire.’’8,9

In 1883, Swiss surgeon (and later Nobel laureate) Kocher
described the results of 200 thyroidectomies (including 19
of the same cases reported by the Reverdins), terming post-
thyroidectomy changes ‘‘cachexia strumipriva,’’ and not-
ing the development of a phenotype similar to cretinism in a
patient whose thyroid had been resected at age 11.10 Se-
mon, a British laryngologist, stated in 1883 that ‘‘there
appeared to be three conditions closely allied to each other,
and having in common either absence or probably complete
degeneration of the thyroid body: namely, cretinism,
myxoedema, and the state after total removal of the thyroid
body.’’11 In response, the Clinical Society of London es-
tablished a committee that concluded, in 1888, that cre-
tinism and myxedema were due to the ‘‘the annihilation of
the function of the thyroid body.’’12

In the 1890s, Portuguese and British physicians began
successfully treating myxedema with animal thyroid ex-
tracts.13–15 In 1896, the link between goiter, myxedema, and
iodine was established when Baumann and Roos in Germany
analyzed animal thyroid glands and isolated a residual in-
soluble fraction that was*10% iodine.16 They described this
compound, which was effective in treating both goiter and
myxedema, as ‘‘thyroiodine,’’ and correctly postulated that
the iodine had activity only when incorporated into an or-
ganic molecule.17

The History of Iodine Deficiency in the United States

A century ago, when the American Society for Goiter (later
the ATA) was founded, endemic goiter was a substantial and
highly visible public health problem in the United States.
Examination of World War I military draftees demonstrated
high goiter rates, particularly in the upper Northwest and
Great Lakes regions, where up to 31% of candidates were
disqualified from military service because their necks were
too large to fit into a uniform.18,19 Surveys carried out by the
U.S. Public Health Service in the 1920s revealed goiter rates
up to 70–100% in schoolchildren from parts of Minnesota,
Michigan, and Wisconsin.18 Starting in the 1920s, McClen-
don, a physiologist at the University of Minnesota, mapped
iodine present in foods and drinking water in different regions
across the United States, demonstrating that iodine intakes
correlated inversely with goiter prevalence.20

Marine and Kimball

Marine developed an interest in goiter while training as a
pathologist in Cleveland, Ohio, at the U.S. ‘‘goiter belt’’ epi-
center. Starting in 1907 he did a series of experiments in dogs,
pigs, cattle, andfish demonstrating that thyroidal iodine content
varied inversely with the amount of hyperplasia.21 Between
1917 and 1920, together with medical student Kimball, Marine
conducted a landmark clinical trial in adolescent girls from
Akron, Ohio (Fig. 2).22 A total of 2190 girls who were treated
with 200–400mg sodium iodide taken in drinking water for 10
days twice annually were compared with 2305 girls who de-
clined study participation. Goiter developed or worsened in
only 0.2% of treated girls compared with 14% of controls. In a
1924 Harvey lecture at the New York Academy of Medicine,
Marine recommended iodized salt as the best way to prevent
both endemic goiter and cretinism at the population level.23

FIG. 1. A timeline of important milestones in understanding and combating the effects of iodine deficiency, 1915–2022.
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Salt Iodization in the United States:
History and Effects

Marine noted that in the decade after his Akron trial,
‘‘many kinds of iodine medication, including candies, tablets
and chewing-gum, ran wild.’’21 However, ultimately it was
iodized salt rather than iodized chewing gum that became the
preferred intervention, largely due to the efforts of Cowie, a
pediatrician and the chair of the Michigan State Medical
Society. Salt is an excellent vehicle for iodine fortification
because it is consumed by all population groups, most indi-
viduals ingest stable amounts of salt from day to day, and the
salt iodization process is inexpensive and relatively simple to
implement and monitor.24

With guidance from Marine and Kimball, Cowie spear-
headed a remarkable effort to combat iodine deficiency goiter
by convening stakeholders including physicians, salt pro-
ducers, and grocers.25 In 1923, Hale, a chemist at the Dow
Chemical Company in Michigan, developed the methodol-
ogy for mass iodized salt production, after which, in 1924,
table salt iodized at 100mg/kg was introduced in Michigan
on a voluntary basis. Cowie’s group developed statewide
educational campaigns to create a market for the new iodized
salt. These efforts initially met with vehement opposition.

Kimball later recalled that the U.S. Food and Drug Ad-
ministration ‘‘initially insisted that iodized salt cartons be
labeled with a skull and crossbones because iodine is a poi-
son’’ and that ‘‘the experiment was at first resisted by the
goiter surgeons.’’26 However, in late 1924, the Morton Salt
Company became the first U.S. producer to distribute iodized
salt nationally. For the next two decades the Endemic Goiter
Committee of the American Public Health Association
(which includedMarine andMcClendon among its members)
worked on public health education campaigns supporting salt
iodization.22 In 1948, the committee tried, without success, to
pass U.S. legislation mandating iodized salt use. Although
this effort failed in the United States it led to mandatory salt
iodization in Canada.

An early effect of salt iodization was a transient rise in toxic
nodular goiter incidence (similar to the thyrotoxicosis induced
by Coindet’s iodine treatments a century earlier). In 1926,
Hartsock, a thyroid surgeon at theClevelandClinic and a leading
opponent of salt iodization, reported cases of hyperthyroidism in
men, which appeared to have been triggered by initiation of
iodized salt use.27 In 1934, McClure reported that although
there had been a transient rise in goiter surgeries performed in

Michigan hospitals for three years after salt iodization, therewas
a subsequent rapid 60% decline in goiter surgeries.28

It has been recently estimated that from 1925 to 1942 there
may have been as many as 10,000 excess deaths in the United
States due to iodine-induced hyperthyroidism.29 However,
salt iodization also clearly conferred major benefits. By 1951,
when Brush and Altland performed a survey of Michigan
schoolchildren, the prevalence of goiter had declined from
38.6% in 1924 to only 1.4%.30 Using military data collected
duringWorldWars I and II to compare the cognitive ability of
cohorts born before and after salt iodization, it has been es-
timated that for the quarter of the U.S. population most defi-
cient in iodine this intervention raised IQ by *15 points.29

The History of Salt Iodization in Switzerland

As early studies led to salt iodization in the United States,
parallel efforts were taking place in Switzerland. The iodized
salt program in Switzerland was established in 1922. Before
its introduction, mountainous areas of Switzerland were af-
fected by severe endemic goiter and cretinism. In 1800, a
census of the Canton Valais ordered by Napoleon reported
4000 individuals with cretinism among 70,000 inhabitants.1

In 1915, Hunziker, in Zurich, stated that goiter was an ad-
aptation to low dietary iodine intake and suggested that small
quantities of iodine added to the food supply would prevent
the condition.31 In 1918, a dose–response trial of iodine to
treat goiter was done by Bayard in Grächen, a small village at
the base of the famous Matterhorn mountain. For six months,
Bayard gave iodized salt fortified at three different concen-
trations to families in the village.

He reported that as little as 30 lg/day of iodine reduced
goiter and that diffuse goiters in children were more re-
sponsive than the nodular forms in adults.32 von Fellenberg
subsequently performed an iodine balance study that sug-
gested that as little as 17 lg/day resulted in positive iodine
balance.33 Based on the data from Marine and Kimball, in
1919, Klinger recommended providing iodized salt for the
general population and iodine supplements in Swiss schools.1

The Swiss Goiter Committee was formed in 1922 in an ad-
visory capacity to the Federal Office of Health. Iodized salt
was introduced in the Appenzell region in 1922, thanks to the
efforts of the surgeon Eggenberger, who successfully urged
the local authorities to allow the sale of iodized salt. Within a
few years after the introduction of iodized salt, newborn

FIG. 2. Several key figures in global efforts to eliminate iodine deficiency disorders. From left to right: David Marine,
Oliver Perry Kimball, John Stanbury, Sir Basil Hetzel, and John Dunn. (Photos of David Marine and Oliver P. Kimball
courtesy of the National Library of Medicine; photo of Sir Basil Hetzel courtesy of the Iodine Global Network).
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goiter and most childhood goiter had disappeared, and no
new infants had been born with cretinism.34

Scientific Developments from the 1940s Onward

In 1948, Wolff and Chaikoff, working at the University of
California, Berkeley, first documented the homeostatic
mechanism whereby a large dose of iodine transiently in-
hibits iodine organification in the thyroid gland.35 Failure of
the acute Wolff–Chaikoff effect may lead to iodine-induced
hyperthyroidism (the Jod-Basedow phenomenon), the cause
of the transient increase in rates of hyperthyroidism seen in
the United States and elsewhere shortly after the initiation of
salt iodization. More recent data from Denmark demon-
strated that although there was a marked increase in the in-
cidence of thyrotoxicosis after salt iodization, rates decreased
to baseline by 7–8 years and after 16 years had decreased to
33% below baseline.36

Starting in the 1950s, Stanbury (the 1969 ATA president for
whom the ATA’s Stanbury Thyroid Physiology Medal is
named) was an important contributor to the science of iodine
metabolism as well as to iodine deficiency prevention efforts
(Fig. 2). He worked first at Massachusetts General Hospital
and later at the Massachusetts Institute of Technology. His
interest in radioisotopic studies of iodine kinetics led to him to
investigate patients with inherited forms of thyroid dysfunc-
tion, including familial iodotyrosine deiodinase deficiency (the
first thyroid disorder linked to a specific enzyme defect).37

In 1952, he traveled to western Argentina to carry out the
first collaborative international study of endemic goiter.38

While working in Argentina, Stanbury used radioisotopic
studies to demonstrate that there is increased thyroidal iodine
avidity in iodine-deficient individuals and to confirm that the
Jod-Basedow phenomenon in patients with long-standing
iodine deficiency was caused by excess iodine.39 His further
studies in severely iodine-deficient populations in South
America ultimately demonstrated that iodine deficiency im-
paired neurological development.

In 1952, the World Health Organization’s Goiter Study
Group (with Kimball as a member) developed a roadmap for
global programs for the investigation and prevention of en-
demic goiter.40 Subsequent to this effort, in 1958 Kelly and
Snellen reviewed the world literature (>900 articles) and
concluded that the world prevalence of endemic goiter at the
time was close to 200 million (Fig. 2).18

In the late 1960s, Hetzel, an Australian physician, per-
formed a landmark trial in an area of severe iodine deficiency
in Papua New Guinea.41 In this study, alternate families re-
ceived saline or iodized oil injection. Iodine supplementation
of pregnant women resulted in a 73% reduction in the prev-
alence of endemic cretinism at 4 years of age. In studies by
Belgian investigators performed in Zaire in the 1970s,42–44

pregnant women were randomized to receive iodized oil in-
jection or a vitamin injection, and psychomotor development
scores were measured in their children at about 6 years of age.
There were significantly higher scores in the iodine group and
far fewer children with low psychomotor scores.

In a study of iodized oil in area of severe iodine deficiency
in China, participants were children from birth to 3 years and
pregnant women.45 Untreated children 1–3 years of age, who
were studied when first seen, served as controls. The devel-
opmental quotient at 2 years of age was significantly higher in

the offspring of the treated mothers and in the treated chil-
dren, compared with the untreated children.43 Several con-
trolled studies of iodized oil given to pregnant women in the
Andes led by Pretell and Stanbury showed similar benefits on
the reduction of cretinism and goiter, and improved cognitive
development in the offspring.46–48

In 1983, Hetzel coined the term ‘‘iodine deficiency dis-
orders.’’49 This terminology emphasized that iodine defi-
ciency causes a spectrum of disorders, including decreased
IQ with its profound effects on social and economic devel-
opment, rather than just endemic goiter or cretinism (Fig. 2).
Dunn (the recipient of the ATA’s 1968 Van Meter prize and
1997 Paul Starr Award) traveled with his mentor, Stanbury,
to South America in the 1960s and became interested in io-
dine deficiency. He went on to develop methods to assess
population iodine status and to control the iodine content of
salt, and he became active in the development of international
collaborative efforts to eliminate iodine deficiency.50

The International Council for the Control of Iodine Defi-
ciency Disorders (ICCIDD; now the Iodine Global Net-
work),51 an expert consultative group, held its inaugural
meeting in 1986 in Katmandu, Nepal. Stanbury was the initial
chair, Hetzel the executive director, and Dunn the Secretary
(and later executive director). With funding from entities
including the United Nations Children’s Fund (UNICEF), the
World Health Association (WHO), and U.S. Agency for In-
ternational Development, ICCIDD provided technical assis-
tance to national salt iodization programs. Largely because of
advocacy from the ICCIDD and its partners, in 1990 the
World Health Assembly established the elimination of IDD
as a major public health goal for all countries.

Global Progress Toward Elimination
of Iodine Deficiency

For the past three decades many iodized salt programs
have been introduced to improve population iodine intakes.
In 2022, 126 countries had legislation mandating salt iodi-
zation and another 21 had legislation allowing voluntary salt
iodization.52 UNICEF estimates that 88% of the global
population currently uses iodized salt.53 Iodine nutrition in
populations is typically assessed by measuring urinary iodine
concentrations (UIC) in representative cross-sectional na-
tional surveys. UIC is a good biomarker for iodine exposure
because it reflects recent iodine intake from all sources (in-
cluding foods such as seafood, dairy, and eggs as well as
iodized salt). For the past 15 years, UIC surveys have been
carried out in 152 out of 194 countries.

The number of countries with adequate iodine intake has
increased from 67 in 2003 to 117 in 2022 (Fig. 3), reflecting
the effectiveness of salt iodization. In contrast, excess iodine
intakes have occurred in some previously iodine-deficient
areas. Thirteen countries currently have excessive iodine
intakes (median UIC >300lg/L). Because a rapid increase in
iodine intake may precipitate transient increase in hyper-
thyroidism (as seen in the United States in the 1920s), it is
critical that iodized salt programs be regularly monitored to
prevent both iodine deficiency and excess.54 A modeling
study recently estimated the impact of iodized salt programs:
the global prevalence of clinical IDD (as assessed by the total
goiter rate) fell from 13.1% to 3.2%, while IDD has been
prevented in 20.5 million newborns annually.55 The resulting
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improvement in cognitive development has likely provided a
$33 billion global economic benefit.

Conclusions

Studies for the past century have demonstrated that iodine
deficiency causes a spectrum of disease, including goiter,
cretinism, intellectual impairment, and adverse obstetric
outcomes. Salt iodization, first used in Switzerland and the

United States in the 1920s, has become themainstay of iodine
deficiency prevention efforts. The dramatic global reduction
in IDD over the past century represents an under-recognized
public health achievement.

However, work remains to be done. In some regions there
has been backsliding—once iodine sufficiency has been
achieved resources are diverted to other public health prior-
ities and gains are not sustained. Since the introduction of
universal salt iodization in most countries, severe iodine

FIG. 3. Global iodine status in 1993 (a) and in 2022 (b).Data from theWorldHealthOrganization and IodineGlobalNetwork.
The 1993 data are derived from studies assessing goiter rates by palpation. The 2022 data are derived from iodine intake in the
general population assessed by median urinary iodine concentration in school-age children studies conducted in 2005–2021.
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deficiency has been largely eradicated worldwide, but mild to
moderate iodine deficiency remains prevalent, especially in
pregnant women, who are at highest risk of adverse outcomes
from IDD. Future studies are needed to understand how to
sustain progress and to optimize iodine nutrition for the most
vulnerable population groups.
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Discoveries in Thyroid Autoimmunity in the Past Century

Sandra M. McLachlan and Basil Rapoport

This review on the 100th anniversary of the American Thyroid Association summarizes the remarkable progress
attained during the past century regarding the pathogenesis and treatment of thyroid autoimmune diseases.
Indeed, the general concept of autoimmune diseases in humans was established 70 years ago by thyroid
investigators. Graves’ disease is a paradigm for the rare occurrence of how autoimmunity can cause disease by
stimulating rather than destroying an organ system. Therapeutic advances in the mid 20th century involving
administration of thyroid hormones, thionamide drugs, and radioiodine have been hugely beneficial for human
health. However, these approaches can only treat, but not cure, thyroid autoimmunity. Investigation of these
diseases is facilitated by the identification of a limited number of specific autoantigens, whose molecular
cloning has provided much information on their structure. This knowledge has led to highly sensitive and
specific diagnostic tests, provided insight into novel aspects regarding the pathogenesis of thyroid autoim-
munity, and has opened avenues for the development of new therapeutic agents. Immunotherapy for a cure as
opposed to therapy of Graves’ disease and Hashimoto’s thyroiditis remains the holy grail for the 21st century.

Keywords: autoantibodies, Graves’ disease, Hashimoto’s thyroiditis, T cell and autoantibody epitopes, thy-
roglobulin, thyroid peroxidase

Introduction

In this year, 2023, the 100th anniversary of the American
Thyroid Association, we review the remarkable progress

attained during this period regarding the pathogenesis and
treatment of thyroid autoimmune diseases. Advances in our
knowledge have been made equally by members of our so-
ciety and colleagues in many countries, often involving
collaborations. Limited in length and number of citations,
and covering 100 years, this review cannot be comprehen-
sive. Our goal is to distill the essence of major, clearly es-
tablished conceptual advances. Consequently, we cite
reviews that readers may wish to explore, understanding that
the authors of these reviews are, in many instances, not those
to be credited for the discoveries (for which reason we state
‘‘reviewed in’’). Discoveries during the past century are not
listed chronologically in the text but are listed in this order in
Table 1.

Discovery of the Concept of Autoimmunity

Until well into the 20th century, the notion that the body
was capable of attacking itself was considered extremely
unlikely, hence the term ‘‘horror autotoxicus’’ coined by Paul

Ehrlich in Germany. This concept, undermined by phenom-
ena such as erythrocyte cold agglutinins, was finally put to
rest by unequivocal evidence for thyroid autoimmunity re-
ported in 1956. In this seminal year, sera from Hashimoto
patients were shown to bind to thyroglobulin (Tg), a self, or
auto, antigen.1 Moreover, rabbits immunized with Tg de-
veloped antibodies to Tg, as expected, but also thyroid
lymphocytic infiltrates as observed in patients with Ha-
shimoto’s thyroiditis.2 Also in 1956, sera from Graves’ pa-
tients injected into guinea pigs in vivo stimulated the release
of radioactivity from thyroids prelabeled with radioiodine.

The prolonged release of radioactivity relative to thyro-
tropin (TSH) led to naming of the unidentified stimulator
factor as ‘‘Long Acting Thyroid Stimulator,’’ or LATS.3

Shortly thereafter, in 1959, antibodies in some Hashimoto
patients were reported to recognize a thyroid antigen differ-
ent from Tg, hence the term ‘‘Thyroid Microsomal Anti-
gen.’’4 In 1964, LATS was identified to be an autoantibody
(IgG), a thyroid stimulating antibody (TSAb) (reviewed in
Rapoport et al5), clinching the concept that Graves’ disease,
like Hashimoto’s, was an autoimmune disease. The obser-
vation that transplacental transfer of TSAb and TSH receptor
(TSHR) blocking autoantibodies (TBAb) could cause
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neonatal hyperthyroidism6 and hypothyroidism,7 respec-
tively, was an important milestone in confirming the humoral
basis for Graves’ disease.

Clinical Assays for Thyroid Autoantibodies

TSHR autoantibodies

Studying the action of TSH, in 1966, Pastan et al. were the
first to suggest that polypeptide hormones exerted their effect
by binding to a cell surface receptor.8 Subsequently, in 1973,
radiolabeled TSH binding to thyroid plasma membranes
confirmed the existence of a TSHR.9 Given the similar ac-

tions of TSH and LATS, it was intuitive that LATS, now
called TSAb, also interacted with the TSHR, as subsequently
demonstrated by Graves’ IgG competing for radiolabeled
TSH binding to this receptor.10

Replacement of in vivo animal bioassays for TSAb by
detection of TSHR activation in cultured cells, initially
thyrocytes then recombinant TSHR in non-thyroidal cells, as
well as competition assays for TSAb binding to diverse
TSHR preparations, represented major advances in the di-
agnosis and management of Graves’ disease (reviewed in
Rapoport et al5). Subsequently, over many years, improve-
ments and refinements in these assays have increased their

Table 1. Time Line of Selected Major Discoveries in Thyroid Autoimmunity

1927, 1953 Synthetic thyroxine and triiodothyronine and treatment of autoimmune-
related hypothyroidism

50,51

1941 Radioiodine ablation for Graves’ hyperthyroidism Reviewed in Hertz54

1942 Thionamide drugs to treat Graves’ hyperthyroidism Reviewed in Burch
and Cooper52

1956 Tg, an autoantigen in Hashimoto’s disease 1

1956 Thyroiditis and anti-Tg in rabbits induced by immunization with Tg 2

1956 Long-acting thyroid stimulator 3

1959 Thyroid cytotoxic antibody in patient’s sera 4

1960 Genetic predisposition to developing thyroid autoantibodies and thyroid
autoimmune disease: HLA molecules (major histocompatibility complex
class I, class II), cytotoxic T lymphocyte antigen 4, CD40, PTPN22, and
CD25 (FoxP3); Tg variants, TSHR SNPs

Reviewed in Lee et al29

1964 Transplacental transfer of TSAb causing neonatal hyperthyroidism 6

1980 Transplacental transfer of TBAb causing neonatal hypothyroidism 7

1979–1988 Lymphocytes in patients’ thyroid glands, but not lymph nodes or peripheral
blood, spontaneously produce thyroid autoantibodies

Reviewed in Rees Smith et al13

1982 TSHR intramolecular cleavage into A and B subunits 43

1983 Aberrant human leucocyte antigen-DR isotype expression on thyroid cells
in thyroid autoimmunity

19

1985 Cloning of human Tg 38

1986 TSHR synergism with the insulin-like growth factor-1 receptor 71

1987 Cloning of human TPO, identity with the thyroid microsomal antigen 14; reviewed in McLachlan
and Rapoport15

1989–1990 Cloning of the TSHR Reviewed in Rapoport et al5

1988–1991 Cloning T cells specific for TPO and Tg from diseased thyroids 26–29

1993 TSHR expression in orbital fibroblasts Reviewed in Bahn63

1993–2000 Cloning repertoires of human monoclonal TPO and Tg autoantibody genes
and their expression to define their epitopes

Reviewed in Rapoport
and McLachlan12

1995–1999 NOD.H2h4 mice spontaneously develop thyroiditis and Tg antibodies,
enhanced by iodide

Reviewed in Rapoport
and McLachlan12

1996 First Graves’ disease mouse model; mice injected with eukaryotic cells co-
expressing the human TSHR and HLA

55

1998, 2002 Graves’ disease mouse models generated by immunization with cDNA for
the TSHR or its A subunit

Reviewed in Rapoport
and McLachlan12

2003 Human monoclonal TSAb isolated from a Graves’ patient 11

2004 Transgenic mouse expressing TPO-specific T cell receptor gene develops
spontaneous Hashimoto’s thyroiditis

24

2007 Crystal structure of portion of TSHR in complex with monoclonal TSAb
defines epitope of latter

41

2011 Crystal structure of portion of TSHR in complex with monoclonal TBAb
defines epitope of latter

42

2011, 2114 Intrathymic low-level TSHR expression is associated with particular TSHR
SNPs and susceptibility to Graves’ disease; dysregulation of thymic
TSHR expression triggers Graves’ disease

30,31

2015 Mouse model that spontaneously develops TSAb; NOD.H2h4 with the
human TSHR A subunit targeted to the thyroid

60

2021 Thyroid autoimmunity enhanced by immune checkpoint inhibitors Reviewed in Wright et al35

2022 Treatment for GO using monoclonal blocking TSHR antibody K1-70 73

GO, Graves’ ophthalmopathy; HLA, human leucocyte antigen; SNP, single nucleotide polymorphism; TBAb, TSH receptor blocking
autoantibodies; Tg, thyroglobulin; TPO, thyroid peroxidase; TSAb, thyroid stimulating antibody; TSH, thyrotropin; TSHR, TSH receptor.
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specificity, sensitivity, and practicality facilitating automa-
tion. The most important advance followed the isolation by
Sanders et al. of a human TSHR monoclonal TSAb11 that
permitted replacement of TSH with a more stable nonradio-
active ligand in a binding assay.

The nomenclature of TSHR antibodies varies depending
on the type of assay employed, and commercial competition
has attempted to claim superiority for one over another (re-
viewed in Rapoport and McLachlan12). However, all assays
that are equally sensitive and specific for Graves’ hyperthy-
roidism are measuring TSAb (the patient is the bioassay) and,
for simplicity, we will use this term. Bioassay of TSHR anti-
bodies that block TSH action (reviewed in Rees Smith et al13)
can be of value in hypothyroid patients. Whether ‘‘neutral’’
autoantibodies that neither activate nor block the TSHR play a
role in human thyroid autoimmune disease remains an open
question (reviewed in Rapoport and McLachlan12).

Thyroid peroxidase autoantibodies

The demonstration in 1985 that autoantibodies to the
thyroid microsomal antigen interacted with purified human
thyroid peroxidase (TPO) provided strong evidence that this
unidentified antigen was TPO.14 The molecular cloning of
human TPO in 1987, facilitated by a report in 1986 of the
nucleotide sequence of a large portion of porcine TPO,
confirmed this identity (reviewed in McLachlan and Rapo-
port15). Because TPO is far less abundant than Tg and more
difficult to purify from thyroid tissue, the subsequent gener-
ation of recombinant human TPO greatly facilitated the de-
velopment of sensitive and specific assays for TPO
autoantibodies (TPO-Ab) that are now in routine clinical use.
An important issue is that human TPO-Ab are highly specific
for human antigen, unlike the TSHR autoantibodies that in-
teract well with porcine TSHR purified from readily available
porcine thyroids.

Even before the availability of TPO-Ab assays, data ob-
tained for antimicrosomal autoantibodies revealed the clini-
cal importance of these autoantibodies in predicting the
progression of Hashimoto’s thyroiditis to subclinical, then
clinical, hypothyroidism.16 This conceptually vital finding
provided the basis for innumerable subsequent clinical
studies evaluating the relationship between TPO-Ab and
autoimmune thyroiditis.

Humoral and Cell-Mediated Immunity
in Autoimmune Thyroid Diseases

The availability of thyroid autoantigens, in particular re-
combinant human TSHR and TPO, in the 1990s led to a great
burst of information regarding the interaction of these auto-
antigens with autoantibodies and T cells, leading to further
discoveries regarding the pathogenesis and potential immu-
notherapy of autoimmune thyroid diseases, as discussed be-
low. It is seldom appreciated that these thyroid autoantigens
provide a great investigative advantage relative to the ma-
jority of other autoimmune diseases, which lack a single or
limited number of unequivocal, specific autoantigenic targets
for the immune system.

There have a number of fundamentally important immu-
nological discoveries regarding the pathogenesis of thyroid
autoimmunity including Hashimoto’s thyroiditis in the past
25–30 years, which are as follows:

1. B cells (plasma cells) infiltrating Hashimoto and
Graves’ thyroids, but not in thyroid-draining lymph
nodes or peripheral blood, spontaneously secrete mi-
crosomal (TPO) autoantibodies, Tg autoantibodies,
and TSHR autoantibodies (reviewed in Rees Smith
et al13). This insight led to the realization that cDNA
libraries from Graves’ thyroids would contain cDNA
for thyroid-specific autoantibodies. Consequently,
heavy (H) and light (L) chain genes for anti-TPO and
anti-Tg autoantibodies of IgG class were isolated from
H and L chain combinatorial cDNA libraries con-
structed from Graves’ thyroids and their expression as
recombinant Fab (reviewed in McLachlan and Rapo-
port17). Data obtained with these TPO and Tg auto-
antibody Fab (reviewed in Rapoport and McLachlan12)
revealed the following:

a. A limited number of H and L chain genes coded for
the great majority of anti-TPO-Ab genes.

b. The repertoires of TPO-Ab focused on two over-
lapping epitopes on a restricted region of the TPO
molecule, that is, an immunodominant region, con-
sistent with the previous observation of epitopic re-
striction with hybridoma-derived human TPO-Ab.18

Similar observations for recognition of an immuno-
dominant region were made for Tg autoantibodies.

c. Recombinant TPO-Ab Fab competition for TPO-Ab
in patients’ sera permitted ‘‘fingerprinting’’ of TPO
epitopes in an individual patient. Tg epitopes have
been fingerprinted in the same way.

d. TPO-Ab epitopic fingerprints in an individual were
stable over many years despite variation of the titer
and there was evidence for a familial pattern of
epitopic inheritance.

2. Expression of major histocompatibility complex (MHC)
class II molecules on the thyrocyte surface, most likely
induced by cytokines particularly interferon-gamma.
This groundbreaking discovery in the thyroid field by
Bottazzo et al19 had broad application to other auto-
immune diseases by indicating that an autoimmune
target tissue cell can function as a (nonprofessional)
antigen-presenting cell, processing and presenting its
own antigens to T cells.

3. B cells as antigen-presenting cells. For many years,
with the exception of a few organ-specific autoimmune
diseases caused directly by autoantibodies (e.g.,
Graves’ disease, myasthenia gravis, and pemphigus
vulgaris), in the great majority of autoimmune dis-
eases, T cells were the dominant players, whereas B
cells were the ‘‘poor cousin,’’ present but of no sig-
nificance. The early observation that B cells, not only
macrophages and dendritic cells, could function as
‘‘professional’’ antigen-presenting cells had little im-
pact but is now receiving much attention in autoim-
munity in general. The importance of this finding is
that, unlike macrophages and dendritic cells that
function as low-affinity ‘‘vacuum cleaners’’ sweeping
up all antigens in the vicinity, B cells bearing IgG
molecules on their surface function as high-affinity
receptors for specific proteins. Following internaliza-
tion of the complex, the bound antibody can influ-
ence which antigenic peptides (possibly cryptic) are
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released by proteolysis and subsequently presented to
T cells.20,21 This phenomenon was first reported to be
important in thyroid autoimmunity (reviewed in
Quaratino et al22). Indeed, such antibody-mediated
bias in T cell epitope presentation is a likely expla-
nation for the finding mentioned above of TPO and Tg
autoantibody recognition of immunodominant epitopic
regions (reviewed in Rapoport and McLachlan12).

4. Although autoantibodies to both Tg and TPO are
present in human disease, the latter predominate in
clinical autoimmune thyroid diseases.23 Whether these
autoantibodies contribute to thyrocyte damage, are
markers of thyroiditis, or simply occur in some normal
individuals has been debated for many years. Early
evidence for thyroid autoantibody cytotoxic effects,
either complement mediated or as ‘‘pathfinders’’ for
cytotoxic T cells, is now eclipsed by unequivocal data
indicating that T cells in the absence of autoantibodies
can be cytotoxic to thyrocytes. In a classic report in
2004, Quaratino et al. generated transgenic mice in
which mouse T cells expressed a human T cell re-
ceptor cloned from intrathyroidal T cells from a pa-
tient with autoimmune thyroid disease with specificity
for a cryptic TPO peptide epitope.24 These mice
spontaneously developed thyroiditis with all the clin-
ical features of human Hashimoto’s thyroiditis.

5. The cloning of antigen-specific T cells and their T cell
receptors from thyroid-infiltrating T cells, with iden-
tification of their peptide epitope recognition (re-
viewed in Feldmann et al25). Much information has
been obtained in humans and mice regarding Tg, TPO,
and TSHR T cell epitopes and their presentation by
MHC molecules (reviewed in Refs.26–29).

6. Central tolerance: Expression of low intrathymic lev-
els of the TSHR, associated with particular TSHR
single nucleotide polymorphisms, is associated with
reduced central tolerance to the TSHR and suscepti-
bility to developing Graves’ disease.30,31

7. Peripheral tolerance: The appreciation that self antigens
may escape induction of central tolerance in the thymus
led to the concept of ‘‘suppressor T cells’’ maintaining
peripheral tolerance, thereby preventing autoimmunity,
as suggested with respect to the thyroid by Robert
Volpe more than 30 years ago.32 Suppressor T cells,
initially met with skepticism, have now returned under
a different name, ‘‘regulatory T cells,’’ or Treg.

There is now an expanding literature on Treg in thyroid
autoimmunity, but primarily involving data on cells obtained
from peripheral blood without evidence of thyroid antigen
specificity. Clearly, a global abnormality in peripheral Treg
could not be responsible for thyroid autoimmunity alone.
Nevertheless, T cell reconstitution that follows therapeutic
T cell depletion for a variety of conditions, or that occurs with
HIV therapy, can lead to an autoimmune diathesis, very
commonly Graves’ disease, that may relate to a Treg imbal-
ance (reviewed in McLachlan and Rapoport33). Furthermore,
Treg depletion in an induced mouse model of Graves’ disease
suggested an important role for these cells in the progression
of Graves’ disease to autoimmune thyroiditis.34

8. Immune checkpoint inhibitors: Important insight into
immune mechanisms contributing to thyroid autoim-
munity has been derived from the recent use of drugs

that remove immunological constraints for T cell-
mediated immunotherapy of neoplasia in humans. The
targets of these drugs include cytotoxic T lymphocyte
antigen 4 (CTLA4), programmed cell death protein 1
(PD-1), and its ligand PD-L1 (reviewed in Wright
et al35). Remarkably, in 1995, genetic screening of
Graves’ patients first reported the CTLA4 gene to be
associated with this disease.36

Molecular Cloning of the Three Major Thyroid
Autoantigens

These technical breakthroughs, although not in themselves
representing conceptual advances, were critical tools for
subsequent studies relating to thyroid autoimmunity (re-
viewed in Ludgate and Vassart).37

Thyroglobulin

The cloning of the cDNA for Tg in 1985 was the first
molecular characterization of a thyroid autoantigen.38 How-
ever, its great abundance and ready purification from thyroid
glands, as well as its extremely large size, has limited the
subsequent benefits of this molecular information in the study
of thyroid autoimmunity, aside from the ability to design
short synthetic peptides based on its primary amino acid se-
quence for investigation of T cell specificity (reviewed in
Refs.26,39).

Thyroid peroxidase

As described above, the availability of recombinant human
TPO following themolecular cloning of its cDNA in 1987 led
to highly sensitive and specific clinical assays for TPO-Ab, as
well as the molecular cloning and characterization of essen-
tially the entire repertoire of H and L chains used in these
autoantibodies, to our knowledge the first organ-specific
autoimmune disease for which this has been accomplished.

TSH receptor

In 1989, the molecular cloning of the closely related lutei-
nizing hormone receptor facilitated the design of nucleotide
probes to screen thyroid cDNA libraries to isolate the cDNA for
the dog40 and the human TSHR (reviewed in Rapoport et al5).
Molecular information on the TSHR, besides permitting im-
proved clinical assays for TSHR autoantibodies (see section
Clinical assays for thyroid autoantibodies, TSHR auto-
antibodies), has led to a number of conceptual advances re-
garding the pathogenesis of Graves’ disease and studies
exploringapproaches to therapyof this disease.Crystallizationof
a portion (260aminoacids) of the 764aminoacidholoreceptor in
complex with a human TSAb41 and a human TBAb,42 thereby
defining their binding sites,was an advance ofmajor importance.

Pathogenesis of Graves’ Disease

Studies over four decades have provided conceptually
fascinating clues regarding the pathogenesis of Graves’ dis-
ease, the latter being unique among the organ-specific auto-
immune diseases in that autoantibodies can activate its
cognate receptor and cause glandular hyperfunction. Thus,
although not explaining the loss of immune tolerance to the
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TSHR, the structure of the TSHR itself contributes to the
development of TSAb leading to hyperthyroidism.

The story began in 1985 with the observation by Rees
Smith and colleagues that the TSHR expressed on the cell
surface undergoes intramolecular cleavage into two subunits
that remain linked by disulfide bonds: an extracellular A
subunit and a largely intracellular B subunit.43 In this process,
a polypeptide segment of *50 amino acids is lost, termed a
‘‘C peptide’’ because of similarity with the cleavage of pro-
insulin to insulin.44 Linkage between the A and B subunits
can be broken by ‘‘maltreating’’ membranes or cells by
freeze-thawing45 or hypotonic shock.46

However, under physiological conditions, A subunit
shedding was deduced because TSAb (unlike TBAb) bound
to the isolated TSHR extracellular region (ectodomain),
whereas binding to the holoreceptor on the cell surface was
sterically hindered.47 Proof that the shed A subunit was the
effective antigen inducing or amplifying TSHR generation in
Graves’ disease was provided by the observation that TSAb
could only be induced in mice immunized with an adenovirus
vector encoding cDNA for the isolated A subunit, unlike a
holo-TSHR modified to be unable to cleave into subunits.48

Indeed, this A subunit component of the TSHR is now in use
by groups throughout the world in induced mouse models of
Graves’ disease (discussed further below).

These findings introduced two novel concepts. First, be-
cause of its unique structure, the TSHR is the culprit as well
as the victim in the pathogenesis of Graves’ disease. Indeed,
unlike the TSHR, the closely related gonadotropin receptors
do not cleave into subunits permitting ectodomain shedding,
and there is no ‘‘Graves’’ disease of the gonads’. Second, the
foregoing data provide insight into the mechanism by which
TSAb activate the TSHR, thereby leading to hyperthyroid-
ism. Thus, only the TSH holoreceptor, not the free A-subunit,
can induce a signal. By overcoming partial steric hindrance to
its binding, TSAb-mediated torsion in the ectodomain will
lead to a shift in the seven membrane-spanning alpha-helices
causing signal transduction. This conclusion is supported by
data reported for the follicle stimulating hormone receptor.49

Clearly, additional factors are involved in the loss of im-
mune tolerance to the TSHR. That Graves’ disease com-
monly occurs in members of the same family (reviewed in
Lee et al29) has led to very many studies that have identified
genes that contribute to the development of Graves’ disease
and Hashimoto’s thyroiditis, including those for the TSHR
and Tg (reviewed in Lee et al29). Like many other autoim-
mune diseases, no single gene has been identified to be re-
sponsible for Graves’ or Hashimoto’s diseases. However, a
number of immune modulatory genes appear to contribute to
the development of disease, in addition to human leucocyte
antigen molecules (MHC class I and class II), CTLA4, CD40,
PTPN22, and CD25 (FoxP3) (reviewed in Lee et al29).

Therapy of Hashimoto’s and Graves’ Diseases

The past century has witnessed dramatic advances in the
therapy of these diseases.

1. Synthetic thyroid hormones. Although used for con-
ditions unassociated with thyroid autoimmunity, the
availability of synthetic thyroxine50 and triiodothyro-
nine51 has been among the most important advances in

the past century for treatment of hypothyroidism in
Hashimoto’s thyroiditis and following thyroid ablative
therapy in Graves’ disease.

2. Thionamide antithyroid drugs for Graves’ hyperthy-
roidism. The first clinical use of these drugs by Ast-
wood in 1942 was a critical milestone in the therapy of
this condition (reviewed in Burch and Cooper52).
There is evidence that these drugs have an immuno-
regulatory effect in decreasing autoantibody levels.53

3. Radioiodine ablative therapy in Graves’ disease, first
used by Hertz in 1941, was another critical develop-
ment in the history of thyroid autoimmunity (reviewed
in Hertz54).

4. Immunotherapy. It must be emphasized that thiona-
mide drugs and radioiodine can treat, but not cure,
Graves’ hyperthyroidism. The latter almost invariably
leads to the onset of a secondary disease, hypothy-
roidism. A major goal for the next century will be the
cure of Graves’ disease, an approach that will require
some form of immunotherapy to re-institute immune
tolerance to the TSHR. Preliminary work to this end is
ongoing in many laboratories and, unavoidably, re-
quires an animal model of Graves’ disease. Un-
fortunately, Graves’ disease appear to be a uniquely
human disease, and for many decades, attempts to
induce this disease in sundry animal species by im-
munization with a variety of thyroid tissue prepara-
tions were fruitless.

In 1996, a milestone was the first success in this endeavor
when Shimojo et al. reported the induction of Graves’-like
disease in mice by immunization with fibroblasts transfected
to co-express the TSHR and a class II MHC molecule.55

However, a serious limitation of this model was its applica-
tion only to mice strains with the same MHC molecule. This
handicap was overcome by the first application by Costa-
gliola et al. of genetic immunization of outbred mice with the
cDNA for the human TSHR.56 Although not successfully
applied in other laboratories, this approach opened the door to
more reproducible results using a variety of vectors, immu-
nization techniques and, in particular (see section Patho-
genesis of Graves, disease) to immunization with the cDNA
for the A subunit rather than the TSH holoreceptor (reviewed
in Rapoport andMcLachlan57). In addition to the induction of
hyperthyroidism, orbital changes (primarily histological)
similar to those observed in human disease have been re-
ported,58 a potentially useful model in future studies.

In recent years, using the foregoing mouse model, there
have been numerous attempts at therapy to prevent or reverse
induced Graves’ disease by injecting recombinant TSHR
protein or TSHR-derived synthetic peptides. Although pre-
treatment with TSHR protein antigen can ameliorate the in-
duction of TSAb and hyperthyroidism, injecting the antigen
after disease induction is ineffective, ruling out the likelihood
of success in treating human disease (reviewed in Rapoport
and McLachlan12). Nevertheless, clinical trials are underway
in humans using synthetic TSHR peptides with a presently
uncertain outcome.59

In 2015, the first mouse model that spontaneously develops
TSAb was reported, a more satisfactory animal in which to test
immune therapeutical approaches to cure human Graves’ dis-
ease.60 This model was generated by crossing a transgenic
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mouse with the human TSHR A subunit targeted to the thyroid
with NOD.H2h4 mice that spontaneously develop Tg and
TPO-Ab, but not TSAb. In this transgenic/NOD.H2h4 cross,
TSAb do develop from loss of tolerance to the human TSHR
but do not cross react with the mouse TSHR. That the mice
remain euthyroid is an advantage for immune therapeutic in-
vestigation because thyroid hormones directly influence the
immune system and variation in their levels would have a
confounding effect in assessing experimental results. More-
over, the goal of immunotherapy in humans is to attenuate or
eliminate TSAb generation, the direct cause of the disease.

Extrathyroidal Manifestations of Graves’ Disease

There have been numerous conceptual and therapeutic
advances regarding these distressing conditions. The advent
of computerized tomography (CT) scanning in the 1970s
supported earlier anatomical studies noting prominent orbital
extraocular muscle thickening61 onwhich basis thesemuscles
were considered to be the target of the immune system. Later,
CT and magnetic resonance imaging studies focused on in-
creased volume in orbital adipose tissue and, subsequently,
adipocytes became cells of greater interest in the pathogenesis
of Graves’ ophthalmopathy (GO). Studies in recent years
have revealed orbital fibroblasts to be themost important cells
in this process. In a voluminous literature, the concept
emerged that orbital fibroblasts represented a distinct sub-
group, including pre-adipocytes, and that cytokines secreted
by thyroid-specific T cells were the proximal cause of the
pathological features of GO, including hyaluronan generation
and pre-adipocyte maturation (reviewed in Taylor et al62).

1. The revolutionary discovery in 1993 of TSHR ex-
pression on orbital fibroblasts, adipocytes, and
marrow-derived fibrocytes, enhanced by sundry cyto-
kines, introduced TSAb as an important pathogenetic
factor in GO (reviewed in Bahn63). Evidence has since
accumulated that TSAb, independent of T cells (other
than receiving ‘‘help’’ for antibody production), are
themselves sufficient for the characteristic pathologi-
cal changes in the orbit. For example:

a. GO and Graves’ dermopathy are associated with
particularly high TSAb levels.64,65

b. Radioiodine therapy for Graves’ hyperthyroidism
increases TSAb levels and exacerbates GO.66 In
contrast, total thyroidectomy reduces TSAb levels67

and ameliorates GO, with further benefit by thyroid
remnant ablation by radioiodine (reviewed in
Menconi et al68). Data for this conclusion are lim-
ited because of the infrequently used radical nature
of this form of therapy.

c. A TSAb monoclonal antibody increases hyaluronan
production by cultured orbital fibroblasts, the former
being a major component contributing to orbital
edema.69

2. Therapy of GO. Numerous therapeutic agents have been
used for this purpose in recent years, the most prominent
being rituximab (anti CD20 on B cells) and teprotumu-
mab (anti insulin-like growth factor [IGF] receptor) (re-
viewed in Bartalena et al70). The efficacy of the latter
agent was anticipated because of the discovery in 1986 of
synergy between IGF-1 and TSAb in activating the

TSHR,71 a phenomenon reproduced in terms of stimu-
lation of hyaluronan production by cultured human or-
bital fibroblasts (reviewed inNeumann et al72).However,
the use of a humanmonoclonalTSHRblocking antibody,
presently in clinical trials,73 is likely to be more specific
and with fewer side effects than teprotumumab.

3. Local mechanical factors in the pathogenesis of GO
and dermopathy. A paradox is that TSHR protein is
expressed in human fibroblasts in many regions of the
body in addition to those in the orbit and in areas of
Graves’ dermopathy.74,75 Much evidence exists to
provide an explanation for this paradox (reviewed in
Rapoport and McLachlan12).

Conclusions

The past century has seen dramatic advances in knowledge
regarding the pathogenesis and therapy of autoimmune thy-
roid diseases. Indeed, these diseases introduced the concept
of autoimmunity in general. Graves’ disease is a paradigm for
the rare occurrence of how autoimmunity can cause disease
by stimulating rather than destroying an organ system.
Therapeutic advances in the mid 20th century involving ad-
ministration of thyroid hormones, thionamide drugs, and
radioiodine had a huge beneficial effect on human health.

More recent knowledge on autoimmune thyroid disease
pathogenesis has led to new therapeutic agents being tested.
However, the greater expense and risk of side effects of these
approaches may lessen their competitiveness with earlier
forms of therapy, with the possible exception of monoclonal
antibody treatment for GO. Immunotherapy for a cure, a
major goal for the 21st century, is unlikely to occur by tar-
geting the immune system with agents that are not thyroid
specific. Fortunately, investigation of thyroid autoimmune
disease is facilitated by clearly defined antigenic targets.

Note added in proof: Since submission of this manuscript,
three important studies have reported the cryo-electron mi-
croscopy structure of the TSH holoreceptor in complex with
thyrotropin and TSAb,76,77 as well as with a TBAb.78
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Laboratory Thyroid Tests:
A Historical Perspective

Carole Ann Spencer

Background: This review presents a timeline showing how technical advances made over the last seven
decades have impacted the development of laboratory thyroid tests.
Summary: Thyroid tests have evolved from time-consuming manual procedures using isotopically labeled
iodine as signals (131I and later 125I) performed in nuclear medicine laboratories, to automated nonisotopic tests
performed on multianalyte instruments in routine clinical chemistry laboratories. The development of isotopic
radioimmunoassay techniques around 1960, followed by the advent of monoclonal antibody technology in the
mid-1970s, led to the development of a nonisotopic immunometric assay methodology that forms the backbone
of present-day thyroid testing. This review discusses the development of methods for measuring total thyroxine
and triiodothyronine, direct and indirect free thyroid hormone measurements and estimates (free thyroxine and
free triiodothyronine), thyrotropin (TSH), thyroid autoantibodies (thyroperoxidase, thyroglobulin [Tg] and TSH
receptor autoantibodies), and Tg protein. Despite progressive improvements made in sensitivity and specificity,
current thyroid tests remain limited by between-method differences in the numeric values they report, as well as
nonspecific interferences with test reagents and interferences from analyte autoantibodies.
Conclusions: Thyroid disease affects *10% of the U.S. population and is mostly managed on an outpatient
basis, generating 60% of endocrine laboratory tests. In future, it is hoped that interferences will be eliminated,
and the standardization/harmonization of tests will facilitate the establishment of universal test reference ranges.

Keywords: antibodies and thyroglobulin, thyroid hormones, thyrotropin

Introduction

F igure 1 shows the milestones marking the history of
laboratory thyroid testing over the last 70 years, from the

early manual isotopic procedures to current automated tests
made on high-throughput nonisotopic analyzers. The current
high volume of thyroid testing reflects the high prevalence
(>10%) of thyroid disorders in the U.S. population.1 Over
75% of tests ordered are for thyrotropin (TSH), either with
(*25%) or without (*50%) a free thyroxine (fT4) test,
resulting in an annual cost approximating $1.6 billion
dollars.2,3

Thyroid Hormone Measurements

Figure 2 shows the complexity of thyroid hormone me-
tabolism, whereby the thyroid gland is the source of all cir-
culating T4 but only*20% of triiodothyronine (T3). T3 has

the highest avidity for thyroid nuclear receptors—10-fold
higher than T4, the T3 metabolite Triac4 also has some
metabolic activity,5 whereas reverse T3 (rT3) is inactive.6 T4
is the preferred measurement used to assess thyroid status
because of its thyroid tissue-specific origin and because the
peripheral tissue deiodinase enzymes that convert T4 to T3
are tightly regulated to maintain an optimal circulating T3 in
the face of T4 fluctuations.7,8

T3 measurement can be especially useful for investigating
the etiology of hyperthyroidism—Graves’ disease versus
thyroiditis because the thyroidal stimulation resulting from
the TSH receptor antibodies (TRAbs) that cause Graves’
hyperthyroidism, stimulate a T3 dominant secretion from the
thyroid, resulting in high T3/T4 ratio compared with either
that seen in euthyroidism or thyroiditis.9 Studies showing that
rT3 increases with fasting10 and nonthyroidal illness (NTI)11

initially conveyed a false impression that rT3 measurement
was an indicator of thyroid function. However, the metabolic
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studies made in euthyroid volunteers12 showing rT3 eleva-
tions resulted from slowed metabolic clearance and not in-
creased production from T4, refuted the clinical utility of rT3
measurement, except in rare conditions associated with de-
creased sensitivity to thyroid hormones and in consumptive
hypothyroidism.13,14 Nevertheless, current misinformation
on websites still encourages some to order an expensive
rT3 test.15

Total hormone (total thyroxine and total
triiodothyronine) and free hormone indices

In the 1950s, the only thyroid test was the estimation of
total thyroxine (TT4) as protein-bound iodine (PBI). The PBI
primarily reflected the serum T4 concentration, with some
contribution from T3. Serum proteins were precipitated and
ashed before the iodide content was quantified against

FIG. 1. Timeline for when major technical advances have influenced the development of tests for TSH, total thyroid
hormones (TT4 and TT3), indirect estimates of free thyroid hormones (fT4 and fT3), direct fT4, thyroid antibodies TPOAb,
TgAb and TRAb and Tg are given. fT3, free triiodothyronine; fT4, free thyroxine; Tg, thyroglobulin; TgAb, thyroglobulin
autoantibody; TPOAb, thyroperoxidase autoantibody; TRAb, TSH receptor antibody; TSH, thyrotropin; TT3, total triio-
dothyronine; TT4, total thyroxine.

FIG. 2. The figure shows how T4
is metabolized in peripheral tissue
to form the initial metabolites: T3
and rT3 as well as their sulfated
derivatives. T3 is further metabo-
lized to Triac (T3Ac) and deiodi-
nated to form 3,3¢-T2, a common
metabolite of both T3 and rT3.
These metabolic pathways are cat-
alyzed by deiodinases (type 1 5¢-
deiodinase, type 2 5¢-deiodinase
and type 3 5¢-deiodinase), together
with PST and LAAO enzymes.
LAAO, l-amino acid oxidase; PST,
phosphosulfotransferases; rT3,
reverse T3.
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standards by colorimetry.16 These PBI procedures typically
used high temperatures and strong acids and were somewhat
smelly and subject to interferences from iodine-containing
therapeutic compounds. In the 1970s, laboratorians readily
replaced the chemical PBI test with radioimmunoassay (RIA)
methods for TT4, total triiodothyronine (TT3), and subse-
quently rT3,17–19 using blockers to weaken thyroid hormone
binding to plasma proteins and facilitate hormone binding to
the polyclonal antibody reagents. Radioimmunological deter-
mination of T4 in dried blood samples followed and led to the
first mass screening program for neonatal hypothyroidism.20

At present, most TT4 and TT3 measurements are made on
automated platforms by nonisotopic immunoassay meth-
ods.21,22 Although these methods correlate with the isotope-
dilution liquid chromatography/tandem mass spectrometry
(ID-LC-MS/MS) TT4 reference method, current TT4 im-
munoassays exhibit unacceptably high between-method
biases and total coefficients of variation (CVs).21,22

It had long been recognized that thyroid hormones are
mostly bound to plasma proteins, primarily thyroxine-
binding globulin (TBG) with some binding to transthyretin
and albumin, so that even when a patient is euthyroid, their
total hormone levels could be abnormal because binding
proteins were either elevated or reduced.23 The high TBG
state of pregnancy was especially problematic,23 as were
conditions associated with congenital TBG deficiency or
excess, acute, and chronic NTIs, and certain drug therapies
(androgens, diphenylhydantoin, heparin, and enoxaparin so-
dium). Congenital albumin abnormalities (dysalbuminemia
or analbuminemias) were also found to interfere with both
TT4, and in some cases TT3 measurements.24,25

The TBG dependence of TT4 led to the development of the
two-test ‘‘free hormone index’’ approach, whereby the total
hormone level (TT4 or TT3) was mathematically ‘‘cor-
rected’’ for TBG abnormalities using a ‘‘T3 uptake’’ ap-
proach.26 These T3 uptake tests indirectly measured serum
TBG binding capacity as the amount of added 125I-T3 tracer
taken up by a thyroid hormone binding ‘‘scavenger’’ such as
a resin or T3 antibody. In high TBG states the competition for
tracer between TBG and the scavenger would favor binding
to TBG resulting in less tracer binding the scavenger (low
125I-T3 uptake). Conversely, in low TBG states less 125I-T3
would bind TBG and more would bind the scavenger (high
125I-T3 uptake). In 1991, the American Thyroid Association
renamed these T3 uptake tests, ‘‘Thyroid Hormone Binding
Ratio’’ (THBR) tests.27

Current THBR methods use different scavengers, formula-
tions, calculations, and reference ranges. For practical reasons
early THBR tests used 125I-T3 in preference to 125I-T4 because
T3 has a lower affinity for TBG than T4 resulting in a higher
uptake of isotope onto the scavenger,28 necessitating a shorter
isotopic count time. Current THBR tests are called ‘‘T-
uptakes’’ and mainly use automated immunological formula-
tions and nonisotopic signals to assess available TBG binding
sites relative to a reference assigned a value of 1.00 or 40%.29

Direct fT4 measurement

The free hormone hypothesis, proposed more than 70 years
ago, states that when hormones are bound to plasma proteins
only the free hormone fraction (0.03% fT4 and 0.3% free
triiodothyronine [fT3]) is biologically active and can enter

tissues to exert hormonal action.30,31 Unfortunately, the mea-
surement of fT4 in the picomolar range presents a considerable
technical challenge that has prompted a 50-year ongoing quest
to develop rapid, direct fT4 methods that do not necessitate the
physical separation of free from bound hormone using labor-
intensive and expensive methods such as equilibrium dialy-
sis,32,33 ultrafiltration,34 or column chromatography.35

In 1988, the first direct fT4 method measured T4 levels in
serum dialysates using a sensitive RIA.33 Over the last de-
cade, equilibrium dialysis followed by ID-LC-MS/MS (ED-
ID-LC-MS/MS) measurement of fT4 in the dialysate has
become the fT4 reference method of choice.36 However, di-
rect fT4 measurement is still not broadly implemented be-
cause of high instrument costs, technical complexity, and
reimbursement issues. Direct fT3 measurements are avail-
able only in research laboratories. Most fT4 and fT3
measurements performed in routine clinical chemistry labo-
ratories use automated estimate tests.

Single test free hormone estimate tests (fT4 and fT3)

During the 1980s a range of single test fT4 and fT3 ‘‘es-
timate’’ methods were developed to replace the two-test in-
dex approach. The validity of these methods depends on
minimizing TBG effects while maintaining equilibrium be-
tween free and bound hormones during the analysis, that is,
during the analysis there should be only a minimal release of
TBG-bound T4 into the free phase. These methods use two
different innovative immunoassay approaches.

One-step analog tests

These competitive immunoassays use either a labeled T4
analog (e.g., a T4-albumin conjugate), or a labeled antibody
to compete with free hormone in the serum for a limited
number of solid-phase antibody-binding sites.37 Although
these methods were fairly successful in eliminating TBG
effects, they were criticized for their sensitivity to albumin
abnormalities (e.g., familial dysalbuminemic hyperthyrox-
inemias and analbuminemia), other abnormal thyroid
hormone-binding proteins (e.g., T4 and T3 autoantibodies),37

and interference from nonesterified fatty acids and a range of
drugs that displace T4 from TBG.24,38

Two-step/back titration fT3 and fT4 tests

In these methods, fT4 in the serum reacts with a limited
quantity of a solid-phase T4 antibody.29,39 After washing
away the unbound serum constituents, the unoccupied
antibody-binding sites were quantified using labeled ligands.
Because the wash step removes binding proteins, this assay
design appears less susceptible to abnormal binding proteins
than the analog format.40

The current fT4 and fT3 estimate tests are based on dif-
ferent constructs of these two approaches. Tests are now
nonisotopic and automated for most multi-analyte instru-
ments. However, despite >20 years of development, these
tests remain sensitive to congenital albumin abnormalities,25

iodothyronine autoantibodies,41 heterophile antibodies
(HAb),41 and interferences with assay reagents such as biotin,
as well as streptavidin and rhuthenium antibodies.41,42 In
addition, current fT4 estimate tests have significant between-
method biases and negative biases relative to the ED-ID-LC-
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MS/MS reference method.43 This between-method variabil-
ity precludes setting universal reference ranges for evaluating
conditions such as pregnancy44 (Fig. 3). In the future, it is
hoped that manufacturers will restandardize their tests
against the ED-ID-LC-MS/MS reference method.

TSH Measurements

TSH is typically the first-line test for thyroid function and
is preferred to fT4.3 The dominance of TSH testing reflects
the inherent physiology of the hypothalamic–pituitary–thy-
roid axis, whereby small changes in fT4 are magnified 100-
fold with respect to changes in TSH.45 This log/linear
TSH/fT4 relationship, that was initially established in the
1990s using the fT4 index method,45 and later challenged by
studies using fT4 analog tests,46 has been confirmed using
direct fT4 methods.47,48 The log/linear TSH/fT4 relationship
dictates that only TSH measurement will detect mild (sub-
clinical) degrees of hypo- or hyperthyroidism.

The TSH era began in 1927 with the recognition that the
pituitary secretes a thyroid stimulator.49 Early measurements
used labor-intensive bioassays that measured TSH-stimulated
131I-T4 release from radiolabeled mouse or guinea pig thyroid
glands.50,51 These bioassays also identified an abnormal long-
acting thyroid stimulator (LATS) in the sera of thyrotoxic
patients that was distinct from TSH52 and is now recognized

as the TSH-stimulating immunoglobulin (TSI) responsible for
Graves’ hyperthyroidism.53 Early immunologic studies
demonstrated the species specificity of TSH antibodies and
this, together with TSH radioimmunoprecipitation tech-
niques, led to the development of the first generation of TSH
RIA methods.54,55

However, these early RIAs were compromised by cross-
reactivity with hCG resulting from TSH homology with go-
nadotropin hormones, necessitating the addition of a human
chorionic gonadotropin (hCG) blocker,55 and poor sensitivity
(*2.0 mIU/L) that restricted their use to diagnosing primary
hypothyroidism.56 After synthetic thyrotropin-releasing
hormone (TRH; thyroliberin) became available,57 small
quantities of thyroid hormone were found to inhibit TRH-
stimulated TSH release58 and the TRH-TSH response was
shown to be related to the basal TSH level.59 The dose and
protocol for TRH stimulation testing became standardized and
an absent TRH-stimulated TSH response became a diagnostic
test for hyperthyroidism60 during the time that assay insensi-
tivity precluded the use of basal TSH as a diagnostic test.60

Subsequently, assay specificity improved and TSH assay
‘‘quality’’ became synonymous with the method’s sensitivity,
as evidenced by the ability to distinguish the TSH levels
of hyperthyroid subjects from those of euthyroid subjects.60 The
quest to improve TSH assay sensitivity prompted test manu-
facturers to adopt confusing nomenclature like ‘‘ultrasensitive’’

FIG. 3. Summary of 43
published studies showing
the upper and lower reference
limits (2.5–97.5%) for fT4
measured in each trimester of
pregnancy by different
methods—Abbott, Beckman,
Roche, and Siemens. The
data show the trend for
higher fT4 in the first tri-
mester, as expected from
thyroidal human chorionic
gonadotropin stimulation
which is maximal in the first
trimester.152 The data is re-
drawn from Okosieme et al44

with permission.
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and ‘‘supersensitive’’ as marketing ploys to describe their
TSH assays.60 This led the scientific community to use a
functional sensitivity (FS) parameter to reflect assay sensi-
tivity in clinical practice. For TSH, FS was defined as the
lowest analyte concentration that could be measured in hu-
man serum with a 20% between-run CV using a timespan
representative of clinical practice (6–8 weeks).61 The concept
of FS was published in the 2003 National Academy of
Clinical Biochemistry thyroid guidelines, together with re-
commended FS protocols for other thyroid tests.61

By the 1980s, TSH testing had been revolutionized by the
advent of monoclonal antibody (mAb) production,62 which
facilitated the development of an immunometric assay (IMA)
methodology.63 IMA was inherently more sensitive than
RIA, especially after replacing the isotopic 125I signal with
chemiluminescence64 or fluorescence.65 As a result, more
sensitive second generation (FS = 0.1 mIU/L), third genera-
tion (FS = 0.01 mIU/L), and even a research fourth generation
(FS = 0.001 mIU/L)45,60,66 of increasingly more sensitive
TSH methods were developed that could distinguish between
mild (subclinical) and overt degrees of hyperthyroidism and
eliminated the need for TRH testing. At present, the role for
TRH testing is limited to pituitary evaluations67 and inves-
tigations of TSH autoantibody (macro TSH) interferences.68

However, TRH is not currently available for clinical use in
the United States, although it remains available in Europe.

Currently, the third-generation TSH assays that are avail-
able on most automated instrument platforms69 can diagnose
all degrees of primary thyroid dysfunction from hyperthy-
roidism to hypothyroidism. The nonisotopic IMA method-
ology has also been adapted for blood spot testing for
neonatal screening for congenital hypothyroidism70 and
point-of-care TSH testing.71

Despite dramatic improvements in assay sensitivity and
the use of the same human pituitary extract for standardiza-
tion (MRC 80/558), current TSH methods differ in their
specificity for detecting different TSH glycoisoforms, not all
of which are bioactive. These glycoisoforms are controlled
by hypothalamic TRH, are influenced by physiological fac-
tors such as hypothyroidism, and may have altered molecular
conformations that expose or mask epitopes.72,73 As a result,
different TSH numeric values are reported by different
methods,43 reflecting differences in the epitope specificities
of the proprietary mAb reagents used for each IMA test.
Current between-method differences preclude the establish-
ment of universal reference ranges for different physiological
states such as pregnancy (Fig. 4)44 and aging.1

Furthermore, the mAb IMA reagents cannot distinguish
between immunoactive and bioactive TSH, and thus cannot
differentiate between primary and secondary (pituitary/
hypothalamic) forms of thyroid dysfunction. It follows that
TSH IMA measurement can be diagnostically misleading in

FIG. 4. Summary of 43
published studies of the up-
per and lower reference lim-
its (2.5–97.5%) of TSH
measured in each trimester of
pregnancy by different
methods—Abbott, Beckman,
Roche, and Siemens. The
data show the trend for lower
TSH in the first trimester, as
expected from thyroidal hu-
man chorionic gonadotropin
stimulation which is maximal
in the first trimester.152 The
data are redrawn from Oko-
sieme et al44 with permission.
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central hypothyroidism, which is characterized by the se-
cretion of bioinactive TSH isoforms,74 in rare cases of TSH b
subunit genetic variants75 or pituitary tumors that may secrete
TSH isoforms with enhanced bioactivity.76 Non-TSH-related
interferences are also still problematic. Although biotin in-
terference41 is close to being eliminated by the test manu-
facturers, it is more difficult to eliminate falsely high
TSH levels owing to interference from HAb, such as
human anti-mouse antibodies and rheumatoid factor,77 TSH
autoantibodies (macro TSH),68 or antibodies against IMA
reagents, such as rhuthenium and streptavidin.41

Thyroid Autoantibodies (Thyroglobulin,
Antimicrosomal/Thyroperoxidase
and TSH Receptor Autoantibodies)

Thyroglobulin and antimicrosomal/thyroperoxidase
antibodies

By the mid 1950s the concept that an animal could not
produce antibodies against its own proteins had been aban-
doned, after observing that the thyroglobulin autoantibodies
(TgAbs) that could be elicited by injecting rabbits with an
extract of one thyroid lobe caused damage in the remaining
lobe resembling Hashimotos’ thyroiditis.78,79 Early methods
for detecting TgAbs, and later antimicrosomal antibodies
(AMA),80 were qualitative and included precipitin reactions
in gels,78 immunofluorescence,81 and tanned red cell (TRC)
hemagglutination.82 By the late 1970s, the qualitative TRC
tests were becoming replaced by more sensitive and specific
quantitative competitive binding radioassays83 that reported
high rates of positivity in patients with Graves’ disease,
chronic thyroiditis, and other autoimmune conditions.84

The thyroid peroxidase enzyme (TPO) had become rec-
ognized as the microsomal antigen, and AMA tests became
TPO antibody (TPOAb) assays.85 Subsequently, the
NHANES III survey used radioassays for TPOAb and TgAb
to assess the prevalence of thyroid antibodies in the U.S.
population and reported that the prevalence of both anti-
bodies approximated 10% in individuals with no apparent
thyroid dysfunction.1 Antibody prevalence was shown to
increase with age, especially in women, and was influenced
by ethnicity.1,86 At present, some radioassays remain, but
most TgAb and TPOAb testing is performed by methods in
which the antibody in serum competes for antigens on a solid
support and is detected by a nonisotopic signal.87

Methods are now automated on the same instrument
platforms as used for the other thyroid tests and standardized
against reference materials from the National Institute for
Biological Standards and Control (MRC 65/093 for TgAb
and MRC 19/260 for TPOAb). However, current methods
vary in sensitivity, specificity, and the numeric values they
report.88 Between-method differences are less problematic
for TPOAb than for TgAb, because TPOAb is typically
measured once to assess the etiology of a TSH elevation86 or
as a pregnancy risk factor.89 In contrast, both assay sensitivity
and specificity are critical for detecting TgAb interference
with Tg measurements90 or for using the TgAb trend as a
surrogate thyroid cancer tumor marker.91

TSH receptor antibodies

TRAbs were first detected by TSH bioassays as an ab-
normal LATS,51,92 which were later shown to be auto-

antibodies targeting the TSH receptor (TSHR) that were
responsible for Graves’ hyperthyroidism and its extra-
thyroidal manifestations.93 The first TRAb tests were com-
petitive binding assays that measured TRAb in serum as
thyroid-binding inhibiting immunoglobulins (TBII) that in-
hibited labeled TSH from binding to human or guinea pig
thyroid membranes.53,94,95 More recently, a TSHR-binding
mAb has replaced labeled TSH, and thyroid membranes have
been replaced by purified TSHR preparations94,96 or the
cloned TSHR.97 Current TBII tests are mostly automated,
nonisotopic, and standardized against the International Re-
ference Preparation (MRC 65/122).94,98 TRAb bioassays
have evolved from labor-intensive FRTL-5 cell-based
methods necessitating IgG extraction and themeasurement of
cAMP by RIA as the endpoint,99 to the use of Chinese
hamster ovary cells containing transfected recombinant
TSHR and a cAMP-dependent luminescent signal.100

TBII tests do not provide information on whether the
functional status of the TRAb is stimulatory or inhibitory. In
contrast, bioassays have shown that not all TRAb stimulate
the TSHR—some TRAbs block TSH stimulation, whereas
other TRAbs bind the TSHR and are neutral with respect to
TSH action.98 Over the past four decades, these functional
TRAb differences have led to a confusing lexicon of terms
describing TRAb function.98 Terms for stimulating TRAb
have included TSHR-stimulating antibodies or immuno-
globulins (TSAb or TSI), whereas terms for blocking TRAb
include TSHR-blocking antibodies or immunoglobulins
(TSB-Ab or TBI). Functional TRAb assays are useful for
investigating the extrathyroidal manifestations of Ha-
shimoto’s thyroiditis and Graves’ disease.98 In pregnant pa-
tients TRAb is especially useful for distinguishing gestational
transient thyrotoxicosis (no treatment required) from Graves’
thyrotoxicosis (treatment required), and for assessing the risk
of neonatal hypo- or hyperthyroidism.98

Tg Measurements

Early studies that administered 131I to animals identified
Tg as a thyroxine-containing iodoprotein secreted at high
concentrations primarily into the thyroid lymph system and
increased by TSH stimulation.101–104 These studies estab-
lished that the thyroid is a unique source of Tg and the
lymphatic pathway is its major secretory route. Over the
subsequent decades the thyroid-specific origin of Tg was
confirmed, prompting the use of serum Tg measurement as a
tumor marker for thyroid cancer. Secondary uses include the
diagnosis of subacute thyroiditis and congenital thyroid
conditions. Following the localization of the Tg gene to
chromosome 8q24.2-q24.3 and its subsequent sequencing in
1987,105,106 the structural complexity of the high molecular
weight (19S, 660 kDa) dimeric Tg glycoprotein has been
extensively investigated.107 Recent electron cryomicroscopy
studies have elucidated the complex structure of native hu-
man Tg protein resulting from complex posttranslational
modifications.108–110

Studies have identified the hormonogenic sites111 and the
processes involved in Tg molecular maturation whereby
molecular chaperones control the site-directed glycosylation,
dimerization, and molecular folding critical for producing a
mature Tg molecule suitable for iodination at the apical cell
membrane.107 The complexity of the Tg biosynthetic process
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can lead to molecular heterogeneity and conformational ab-
normalities. Such abnormalities are commonly present in Tgs
of neoplastic origin that are characterized by low iodine
content112,113 and abnormal glycosylation.114–116 Such ab-
normalities may alter the Tg molecular conformation and
mask or expose epitopes that may produce unusual interac-
tions with immunoassay reagents and change the amount of
Tg detected.117 Currently there can be significant differences
in the numeric Tg values reported for the same serum spec-
imen using different methods, which likely reflects the het-
erogeneity of the Tg molecular forms in patient sera.117–119

Tg was first detected in blood in the 1920s using precipi-
tation reactions with animal Tg antibodies.120 In the 1950s,
zone electrophoresis showed that Tg increased after radio-
iodine treatment.121 A decade later, the first direct Tg RIA
was developed, which had a sensitivity of *10 lg/L and
could only detect Tg in *60% of healthy euthyroid sub-
jects.122 However, within a decade RIA sensitivity had im-
proved 10-fold (*1 lg/L) and the pathophysiologic studies
that followed detected Tg in most healthy euthyroid sub-
jects123 and found elevated Tg levels in pregnancy and cord
blood124 as well as hyperthyroidism of any cause.123 The
finding that Tg was elevated in metastatic differentiated
thyroid cancer (DTC) and fell in response to successful
treatment, while no elevation in Tg was seen with medullary
thyroid cancer, firmly established serum Tg measurement as
a DTC tumor marker.125

The first-generation of Tg RIA methods126,127 had sub-
optimal sensitivity to detect persistent/recurrent DTC in the
absence of radioiodine ablation of the surgical remnant.128

Furthermore, sera had different numeric Tg values when
measured by different methods.129 This problem was im-
proved by standardizing methods against the same human Tg
reference material (CRM-457).130 However, between-
method differences persist, and are two- to three-fold higher
than would be expected from consistently using the same

method (Fig. 5),90 likely because different methods detect
different Tg molecular forms.118 By the year 2000, the quest
to improve Tg RIA sensitivity mirrored the efforts to improve
TSH assay sensitivity. Recombinant human TSH
(rhTSH)131,132 was used to stimulate basal Tg 10-fold into the
measurable range, much as TRH-stimulated TSH had been
used to sensitize TSH detection two decades earlier.59

However, between 2000 and 2010 a second generation of
Tg tests based on immunochemiluminometric (ICMA) meth-
odology became available.133 These ICMAs were inherently
more sensitive (FS= 0.1lg/L)133 than RIA and obviated the
need for expensive and inconvenient rhTSH stimulation.134,135

At present, second-generation ICMA tests are available on
virtually all the automated instrument platforms used for en-
docrine testing. However, because the incidence of TgAb in
DTC is two-fold higher than the general population,1,136 the
major limitation of all Tg IMA methods remains interference
from TgAb causing falsely low/undetectable Tg IMA in pa-
tients with structural DTC.88,90,137,138

By the late 1950s, TgAb were identified in sera78 and were
shown to bind 125I-Tg. It followed that TgAb interference
causing falsely high Tg RIA results was a well-recognized
problem from the onset of RIA testing. As a result, sera
containing TgAb were usually excluded from Tg stud-
ies.122,139 In 1978, the factors determining the magnitude and
direction of TgAb interference with RIA methodology were
identified.140 In response, some RIAmethods were optimized
to minimize interference by employing a high specific ac-
tivity 125I Tg tracer together with a high-affinity polyclonal
antibody.126,127,136,141 In 2008, the first LC-MS/MS Tg test
was developed with the goal of overcoming TgAb interfer-
ence.142

At present, although four LC-MS/MS Tg tests are com-
mercially available,138,143–145 it remains controversial whe-
ther LC-MS/MSmethodology is free from TgAb interference,
given that studies report paradoxically undetectable Tg LC-
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FIG. 5. Between-method
variability of serum Tg mea-
sured in 34 TgAb-negative
patients with metastatic dif-
ferentiated thyroid cancer.
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MS/MS tests for *40% of TgAb-positive DTC patients with
structural disease.90,138,146 However, regardless of the Tg
methodology used (RIA, IMA, or LC-MS/MS), sensitive TgAb
detection remains critical for interpreting Tg measurements.88

In fact, in recent years the TgAb trend has become recognized
as a surrogate tumor marker for TgAb-positive DTC pa-
tients.91,147 In addition to the persistent TgAb interference
problem, the clinical utility of monitoring Tg and TgAb trends
as DTC tumor markers remains negatively impacted by the
between-method variability in current Tg119 and TgAb148 tests.
This necessitates monitoring DTC patients using the same
manufacturer’s method in preferably the same laboratory.147

Discussion

In 1895, Magnus-Levy found that thyroid secretions
stimulated the basal metabolic rate (BMR) in humans,149,150

and that his own BMR declined with age. Such studies
prompted the use of BMR the first test of thyroid function.
Over the next 140 years, studies have elucidated the factors
controlling the hypothalamic–pituitary–thyroid axis151 and
the etiology of the thyroid diseases that affect *10% of the
U.S. population.1 Patients with thyroid diseases are mostly
managed on an outpatient basis that generates 60% of labo-
ratory endocrine tests.3 Future developments will likely in-
clude the elimination of test interferences and the
standardization/harmonization of tests using internationally
validated reference materials. The elimination of method-
related variability will facilitate the establishment of uni-
versal reference ranges.
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108. Coscia F, Taler-Verčič A, Chang VT, et al. The structure
of human thyroglobulin. Nature 2020;578(7796):627–630;
doi: 10.1038/s41586-020-1995-4

109. Adaixo R, Steiner EM, Righetto RD, et al. Cryo-EM
structure of native human thyroglobulin. Nat Commun
2022;13(1):61; doi: 10.1038/s41467-021-27693-8

110. Tosatto L, Coscia F. A glance at post-translational mod-
ifications in human thyroglobulin: Potential impact on
function and pathogenesis. Eur Thyroid J 2022; doi:
10.1530/etj-22-0046

111. Lamas L, Anderson PC, Fox JW, et al. Consensus se-
quences for early iodination and hormonogenesis in
human thyroglobulin. J Biol Chem 1989;264(23):13541–
13545.

112. Schneider AB, Ikekubo K, Kuma K. Iodine content of
serum thyroglobulin in normal individuals and patients
with thyroid tumors. J Clin Endocrinol Metab 1983;57(6):
1251–1256; doi: 10.1210/jcem-57-6-1251

113. Hansson M, Grunditz T, Isaksson M, et al. Iodine content
and distribution in extratumoral and tumor thyroid tissue
analyzed with X-ray fluorescence and time-of-flight sec-
ondary ion mass spectrometry. Thyroid 2008;18(11):
1215–1220; doi: 10.1089/thy.2008.0020

114. Yamamoto K, Tsuji T, Tarutani O, et al. Structural
changes of carbohydrate chains of human thyroglobulin
accompanying malignant transformation of thyroid
glands. Eur J Biochem 1984;143:133–144.

115. Kohno Y, Tarutani O, Sakata S, et al. Monoclonal anti-
bodies to thyroglobulin elucidate differences in protein
structure of thyroglobulin in healthy individuals and those
with papillary adenocarcinoma. J Clin Endocrinol Metab
1985;61(2):343–350; doi: 10.1210/jcem-61-2-343

116. Shimizu K, Nakamura K, Kobatake S, et al. Discrimina-
tion of thyroglobulin from thyroid carcinoma tissue and
that from benign thyroid tissues with use of competitive
assay between lectin and anti-thyroglobulin antibody.
Rinsho Byori 2007;55(5):428–433.

117. Heilig B, Hufner M, Dorken B, et al. Increased hetero-
geneity of serum thyroglobulin in thyroid cancer patients
as determined by monoclonal antibodies. Klin Wo-
chenschr 1986;64:776–780.

118. Schulz R, Bethauser H, Stempka L, et al. Evidence for
immunological differences between circulating and tissue-
derived thyroglobulin in men. Eur J Clin Invest 1989;19:
459–463.

119. Spencer C, LoPresti J, Fatemi S. How sensitive (second-
generation) thyroglobulin measurement is changing para-
digms for monitoring patients with differentiated thyroid
cancer, in the absence or presence of thyroglobulin auto-

50 SPENCER



antibodies. Curr Opin Endocrinol Diabetes Obes 2014;
21(5):394–404; doi: 10.1097/med.0000000000000092

120. Hektoen L, Schulhof K. The precipitin reaction of thyro-
globulin: Specificness; Presence of thyroglobulin in hu-
man thyroid veins; production by rabbit of precipitin for
rabbit thyroglobulin; thyroglobulin in the foetal thyroid
and in exophthalmic goiter. Proc Natl Acad Sci U S A
1925;11(8):481–484; doi: 10.1073/pnas.11.8.481

121. Robbins J. Thyroglobulin in serum after I131 therapy. I.
Salting out. J Biol Chem 1954;208(1):377–386.

122. Roitt IM, Torrigiani G. Identification and estimation of
undegraded thyroglobulin in human serum. Endocrinology
1967;81(3):421–429; doi: 10.1210/endo-81-3-421

123. Uller RP, Van Herle AJ. Effect of therapy on serum
thyroglobulin levels in patients with Graves’ disease.
J Clin Endocrinol Metab 1978;46:747–755.

124. Torrigiani G, Doniach D, Roitt IM. Serum thyroglobulin
levels in healthy subjects and in patients with thyroid
disease. J Clin Endocrinol Metab 1969;29(3):305–314;
doi: 10.1210/jcem-29-3-305

125. Van Herle AJ, Uller RP. Elevated serum thyroglobulin: A
marker of metastases in differentiated thyroid carcinomas.
J Clin Invest 1975;56:272–277.

126. Black EG, Hoffenberg R. Should one measure serum
thyroglobulin in the presence of anti-thyroglobulin anti-
bodies? Clin Endocrinol (Oxf) 1983;19:597–601.

127. Spencer CA, Platler BW, Nicoloff JT. The effect of 125-I
thyroglobulin tracer heterogeneity on serum Tg RIA
measurement. Clin Chim Acta 1985;153:105–115.

128. Haugen BR, Ladenson PW, Cooper DS, et al. A compar-
ison of recombinant human thyrotropin and thyroid hor-
mone withdrawal for the detection of thyroid remnant or
cancer. J Clin Endocrinol Metab 1999;84:3877–3885.

129. Feldt-Rasmussen U, Schlumberger M. European inter-
laboratory comparison of serum thyroglobulin measure-
ment. J Endocrinol Invest 1988;11:175–181.

130. Feldt-Rasmussen U, Profilis C, Colinet E, et al. Human
thyroglobulin reference material (CRM 457) 2nd part:
Physicochemical characterization and certification. Ann
Biol Clin 1996;54:343–348.

131. Haugen BR, Pacini F, Reiners C, et al. A comparison of
recombinant human thyrotropin and thyroid hormone
withdrawal for the detection of thyroid remnant or cancer.
J Clin Endocrinol Metab 1999;84(11):3877–3885; doi:
10.1210/jcem.84.11.6094

132. Mazzaferri EL, Robbins RJ, Spencer CA, et al. A con-
sensus report of the role of serum thyroglobulin as a
monitoring method for low-risk patients with papillary
thyroid carcinoma. J Clin Endocrinol Metab 2003;88(4):
1433–1441; doi: 10.1210/jc.2002-021702

133. Iervasi A, Iervasi G, Ferdeghini M, et al. Clinical rele-
vance of highly sensitive Tg assay in monitoring patients
treated for differentiated thyroid cancer. Clin Endocrinol
(Oxf) 2007;67(3):434–441; doi: 10.1111/j.1365-2265.
2007.02907.x

134. Smallridge RC, Meek SE, Morgan MA, et al. Monitoring
thyroglobulin in a sensitive immunoassay has comparable
sensitivity to recombinant human tsh-stimulated thyro-
globulin in follow-up of thyroid cancer patients. J Clin
Endocrinol Metab 2007;92(1):82–87; doi: 10.1210/jc.
2006-0993

135. Spencer C, Fatemi S, Singer P, et al. Serum basal thyro-
globulin measured by a second-generation assay correlates
with the recombinant human thyrotropin-stimulated thy-

roglobulin response in patients treated for differentiated
thyroid cancer. Thyroid 2010;20(6):587–595; doi: 10.1089/
thy.2009.0338

136. Spencer CA, Takeuchi M, Kazarosyan M, et al. Serum
thyroglobulin autoantibodies: Prevalence, influence on
serum thyroglobulin measurement, and prognostic signif-
icance in patients with differentiated thyroid carcinoma.
J Clin Endocrinol Metab 1998;83(4):1121–1127; doi:
10.1210/jcem.83.4.4683

137. Mariotti S, Barbesino G, Caturegli P, et al. Assay of
thyroglobulin in serum with thyroglobulin autoantibodies:
An unobtainable goal? J Clin Endocrinol Metab 1995;80:
468–472.

138. Netzel BC, Grebe SK, Carranza Leon BG, et al. Thyr-
oglobulin (Tg) testing revisited: Tg assays, TgAb assays,
and correlation of results with clinical outcomes. J Clin
EndocrinolMetab 2015;100(8):E1074–E1083; doi: 10.1210/
jc.2015-1967

139. Van Herle AJ, Uller RP, Matthews NL, et al. Radio-
immunoassay for measurement of thyroglobulin in human
serum. J Clin Invest 1973;52(1320–1327).

140. Schneider AB, Pervos R. Radioimmunoassay of human
thyroglobulin: Effect of antithyroglobulin autoantibodies.
J Clin Endocrinol Metab 1978;47:126–137.

141. Spencer CA, LoPresti JS. Measuring thyroglobulin and
thyroglobulin autoantibody in patients with differentiated
thyroid cancer. Nat Clin Pract Endocrinol Metab 2008;
4(4):223–233; doi: 10.1038/ncpendmet0757

142. Hoofnagle AN, Becker JO, Wener MH, et al. Quantifi-
cation of thyroglobulin, a low-abundance serum protein,
by immunoaffinity peptide enrichment and tandem mass
spectrometry. Clin Chem 2008;54(11):1796–1804; doi:
10.1373/clinchem.2008.109652

143. Clarke NJ, Zhang Y, Reitz RE. A novel mass
spectrometry-based assay for the accurate measurement of
thyroglobulin from patient samples containing antithyr-
oglobulin autoantibodies. J Investig Med: The Official
Publication of the American Federation for Clinical Re-
search 2012;60(8):1157–1163; doi: 10.2310/JIM.0b013e3
18276deb4

144. Kushnir MM, Rockwood AL, Roberts WL, et al. Mea-
surement of thyroglobulin by liquid chromatography-
tandem mass spectrometry in serum and plasma in the
presence of antithyroglobulin autoantibodies. Clin Chem
2013;59(6):982–990; doi: 10.1373/clinchem.2012.195594

145. Shuford CM, Walters JJ, Holland PM, et al. Absolute
protein quantification by mass spectrometry: Not as sim-
ple as advertised. Anal Chem 2017;89(14):7406–7415;
doi: 10.1021/acs.analchem.7b00858

146. Azmat U, Porter K, Senter L, et al. Thyroglobulin liquid
chromatography-tandem mass spectrometry has a low
sensitivity for detecting structural disease in patients with
antithyroglobulin antibodies. Thyroid 2017;27(1):74–80;
doi: 10.1089/thy.2016.0210

147. Haugen BR, Alexander EK, Bible KC, et al. 2015
American Thyroid Association Management Guidelines
for adult patients with thyroid nodules and differentiated
thyroid cancer: The American Thyroid Association
Guidelines Task Force on thyroid nodules and differenti-
ated thyroid cancer. Thyroid 2016;26(1):1–133; doi:
10.1089/thy.2015.0020

148. Spencer CA. Clinical review: Clinical utility of thyro-
globulin antibody (TgAb) measurements for patients with
differentiated thyroid cancers (DTC). J Clin Endocrinol

THYROID FUNCTION TESTS 51



Metab 2011;96(12):3615–3627; doi: 10.1210/jc.2011-
1740

149. Magnus-Levy A. Ueber den respiratorischen Gaswechsel
unter dem Einfluss der Thyroidea sowie unter verschie-
denen pathologischen Zuständen. Berl Klin Wochenschr
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Landmark Discoveries in Maternal–Fetal Thyroid
Disease Over the Past Century

Angela M. Leung

There have been significant advancements in the understanding of maternal–fetal disease over the past century.
This narrative review summarizes the landmark studies that have advanced the understanding of thyroid path-
ophysiology and thyroid disease during preconception, pregnancy, and postpartum, written to commemorate the
100th year anniversary of the founding of the American Thyroid Association.
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Introduction

The landmark studies in maternal–fetal thyroid disease
reflect pivotal early experiments, noteworthy public

health accomplishments, and the international collaboration
of investigators studying the key questions in this field. This
body of knowledge has furthered the understanding of thy-
roid disease management in pregnant women and their off-
spring. This paper is not intended to be an exhaustive review
of the seminal articles in maternal–fetal thyroid disease, but
highlights the stories of select interesting historical studies
in the field (Fig. 1), focusing primarily on human studies
published in the past several decades.

Thyroid Physiology During Pregnancy

Changes in thyroid protein binding

The vast key literature in thyroid and pregnancy over the
past century illustrates the advancements that have been
made to better understand the changes in thyroid physiology
unique to this life stage. Although thyroxine (T4) had been
isolated in 1915, early serum T4 measurements were based
on circulating protein-bound iodine (PBI) levels that had
emerged in the early 1900s as a diagnostic test of estimating
thyroid function. Heineman et al had observed in the 1940s
that serum PBI levels are increased during pregnancy,1 her-
alding the observation that gestation influences thyroid
status.

Shortly after the discovery of thyroid binding globulin
(TBG) in 1952, Dowling et al reported that circulating TBG-

bound T4 levels were higher in pregnant women than in
nonpregnant women,2 which was hypothesized to be due to
an increase of at least one of the alpha globulin binding
proteins induced by pregnancy. Robbins, Nelson, and others
in the 1950s showed that thyroid binding increases during
pregnancy.3 The pregnancy-associated increase in TBG was
later shown to be due to estrogen, which prolongs the cir-
culating half-life of TBG.4 Glinoer et al in the 1990s char-
acterized the multitude of changes in thyroid economy that
occur during pregnancy, including the increased T4-bound
TBG levels seen in early gestation.5

Interpretation of serum thyroid function tests

Pregnancy is associated with unique alterations of thyroid
physiology that impact the interpretation of serum thyroid
function tests. As biochemical hyperthyroidism had been
observed in patients with choriocarcinomas and hydatidiform
moles, Hershman et al hypothesized that the normal placenta
likely contained a thyroid stimulator.6 The first clinical re-
ports arose from studies in the 1960s showing that women
with human chorionic gonadotropin (hCG)-secreting pla-
cental tumors (e.g., hydatidiform moles and choriocarcino-
mas) were also hyperthyroid.7

Later work during the 1970s to early 1990s by Braunstein
and Hershman,8 Harada et al,9 Glinoer et al5 using more
sensitive thyrotropin (TSH) assays provided compelling ev-
idence that even in normal pregnancy, hCG directly stimu-
lated T4 production from the thyroid, resulting in gestational
transient thyrotoxicosis in some. These early studies laid the
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groundwork for the current American Thyroid Association
(ATA) recommendations supporting a lower physiological
reference limit or population-based trimester-specific refer-
ence ranges for serum TSH, primarily in the first trimester of
pregnancy.10

Increased thyroid hormone requirements

In addition to the higher TBG-bound thyroid hormone
levels induced by the rise of estrogen, other advances have
further informed the need for increased thyroid hormone
during pregnancy. Work by Roti et al11 and Galton et al12

showed that the placenta is abundant in the type III deiodi-
nase that is responsible for converting T4 and triiodothyro-
nine (T3) to inactive metabolites,13 leading to faster
degradation of the maternal thyroid hormone supply that is
available to the fetus. Pregnancy is also associated with renal
hyperfiltration and increased iodine clearance,14 which
would be exacerbated in regions of endemic iodine defi-
ciency,15 resulting in higher iodine needs to sustain normal
thyroid hormone production for the developing fetus.

Among women with autoimmune thyroid disease, Glinoer
et al showed that serum TSH levels are higher starting in the
first few weeks of pregnancy and continue to rise more than
in euthyroid controls throughout the entire course of ges-
tation.16 Seminal studies by Mandel et al in 199017 and
Alexander et al in 2004 quantified the increased thyroid
hormone requirements during pregnancy,18 key practice-
changing concepts that were championed by Larsen.19 Thus,

in order to meet the demands for a greater total body T4 pool
during pregnancy, current guidelines by the ATA advise an
*30% higher dose of levothyroxine (LT4) in women treated
for hypothyroidism.10,18

Iodine Nutrition in Preconception, Pregnancy,
and Postpartum

Iodine deficiency during pregnancy

The possibility that severe iodine deficiency during preg-
nancy may be associated with adverse obstetric outcomes was
observed in the early 1900s. Administration of iodide tincture
to colts, calves, and pigs for 2 months before deliv-
ery prevented the nearly 90% postpartummortality rate seen in
animals of iodine-deficient regions.20 In 1939, Kemp reported
the anecdotal experience of several groups who had observed
the benefit of prophylactically administering iodine and iron in
pregnant women to decrease rates of stillbirth.20

Stronger scientific evidence of this association was not
available until 1971, when the seminal study by Pharoah et al
was published.21 This randomized controlled trial in New
Guinea, including women of childbearing age and/or preg-
nant women, showed a significant decrease of endemic se-
vere iodine deficiency and associated mortality among the
offspring born to families who were treated with iodized oil,
compared with placebo.21 The benefits of early iodine sup-
plementation during pregnancy were later demonstrated by
Cao et al in a pivotal cohort study performed in a severely

FIG. 1. Highlighted discoveries in maternal–fetal thyroid disease over the past century.
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iodine-deficient remote province of China in 1994, in which
offspring of women administered iodine supplementation
before the third trimester had significantly lower risk of
neurological abnormalities, compared with those born to
women treated during later pregnancy.22

Increased iodine requirements during pregnancy
and lactation

A large collective of work has shown that because of
increased iodine and thyroid hormone needs for the devel-
oping fetus, as well as increased maternal renal iodine
excretion,23 dietary iodine needs are higher during pregnancy
than they are for nonpregnant adults. In the 1970s, it was
presumed that the iodine content in prenatal multivitamins
was adequate for the increased iodide requirements during
pregnancy.24 However, data over the past decade have since
shown that only *50–60% of prenatal vitamin formulations
in the United States contain any iodine, let alone optimal
iodine content for gestation.25,26

Risks of iodine excess during pregnancy

In 1971, Senior and Chernoff described an infant with a
goiter born to a mother who had received large doses of
iodide throughout pregnancy.27 Although Braverman and
Ingbar had shown in the early 1960s that the normal adult
thyroid in most cases is able to adjust to iodine excess,28 the
mechanism for this adaptation to the Wolff-Chaikoff effect29

was not known until 1999, when Eng et al showed that iodine
excess is associated with a temporary downregulation of the
sodium iodide/symporter.30 However, as the fetal thyroid
gland is relatively immature, it cannot easily escape from the
acute Wolff-Chaikoff effect,31 thus posing the risk of fetal
hypothyroidism upon an acute iodine load.

Fetal Development and Thyroid Disease

Role of maternal iodine and thyroid hormone
during pregnancy

Before the recognition that adequate iodine status plays
a crucial role in early growth and neurodevelopment, the
diagnosis of neonatal severe iodine deficiency (termed cre-
tinism in older texts) was challenging, with difficulties with
feeding or gaining weight as the most common manifesta-
tions. Pioneering work by Stanbury et al in iodine metabolism
during the 1950s32 had established the important basis for
their work during the 1950s and 1960s in understanding of
the effects of endemic iodine deficiency.

A 1958 study of 49 children with cretinism reported that
severe iodine deficiency was diagnosed at a mean age of
12 months,33 with untreated children showing severe growth
impairment, delayed closure of the fontanelles, periorbital
edema, large protruding tongue, and cognitive impairments.
The diagnosis of severe iodine deficiency during these early
days was able to be made only crudely by the measurement of
low serum PBI concentrations.24

Further studies during the 1960s were able to show that
colloid formation, iodide concentration, and synthesis of
thyroglobulin and T4 in the human fetal thyroid gland begin
at 11 weeks gestation.34 In addition, the fetal thyroid gland
has an *20–50 greater affinity for iodine than the maternal
thyroid gland, as well as significantly increased thyroidal

iodine turnover.35 In 1969, Gitlin and Biasucci showed that
fetal TSH appears as early as 14 weeks gestation,36 but
Greenberg et al shortly thereafter provided evidence that
TSH is detectable and responsive to free T4 (fT4) even at
11 weeks gestation.37

Although it was understood that iodine, T3, and T4 all
freely cross the placenta (with T3 appearing to cross more
easily than T4),38 it remained unclear even in the 1970s
whether the fetus requires its own thyroid hormone supply
during pregnancy or whether maternal thyroid hormone
would be sufficient.24 During the late 1980s, key animal
experiments byMorreale de Escobar et al provided evidence
of the maternal transfer of T4 through the placenta to the
fetal rat.39

This was quantified by Vulsma et al, who in 1989 studied
the offspring of euthyroid women with a history of under-
lying congenital hypothyroidism.40 In these findings, the
infants who were also affected with congenital hypothy-
roidism and documented to be athyreotic had *20–50% of
the normal levels of circulating thyroid hormones at birth,
which also fell in accordance with the predicted serum half-
life of T4, proving that transplacental crossing from the
mother was their only possible source.40

Thyroid function newborn screening

Important studies in newborn thyroid function screening
have been a significant public health accomplishment in the
past century. Newborn screening programs were im-
plemented in Switzerland in the late 1960s and rapidly be-
came common in most developed countries during the 1970s.
As it was also recognized that there is a marked increase, then
fall, in neonatal serum TSH levels immediately after de-
livery,41 continued refinement of strategies informed by
Walfish42 and others since has led to the adoption of regional
screening algorithms.

The key report in 1979 by Fisher et al described the five
oldest screening programs in North America, including a
study by Dussault and colleagues in Quebec,43 which in total
had screened over one million newborns to yield an incidence
rate of 1 in 3684 live births.44 Recognition that early thyroid
hormone replacement improves the cognitive and develop-
mental impairments associated with untreated disease
has virtually eliminated the adverse outcomes of congenital
hypothyroidism.45

Hypothyroidism and Hypothyroxinemia
During Pregnancy

Role of thyroid hormone in early development

The association of postnatal thyroid dysfunction
and neurodevelopmental disorders has long been recog-
nized; observations in the early 1800s noted that cretins
(a pejorative, outdated historic medical term used to de-
scribe individuals with stunted growth and other physical
deformities) appeared to also have substantial neurocogni-
tive impairments.46 Seminal studies by DeLange and col-
leagues were pivotal in reporting the association between
maternal and fetal thyroid status, particularly in areas of
endemic iodine deficiency.47,48

Later experiments during the 1960s showed that animals
that had undergone thyroidectomy at birth have marked
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morphological changes in the central nervous system,49 as
well as behavioral abnormalities; the defects appeared to be
partially or wholly reversible if thyroid hormone was started
shortly after birth.

Subsequent studies have focused on the influence of ma-
ternal and fetal thyroid status at earlier timepoints (i.e., pre-
natally) on neurodevelopment. Following experiments
initially in rat, then later mouse, models, human data in the
1990s and early 2000s confirmed thyroid hormone concen-
trations in the fetal cortex50 and in cord blood.51 However,
the extent to which fetal brain development is reliant on ad-
equate thyroid hormone was still relatively uncertain even
into the very late 1990s.52

Placental passage of thyroid hormone

For many years, the accepted thinking was that the fetal
hypothalamic–pituitary thyroid development is independent
of maternal thyroidal influence, even as recently as the early
1980s.53 However, later seminal study by Obregon et al in
1984 reported that T4 and T3 were able to be measured by
radioimmunoassay in rat embryos at 10–18 days gestation,54

earlier than when the fetal rat thyroid begins to function
around day 18, thus providing strong evidence that maternal
thyroid hormone through placental passage is critical to fetal
thyroid hormone supply. Much study has been done since
to demonstrate that normal levels of thyroid hormone are
essential for neuronal migration, myelination, and other
structural changes of the fetal brain.55

Thyroid hormone replacement
in maternal hypothyroidism

Several studies have investigated the associations between
untreated maternal hypothyroidism and risks of adverse
pregnancy complications. A 1993 study by Mestman et al
showed a higher rate of gestational hypertension in hypo-
thyroid women than in the general population.15 Pop et al
published several studies, the earliest in 1999,56 on the
association between maternal hypothyroxinemia during
pregnancy and impaired infant development. In 2005, Casey
et al described a 3-fold increased risk of placental abrup-
tion and nearly 2-fold risk of premature delivery in women
with subclinical hypothyroidism when assessed at 20 weeks
gestation.57

In one of the landmark studies in this field, Haddow et al
in 1999 showed in a retrospective cohort series that untreated
maternal hypothyroidism (ascertained at a mean gesta-
tional age of 17– 1 [standard deviation] weeks) was asso-
ciated with decreased intelligent quotient (IQ) scores in
offspring at age 7–9 years.58 However, the role of maternal
subclinical hypothyroidism (which may be associated with
maternal thyroid antibody positivity) on these outcomes is
less clear.

Higher TBG levels in normal pregnancy indicate a need for
increased thyroid hormone production, but an increase in
LT4 dose requirements in pregnant hypothyroid women was
not observed in early studies. This may have been due to
the generally higher LT4 doses used before the availability
of a sensitive TSH assay to mask this need. In 1990, Mandel
et al showed that 9 of 12 hypothyroid pregnant women
required an increased dose of LT4 (by an average of 50%),

compared with their prepregnancy dose, and returned to
their prepregnancy requirement in the postpartum period.17

A subsequent study by Alexander et al showed that this
increased dose requirement occurred primarily in the first
half of pregnancy and plateaued at gestational week 16.18

A more recent study by Korevaar and colleagues has dem-
onstrated that both high and low maternal fT4 concentrations
are associated with lower childhood IQ though, suggesting
that overcorrection of maternal hypothyroidism may in itself
also have adverse effects.59

Braverman et al published in 1970 their seminal article
reporting that the primary source of circulating T3 in humans
was the peripheral conversion of T4 to T3, leading to the
recommendation of LT4 therapy for hypothyroidism,60

including during pregnancy. It was, however, already rec-
ognized that T3 and T4 have markedly different affinities to
thyroid binding proteins, suggesting that T3 may more easily
cross the placenta than T4.38

Dumitrescu et al in the early 2000s also showed that T3 and
T4 transport across the blood–brain barrier occurs through
the active transporter protein, monocarboxylate transporter
8.61 Work in the past two decades has also shown that T4, but
not T3, can additionally cross into the fetal brain through
organic anion transporting polypeptide 1C1 (Oatp1c1),62 but
is poorly expressed in the human fetus.63 Morreale de
Escobar et al demonstrated that maternal T3 is unable to
reach the fetal brain and alleviate fetal hypothyroidism.64

Thus, any maternal use of T3-containing regimens, including
desiccated thyroid extract or synthetic T3, has the potential
to reduce thyroid hormone action fetal brain, but direct data
are not available.10

Hyperthyroidism During Pregnancy

Graves’ disease during pregnancy

Although a case of neonatal hyperthyroidism born to a
pregnant woman with Graves’ disease had been described in
1912,65 the role of maternal TSH receptor antibodies was not
understood until several decades later. During the 1950s,
Graves’ disease was hypothesized to result from an undefined
long-acting thyroid stimulator first described in 1956 by
Adams and Purves.66 The initial reports of transplacental
passage of a maternal thyroid stimulating antibody were from
the early 1960s67 and supported an autoimmune basis of fetal
Graves’ disease. A retrospective cohort study of 18 women
by Dirmikis and Munro in 1975 suggested that there must be
a likely threshold of elevated maternal thyroid stimulating
immunoglobulin (TSI) titers during pregnancy to pose a risk
to the fetus.68

A 1983 study of 20 women showed among those who had
infants with neonatal Graves’ disease, all had sera contain-
ing antibodies able to induce a >500% tissue cAMP response
to TSH stimulation,69 forming the basis for recommenda-
tions advising maternal serum TSI titers be measured dur-
ing midpregnancy, to assess fetal/neonatal hyperthyroidism
risk.10

Treatment of hyperthyroidism during pregnancy

In the 1970s, it remained relatively unclear if untreated
maternal thyrotoxicosis during pregnancy was associated
with adverse obstetric outcomes and/or increased fetal
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mortality.24 However, a landmark article by Anselmo et al in
2004 provided evidence of a direct adverse effect of high
maternal thyroid hormone levels on the fetus.70 Offspring
born to women in an Azorean family with thyroid hormone
resistance (i.e., offspring were unaffected) were observed to
have low birthweights and suppressed TSH levels, resulting
from their exposure to high maternal thyroid hormone con-
centrations in utero.70

Treatment during the 1970s was primarily thioamides,
titrated to serum PBI values. In 1986, a landmark study by
Momotani et al demonstrated that targeting minimally
elevated or high-normal maternal serum fT4 levels with
antithyroid drugs is the most appropriate to maintain euthyroid
status in the fetus.71 Later important study by Andersen et al in
the early 2010s showed the risks of congenital anomalies with
antithyroid drug use and steered the field toward minimal use
of these medications, along with consideration of their dif-
ferent side effect profiles, during gestation.72

In the postpartum period, there were isolated reports of
cognitive impairments and goiters in children secondary to
maternal propylthiouracil use during lactation. As such,
mothers receiving these drugs were initially advised to not
breastfeed their infants, but Low et al in 1979 showed that
propylthiouracil has a breast milk–plasma ratio of only 0.1,
while that for methimazole is closer to 1.0,73 thereby pro-
viding evidence that the breast milk content of these medi-
cations is extremely low and their use during lactation is
overall safe.10

If surgical treatment of hyperthyroidism was advised, it
was understood that the thyroid surgery should be delayed
until after the first trimester. It is interesting that if a total
thyroidectomy was performed during pregnancy, usual
postoperative thyroid hormone replacement in the 1970s was
to begin three grains of DTE or its equivalent daily for the
remainder of gestation,24 advice that is no longer espoused
due to the difficulties of T3 crossing the fetal blood–brain
barrier.39

Laboratory Thyroid Antibody and Thyroid Hormone
Screening in Preconception and Pregnancy

The prevalence of hypothyroidism during pregnancy ran-
ges from 0.5% (overt hypothyroidism) to 3.47% (subclinical
hypothyroidism).10,74 Several observational studies have
estimated the prevalence of serum anti-TPO or anti-Tg thy-
roid autoantibodies (2–17% in unselected pregnant women,
depending on ethnicity).10 The consideration of serum thy-
roid laboratory screening during preconception or pregnancy
arose from the aforementioned study, as based on potential
deleterious obstetric and neonatal effects among women with
hypothyroidism or hypothyroxinemia.

Other studies have also demonstrated the obstetric risks
of thyroid autoimmunity per se, even in the setting of bio-
chemical euthyroidism. A seminal study by Stagnaro-Green
et al found positive serum thyroid antibodies in 19.6% of a
screened first-trimester cohort and was the first to report
an association between serum anti-TPO antibody positivity
in pregnant women and miscarriage,75 while more recent
pooled pregnancy data by Korevaar et al in the Consortium
on Thyroid and Pregnancy show positive associations
between subclinical hypothyroidism, isolated hypothyrox-
inemia, TPO antibody positivity, and risk of preterm birth.76

Some countries, including Spain, China, and Poland,
employ universal thyroid screening during pregnancy, while
the United States has adopted a more restricted case-finding
approach aimed to detect women at highest risk.10 Dosiou
et al have proposed that universal screening for autoimmune
thyroid dysfunction in first-trimester pregnancies is cost-
effective, compared with no screening or even screening
of only high-risk women.77

The potential risks versus benefits of thyroid screening
before and during pregnancy require further study, partic-
ularly regarding maternal subclinical hypothyroidism if
found,78 but a small number of randomized clinical trials
in the past *15 years have advanced knowledge on this
topic. A 2010 Italian study by Negro et al reported no dif-
ferences in adverse obstetrical or neonatal outcomes in 4562
first-trimester pregnant women, whether or not they un-
derwent universal measurement of serum TSH, FT4, and
TPO Ab levels (and treated with LT4 if a TSH >2.5 with
positive TPO Ab was found, or antithyroidal medication if
hyperthyroid was found).79

Similarly, the Controlled Antenatal Thyroid Screening
study and a U.S. National Institutes of Health study showed
no benefits to systematic second-trimester screening and
correction of maternal subclinical hypothyroidism or hypo-
thyroxinemia, if discovered, on child cognition at age 3–5
years.80,81 In contrast, another study in China by Ma et al in
2016 had reported the beneficial association of thyroid
function screening (and initiation of LT4 if subclinical hypo-
thyroidism was found) and decreased miscarriage and mac-
rosomia risks, compared with no screening.82 Subsequent
robust randomized clinical trials have not shown a benefit
of LT4 use in euthyroid, thyroid antibody pregnant women
to increase live birth rates.83,84

Postpartum Thyroid Disease

In the 1950s, Hazard described a variant of Hashimoto’s
thyroiditis, characterized cytologically by extensive lym-
phocytic infiltration without epithelial oxyphilia85 that was
seen frequently in postpartum women.24 One of the earliest
series describing postpartum thyroiditis was of six patients at
Osaka University Hospital by Amino et al, who noted the
spontaneous occurrence then recovery from primary hypo-
thyroidism in the 1–3 months after delivery; all of the women
had positive serum antimicrosomal antibodies.86 Important
later study by Lazarus et al in the 1990s showed that there is
an approximate 70% risk of recurrent postpartum thyroiditis
after an initial episode.87

Thyroid Nodules and Thyroid Cancer
During Pregnancy

Prevalence of thyroid nodules in pregnant women

The hypothesis of a positive association between the
prevalence of thyroid nodules and pregnancy was proposed
by Burrow in the early 1970s.24 From two studies in 2010 and
2014, the question of whether or not there is pregnancy-
mediated hormonal stimulation to increase the risk of
developing thyroid nodules remains still unclear,88,89 but
limited observational data suggest a potential association.90

Several observational studies in the 1990s and early 2000s
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reported that the prevalence of thyroid nodules during preg-
nancy ranges from 3% to 30%,91 depending on iodine status
and geographic region.

Impact of pregnancy in thyroid cancer risk

Similarly, whether or not pregnancy plays a role in wors-
ening pre-existing thyroid cancer remains incompletely
understood. A study by Ito et al in 2016 of the active sur-
veillance of biopsy-proven micropapillary thyroid cancers,
including in pregnant women, has allowed some reassurance;
only 4 of 51 women showed growth of ‡3mm during preg-
nancy, and none of the women developed nodal metastases.92

This was in contrast to a previous analysis by Shindo et al in
2014 of a smaller cohort (n = 9), who showed a greater risk
of tumor enlargement during pregnancy, compared with
nonpregnant controls.93

Risks of thyroid cancer treatment in preconception,
pregnancy, and postpartum

It is generally established that thyroid surgery during
pregnancy should be performed during the second trimes-
ter.10 Although the use of radioactive iodine ablation or
adjuvant therapy is contraindicated during pregnancy, studies
during the early 2000s have shown that radiation given many
years before conception is unlikely to have any adverse
consequences related to infertility, pregnancy loss, stillbirths,
neonatal mortality, congenital malformations, preterm births,
low birth weight, death during the first year of life, or cancers
in offspring.94,95

Conclusion

The past century has seen significant advancements in the
understanding of maternal–fetal thyroid disease. As we look
toward the future, continued study will further refine how the
thyroid health of mother and baby can be further optimized
during this important life stage for both.
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Radioactive Iodine:
A Living History

Gilbert H. Daniels and Douglas S. Ross

Background: Before the development of antithyroid drugs in the 1940s, treatment of Graves’ hyperthyroidism
was primarily surgical. Surgical mortality was quite variable, but a significant minority of patients died during
or after surgery.
Summary: In 1936, Karl Compton, President of the Massachusetts Institute of Technology, in a lecture attended
by Massachusetts General Hospital physicians, suggested that artificially radioactive isotopes might be useful
for studying metabolism. By 1942, Hertz and Roberts reported on the successful use of radioactive iodine (RAI)
to treat Graves’ hyperthyroidism. RAI uptake was subsequently demonstrated in well-differentiated thyroid
cancer metastases. In 1948, Seidlin demonstrated stimulation of uptake in thyroid cancer metastases by thy-
rotropin (TSH). By 1990, 69% of endocrinologists in North America recommended RAI for Graves’ hyper-
thyroidism. Currently RAI is less frequently used for Graves’ hyperthyroidism, related to concerns about
exacerbation of thyroid eye disease, about radiation exposure, and about potential adverse consequences of
permanent hypothyroidism. Similarly, RAI was administered to the majority of patients with thyroid cancer for
decades, but its use is now more selective.
Conclusions: RAI is a remarkable example of interinstitutional cooperation between physicians and scientists
to transition from bench to bedside in only three years. It is the model for a theranostic approach to disease (the
simultaneous use of a radioactive drug for diagnosis and therapy). The future of RAI is less certain; inhibition of
TSH receptor stimulating antibodies in Graves’ disease and more precise targeting of genes that drive thyroid
oncogenesis may diminish the use of RAI. Alternatively, redifferentiation techniques may improve the efficacy
of RAI in RAI-refractory thyroid cancer.

Keywords: hyperthyroidism, radioactive iodine, thyroid cancer

The Prelude

In the early 1930s, the therapeutic options for Graves’
hyperthyroidism (‘‘exophthalmic goiter’’) were quite lim-

ited. The testing and development of antithyroid drugs by
Astwood were a decade away (thiourea and thiouracil in
1943, propylthiouracil in 1945, and methimazole in 1949)
(1). Artificially produced designer radiolabeled drugs for
medical purposes could not even be imagined. Surgery was
the mainstay of therapy.

Other therapies for hyperthyroidism were of uncertain
efficacy. The Massachusetts General Hospital (MGH)
Thyroid Clinic began studying external beam radiation in
1917, reporting cures in up to one-third of patients and

improvement in another third (1924). However, the practice
was largely abandoned by 1930. Hyperthyroid patients
received 80–120 r (cGy) weekly for 8–10weeks or 300 r (cGy)
every other week for 8–12 cycles, either as a stand-alone
therapy or (after an additional 3-week wait) as a prelude to
surgery. Multiple courses of therapy might be administered.
Debilitated patients were sometimes treated with radium to
little effect (2,3). In contrast, modern external beam radia-
tion for head and neck cancer delivers 5000–6000 r (cGy),
causing hypothyroidism in most patients.

Pharmacological (6mg) doses of iodine produced vari-
able but rapid (often within hours) improvement in symp-
toms and basal metabolic rate (BMR), with a peak effect at
10 days. Inhibition of thyroid hormone release is the likely

Thyroid Unit, Endocrine Tumor Center, Department of Medicine, Massachusetts General Hospital and Harvard Medical School, Boston,
Massachusetts, USA.

THYROID
Volume 33, Number 6, 2023
ª American Thyroid Association
Mary Ann Liebert, Inc.
DOI: 10.1089/thy.2022.0344 (Pages 666–673)

62



mechanism. Higher doses of iodine did not have added
benefit. BMR was the definitive laboratory test for hyper-
thyroidism. Unfortunately, Dr. James Howard Means noted
that continuation of iodine might result in ‘‘intensification of
the thyrotoxic picture’’ (4).

It was also well known that iodine was contraindicated for
toxic nodular goiter. Preoperative iodine therapy became
standard around 1922 (see last paragraph of ‘‘The Prelude’’),
which coincided with abandoning of iodine as stand-alone
Graves’ therapy. Currently, iodine therapy for Graves’ hyper-
thyroidism is being revisited in Japan and other countries (5).

Subtotal thyroidectomy (defined as removal of four-fifth of
the thyroid) was the definitive therapy for Graves’ disease
and was clearly effective, but patient mortality, initially due
to uncontrollable hemorrhage and subsequently to thyroid
storm and infections, was highly variable due to varying sur-
gical skill.

Highly skilled surgeons such as the Australian surgeon
Dunhill, the legendary Johns Hopkins’ surgeon Halsted, and the
Mayo Clinic surgeon Charles Mayo reported mortality of 2% to
6% in the early 1900s compared with a 33% mortality among
those less skilled (6,7). More than 50% of the procedures were
‘‘staged,’’ with initial removal of one lobe and subsequent re-
moval of the other. Prolonged bed rest, isolation in a dark room,
circulation of ice water externally around the heart, injecting
boilingwater into the thyroid, and administration of thyroidectin
were unsuccessful attempts to improve surgical outcome.
Thyroidectin, an extract ofmilk or blood from thyroidectomized
animals, was given orally in a futile attempt to mirror the suc-
cessful use of thyroid extract in hypothyroidism.

In 1922, the addition of preoperative iodine (Lugol’s
solution 10 drops 2 or 3 times daily) by Plummer at the Mayo
Clinic proved to be a turning point for Graves’ surgery (7,8).
Mortality at theMayo Clinic decreased from 4% to 1–2% and
the percentage of staged operations decreased from 50% to
2%. Pharmacological doses of iodine decreased thyroidal
blood flow and inhibited thyroid hormone release. Plummer
incorrectly hypothesized that iodinating putatively toxic
poorly iodinated thyroxine would be beneficial. Despite
preoperative use of iodine, in the 1930s, surgical mortality
was still 8–10% at some institutions (9), and at 1 hospital, it
varied from 2% to 7% depending upon the surgeon (2).

Discovery of Radioactive Iodine

In this context, on November 12, 1936, as part of a weekly
lecture series at Harvard Medical School, Karl Compton,
President of Massachusetts Institute of Technology (MIT),
gave a lecture to students and faculty members entitled
‘‘What physics can do for Biology and Medicine.’’ Robley
Evans, an MIT physicist, suggested discussing ‘‘artificially
radioactive isotopes’’ and their potential for studying
metabolism (10).

Remarkably, this was only two years after the description
of the first artificially produced radioactivity by the married
team of Frederic Joliot and Irene Curie (daughter of Marie
Curie), publication of the first description of a cyclotron by
Ernest Lawrence, and production of several short half-life
(t½) radioisotopes by Enrico Fermi who used a radon–
beryllium neutron source to bombard all known available
elements. All four scientists subsequently were awarded the
Nobel Prize.

Much of the following information is gleaned from Sawin
and Becker (9,11). Four members of the MGH Thyroid Unit
attended the lecture: James Howard Means (founder of the
thyroid unit and chief of medicine at the MGH), Saul Hertz
(head of the thyroid clinic), Earle Chapman, and Jacob
Lerman (a thyroid unit clinicians in private practice). At the
end of the lecture, Dr. Hertz asked whether iodine could
be made radioactive. Compton was uncertain. In December
1936 he wrote to Hertz apologizing for his tardy response and
confirmed that in 1934 Enrico Fermi had produced 128I, an
isotope with a t½ of 25 minutes and a beta ray spectrum. By
May 1937, Hertz announced research plans to study thyroid
metabolism in rabbits and ultimately to treat Graves’ disease.

Subsequent therapeutic plans included treating thyroid
cancer. Thus began a remarkable collaboration between
MGH physicians and MIT physicists to study radioactive
iodine (RAI). Evans produced 128I by irradiating ethyl iodide
with neutrons. Separating radioactive from nonradioactive
ethyl iodide proved much easier than anticipated, as the
energy of the 128I ruptured the ethyl iodide bond, releasing
water-soluble iodide that was easily separated from the polar
water-insoluble ethyl iodide.

Hertz and Evans demonstrated uptake of iodine in rabbit
thyroids (using Geiger–Mueller counter) that was increased
after injection of pituitary thyrotropin (TSH) extracts, in
hyperplastic thyroids, and in early pregnancy. Their results
were reported in 1938 only 1.5 years after the Compton
lecture (12). They emphasized the importance of using as
little carrier (‘‘cold’’) iodine as possible to maximize iodine
uptake.

Physiological studies with RAI were performed in humans
by Hamilton at Berkeley and by Leblond in Paris. Thyroid
uptake of RAI was limited because Hamilton used a large
amount (14mg) of ‘‘cold’’ iodine. During a chance encounter
in 1938, Hamilton asked the future Nobel laureate physicist/
chemist Glenn Seaborg whether he could produce longer
lived iodine isotopes. Seaborg asked how long a half-life
he would like, and Hamilton answered ‘‘one week.’’ Within
8 days Livingston and Seaborg produced 3 (fortuitously)
longer lived isotopes: 130I (t½ 12 hours), 131I (t½ 8 days), and
126I (t½ 13 days). Seaborg subsequently wrote: ‘‘And for me,
it has a very personal meaning. Doctors used it to save my
own mothers’ life when she contracted hyperthyroidism, a
disease similar to the one that killed her sister in the 1930s’’
(13). As a footnote to history, the University of Michigan had
previously produced 131I but misidentified it as 131Te.

Initial MGH/MIT clinical studies were performed with 130I
posted from Berkeley to the MGH by first class mail (Fig. 1).
The Boston team soon realized that a cyclotron was necessary
for more sophisticated studies with radioisotopes. In 1938,
Compton and Roberts traveled to New York City to request
funds from the New York-based John and Mary Markle
Foundation. The same day they received a check for $30,000
that was sufficient to build a cyclotron. The MIT cyclotron
was completed in 1940, the first cyclotron built exclusively
for biological and medical use.

Initially Hertz administered 130I to study Graves’ patients
before surgery. However, in January 1941, the first hyper-
thyroid patient was treated with a ‘‘radioactive cocktail’’
(i.e., RAI treatment) in a glass of water with MIT-
manufactured 130I (contaminated with a bit of 131I). Although
Hertz and colleagues assumed that the rapid discharge of
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energy from 130I was an advantage, ultimately the longer t½
of 131I made it the therapy of choice. At the insistence of
Dr. Means, pharmacological doses of ‘‘cold’’ iodine (super
saturated potassium iodide [SSKI] 6 drops twice daily) were
administered 1–3 days to several weeks after RAI to ‘‘protect
the patients against the mischief from thyrotoxicosis (when a)
treatment of unknown efficacy was being tried out’’ (14).

The BMR returned to normal after several months.
Twenty-two of the first 29 RAI-treated hyperthyroid pa-
tients had a ‘‘successful’’ outcome, defined as normali-
zation of BMR several months after stopping ‘‘cold’’
iodine. The importance of ‘‘cold’’ iodine in the suc-
cessful outcome was uncertain. The practice of admin-
istering ‘‘cold’’ iodine (SSKI twice daily beginning one
week after RAI) continued at the MGH for many decades
and appears to shorten the time to euthyroidism com-
pared with RAI alone (15).

Hertz and Hamilton (who also successfully treated a series
of hyperthyroid patients) presented abstracts at the American
Society of Clinical Investigation meeting in 1942. The
American Thyroid Association (ATA) (then the American
Goiter Association) annual meetings had been cancelled for
the duration of World War II. Although Dr. Hertz was par-
ticularly enthusiastic about RAI therapy for hyperthyroidism,
Dr. Hamilton was more circumspect about the long-term
effects of this ‘‘potentially lethal agent.’’ Preliminary results
were published in 1942 (16).

When Hertz volunteered for naval duty in 1943, he asked
Chapman to continue his clinical studies. Between May 1943
and March 1945, Chapman treated an additional 22 patients
with RAI (primarily 130I with around 10% 131I). Using a
higher dose of RAI (up to 79 mCi), without ‘‘cold’’ iodine,
Chapman noted more radiation thyroiditis, radiation sick-
ness, and early hypothyroidism.

Although Means asked Hertz to publish his study in 1943,
Hertz declined believing that longer follow-up was neces-
sary. In 1946, the studies of Hertz and Chapman were pub-
lished separately in the same issue of the Journal of the

American Medical Association (JAMA) (17,18). Fishbein, the
JAMA editor, was suspicious of duplicate publication but
was reassured by Means that these were separate studies;
an editorial by Means was requested and was published
anonymously (19). Coming full circle, a commentary by
Dr. Compton was also included in that issue (20).

Amid accusations of misunderstanding, misappropria-
tion, and academic fraud, the relationships between Hertz,
Chapman, andMeans were permanently fractured (for details
see reference 9). Consequently, in 1946, Hertz moved to
Boston’s Beth Israel Hospital where RAI was being used
to treat angina (21).

It may surprise the reader to learn that 2 of the first 29
patients were 9-year-old girls. In an era that long antedated
the Geneva Conventions and institutional review boards, the
guiding principles for clinical research were ‘‘the personal
ethical standard of responsible physicians’’ (10). The expe-
rience of AD (one of these girls) is detailed by Daniels (22).
She remembers her mother being told that the treatment
might cause cancer, a concern that is currently resurfac-
ing (see RAI for Hyperthyroidism). Seventeen years later
(1958), AD had a thyroidectomy for a nodular goiter with
recurrent hyperthyroidism; in 1996 she had surgery for a
parathyroid adenoma causing hyperparathyroidism. Hy-
perparathyroidism is now a recognized long-term conse-
quence of RAI therapy for Graves’ hyperthyroidism (23). AD
lived well into her 80s.

In 1942, RAI uptake was detected in a metastatic focus of
well-differentiation thyroid cancer but not in coexisting
poorly differentiated metastases (24). One of the coauthors of
that report was Virginia Kneeland Frantz, the first woman
president of the ATA (1961). A famous but unusual case
of thyroid cancer was recounted in Life Magazine (1949)
(Fig. 2) after its scientific publication (25). Post thyroidec-
tomy, the patient had metastatic thyroid carcinoma with
intractable life-threatening hyperthyroidism as well as debil-
itating bone pain. All the known metastatic areas took up
RAI (using a Geiger counter) and several additional areas
were discovered after RAI administration.

After radioiodine administration, the patient’s pain resol-
ved, he gained weight, his BMR became normal, and some
tumor shrinkage and resolution of radioiodine uptake by the
tumor were achieved. In 1948, Seidlin demonstrated TSH
induced stimulation of RAI uptake in metastases, a seminal
observation (26).

In 1946 after World War II, 131I became generally avail-
able when the U.S. Atomic Energy Commission began to
supply pure fission product 131I. RAI was approved by the
Food and Drug Administration in 1972. There are currently
20 known radioactive isotopes of iodine. It is fortuitous that
3 of these isotopes are almost perfect for their purposes: 131I
for therapy (t½ 8 days), 123I (t½ 13.2 hours) for scanning, and
125I (t½ 60 days) for sealed source brachytherapy, in vitro
iodination and protein, and immunoglobulin iodination for
imaging.

131I is primarily a beta emitter with a short path length
that prevents damage to surrounding tissue; its gamma
emissions (10%) permit post-therapy imagining. 123I is an
almost pure high-energy gamma emitter, whereas 125I has
low-energy photon emissions. Although the Berkeley group
planned on testing the longer lived 126I, those studies never
materialized.

FIG. 1. Dr. Saul Hertz using a multicounter that he desi-
gned to analyze the distribution of radioactive iodine in
a volunteer. With permission from the Dr. Saul Hertz
Archives.
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Thyroid Imaging with RAI

In the early 20th century, there was no sensitive method of
detecting radioactivity. The Geiger–Mueller tube (counter)
was introduced in 1928 but was still quite insensitive. In 1949
Cassen and colleagues designed the first detector (scintilla-
tion counter) to record the ‘‘scintillations’’ that occur when
gamma radiation is absorbed by certain crystals (27). Auto-
mated scintillation counters were primarily used in the 1950s
to image the thyroid and to quantitatively calculate the thy-
roid RAI uptake to plan hyperthyroidism therapy. A thyroid
image could take up to 90 minutes. Subsequent modifications
included a variable light source proportional to scintillations
developed by Kuhl, and focused collimators developed by
Newell and colleagues.

Rectilinear scanners for imaging 131I, such as those
developed by Picker International Corporation, were con-
sidered revolutionary but their use peaked in 1973. The rec-
tilinear scanner was replaced by the Anger camera in the late
1970s. Currently gamma cameras are used for planar thy-
roid images (123I), while single-photon emission computed
tomography is used for three-dimensional imaging for thy-
roid cancer (131I or 123I).

RAI for Hyperthyroidism

The efficacy of RAI for hyperthyroidism is no longer in
doubt. The question of safety remains an important one.

Early clinical experience with RAI confirmed that
high doses were associated with late-onset hypothyroidism,
whereas lower doses failed to control the hyperthyroidism
in many patients (28). The hypothyroidism incidence
increased progressively over time even when initial rates
were relatively low. Attempts to improve the outcome inclu-
ded ‘‘compensated low-dose RAI therapy’’ (29), dose cal-
culations based on the thyroid gland size and RAI uptake
(30), and fixed dose RAI (31). Ultimately, however, the goal
of therapy for Graves’ hyperthyroidism was near complete
ablation of the thyroid gland, with permanent hypothyroid-
ism as the desired final effect, as noted by the current ATA
guidelines (32).

This may be particularly important for children, in whom
neoplastic change may occur in nonablated remnant thyroid

tissue (33,34). In addition, while increased mortality (primar-
ily cardiovascular) was initially reported in patients who
received radioiodine for hyperthyroidism, subsequent analysis
found that excess mortality was found only during the period
of ongoing treatment of hyperthyroidism with thionamides,
and among patients who did not become hypothyroid (35).

Patient AD already mentioned developed recurrent
hyperthyroidism with a large benign nodular thyroid. Cur-
rently, hypothyroidism is considered an effect rather than
a ‘‘side effect’’ of RAI therapy. Additional RAI safety con-
cerns include worsening Graves’ ophthalmopathy (36) and
late-onset primary hyperparathyroidism (23).

Despite initial concerns about malignancies post-RAI,
the data of Ron et al. from the Cooperative Thyrotoxicosis
Therapy Follow-up Study (CTTFUS) reassuringly found no
link between RAI and cancer mortality (37). Ron did note an
increase in thyroid cancer mortality after RAI treatment for
toxic nodular goiter. However, the cancer controversy was
reignited by a series of publications by Kitahara and col-
leagues (38,39) also utilizing the CTTFUS database.

They found a dose–response relationship between RAI
dose and solid cancer mortality, although the solid cancer
standard mortality ratios were the same among patients
treated with radioiodine, surgery, or antithyroid drugs (39).
Although not all investigators confirm these data (40), we
support Kim’s conclusion that Kitihara’s studies ‘‘constitute
a mandate for further research!’’ (41).

Declining Use of RAI for Hyperthyroidism

Whereas 69% of endocrinologists in North American
recommended RAI for Graves’ hyperthyroidism in 1990
(42), by 2011 the number was 60% (43) with a further decline
to 33% by 2020 (44). At the MGH, hyperthyroidism treat-
ment with RAI declined by 85% between 2006 and 2019.
There are several potential reasons why patients are reluc-
tant to choose RAI. One major concern is the risk of new
or worsening Graves’ orbitopathy (36). The post-RAI rise in
thyrotropin receptor antibodies (TRAb) is the likely culprit;
in contrast TRAb tend to decline after surgery or anti-thyroid
drugs (ATD) (45). Evidence to support a protective role of
glucocorticoids post-RAI has not stemmed this tide (46).

FIG. 2. Radioiodine halts progression
of thyroid cancer.72
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The decline in RAI use largely occurred before the
Kitahara publications (38,39), but our patients increasingly
report a nonspecific fear of radiation. Concern among our
patients regarding the adverse consequences of permanent
hypothyroidism may be an additional factor; our patients
frequently cite internet articles that highlight patient dissat-
isfaction with treatment of hypothyroidism (47).

On the positive side, more patients are pleased with the
option of long-term ATD therapy (48) or the opportunity for
a remission, while avoiding hypothyroidism (49). For-
tunately, studies show that severe ATD toxicity (agranulo-
cytosis and liver failure) occurs almost exclusively in the
first few months of therapy, thus mitigating some fears about
long-termATD use. Additional studies confirm the long-term
(>10 years) safety of ATD (50).

RAI for Toxic Adenoma and Toxic
Multinodular Goiter

Unlike Graves’ hyperthyroidism, the goal of radioiodine
in toxic adenoma is to ablate the autonomous tissues and
preserve normal thyroid function (51). Given the low RAI
uptake in nonautonomous areas due to suppression of TSH,
one would anticipate a low risk of hypothyroidism after RAI
for toxic adenomas and toxic nodular goiters, unless pre-
treatment with ATD normalized the serum TSH. Thus rates
of hypothyroidism after RAI depend upon absorbed dose,
goiter size, and prior antithyroid drug administration; the
rate of hypothyroidism in one long-term study was 8%, 28%,
46%, and 60% after 1, 5, 10, and 20 years, respectively (52).

In addition, Graves’ disease develops in up to 4% of RAI-
treated patients with toxic nodular goiter (53) presumably
due to an immune response to released thyroid antigens. After
RAI administration, toxic nodules develop suspicious ultra-
sound features, including calcifications with increasing
(more suspicious) European-Thyroid Imaging, Reporting,
and Data System scores reported by one year post-RAI (54).

RAI and Thyroid Cancer

One cannot deny the spectacular success of RAI in treating
some patients with thyroid cancer, particularly those with
low-volume distant metastatic disease. Despite certainty by
those arguing for and against RAI in certain situations, it
remains uncertain as to who should receive RAI and will
likely benefit from it, and what dose is appropriate. A ran-
domized controlled trial of RAI for important cancer out-
comes (structural or radiographic evidence of recurrence, or
increased thyroglobulin) has finally been published (55) but
not for the lack of effort in the past. In the 1970s, Dr. Leslie
DeGroot applied to the National Institute of Health to fund
randomized-controlled trials of RAI for thyroid cancer. De-
spite a high score for these proposals, funding was denied.

It may be instructive to review some of the history of the
RAI thyroid cancer controversy. Between 1960 and 1975,
fewer than 10% of papillary thyroid cancer (PTC) patients at
the Mayo Clinic (PTC) received RAI, based on their experi-
ence with low-risk patients who had a 99% disease-specific
survival without RAI (56). Mazzaferri’s et al.’s 1977 and
1981 landmark studies (57,58) reported decreased recurren-
ces and mortality after RAI for PTC >1.5 cm. Subsequently
almost 70% of the Mayo Clinic PTC patients received RAI,
a practice not necessarily supported by their data.

A striking example of the divergent opinions is the com-
mentaries of two North American nuclear medicine ‘‘giants’’
from Ann Arbor based on the same database: Beierwalters
‘‘.there is no question today that we should ablate normal
thyroid tissue as part of the treatment of well-differentiated
thyroid carcinoma’’ (59) and Sisson ‘‘.the aggregate of
evidence does not convincingly demonstrate that ablation of
small remnants—and especially those remote from the pri-
mary tumor—lowers the rate of recurrent cancer’’ (60).

By the 1980s, most patients with well-differentiated thy-
roid cancer (WDTC) larger than 1.5 cm received postopera-
tive RAI in the United States and Europe. However, since
1999 this practice has declined in the United States. For
example, data from California report that RAI for localized
disease declined from 54.6% (1999) to 29.6% by 2015 (61),
whereas at the Mayo Clinic it declined from 62% in 1990 to
25% in 2020 (62).

The decline in RAI for thyroid cancer was likely fueled
by several concerns: the very low risk of death in low-risk
patients, the uncertain benefit of RAI in preventing recur-
rences (63), and the concern about second primary malig-
nancies related to high-dose RAI (64). In addition, acute RAI
side effects (nausea and vomiting [rare] and painful sali-
vary glands) and chronic side effects (permanent dry mouth,
nasolacrimal gland dysfunction, recurrent sialadenitis, and
delayed reproduction) need consideration. These issues led
the ATA to argue against RAI for low-risk thyroid cancer
(65), whereas European nuclear medicine specialists did
not support this approach (66), refusing to endorse the ATA
guidelines.

A randomized phase 3 trial assessed evidence for recur-
rence after adjunctive radioiodine remnant ablation for low-
risk patients compared with no radioiodine; after 3 years
no radioiodine was noninferior to radioiodine (55). None-
theless, despite increasing evidence for little efficacy in low-
risk patients, the controversy continues. In the absence of
randomized controlled trials, the data support the use of
radioiodine for intermediate and high-risk patients (63).
The recent Martinique Conferences are an attempt to bridge
the divide (67).

What is the Legacy of RAI?

The early history of RAI is a model for remarkably effi-
cient translational research, from bench (1938) to bedside
(1941) in less than three years. It is also a model for inter-
institutional research cooperation. RAI remains an important
therapeutic option for hyperthyroidism including postsurgi-
cal recurrent hyperthyroidism. RAI is effective in shrinking
obstructing goiters when surgery is to be avoided (68).

The term theranostics (use of the same or similar radio-
active compound for diagnosis and therapy (69) is new, but
RAI is the paradigm for a theranostic approach to disease.
Desire to image the thyroid was the major impetus for the
specialty of nuclear medicine, although other radionuclide
imaging preceded RAI. Along with estrogen for prostate
cancer (1941), RAI was one of the first targeted therapies for
cancer.

What Might the (Distant) Future Bring for RAI?

Ideal therapy for Graves’ disease would specifically (and
safely) inhibit the production of TRAb, thus protecting the

66 DANIELS AND ROSS



‘‘innocent bystander’’ (thyroid) and effectively treating the
hyperthyroidism, potentially making RAI obsolete for that
purpose.

Ongoing and future studies will determine who will truly
benefit from RAI treatment for thyroid cancer. In addition,
future advances will determine whether RAI use will increase
as we explore ways to ‘‘redifferentiate’’ WDTC cancers (70)
that frequently have lost their ability to concentrate iodine, or
whether radioiodine use will decrease as advanced targeted
therapies become more effective and less toxic.

Coda

In October 2021 (80 years after the initial RAI treatment),
largely due to the efforts of his daughter, Barbara Hertz (71),
the American Chemical Society honored Dr. Hertz and the
medical use of RAI with a National Historical Chemical
landmark designation at the MGH. Based on the legacy of
RAI, it is ironic that when Hertz submitted his study for the
American Goiter Association Van Meter Award (1946), he
received only honorable mention.
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Discoveries Around the Hypothalamic–Pituitary–Thyroid Axis

Jerome M. Hershman1,* and Paolo Beck-Peccoz2

Many members of the American Thyroid Association played prominent roles in discovering the various aspects
of the hypothalamic–pituitary–thyroid axis. This axis is fundamental for maintaining the normal serum levels
of circulating thyroid hormones (THs) and thus the euthyroid state. The pituitary glycoprotein hormone,
thyrotropin (TSH), controls the activity of the thyroid gland. Thyrotropin-releasing hormone and the negative
feedback mechanism of circulating TH regulate the synthesis and the secretion of TSH. The dynamic interplay
of these two dominant mechanisms has essential effects on TSH release. Therefore, the finding of abnormal
serum levels of TSH often indicates the presence of a disorder of thyroid gland function. A summary of key
historical discoveries in the understanding of the hypothalamic–pituitary axis is presented.

Keywords: HPT axis, negative feedback mechanism, disorder of thyroid gland function, TSH, TRH, Thyroid
hormones

Introduction

The normal secretion of thyroid hormones (THs) is
essential for the regulation of their physiological effects

on brain development and function, growth, basal metabolic
rate, thermogenesis, energy expenditure, muscular contraction,
heart rate stimulation and the expression, and activities of nu-
merous proteins involved in lipid and carbohydratemetabolism.
The hypothalamic–pituitary–thyroid (HPT) axis synchronizes
the secretion of normal levels of TH (thyroxine [T4] and tri-
iodothyronine [T3]) and there is a negative feedback mecha-
nism between circulating TH, pituitary thyrotropin (TSH), and
hypothalamic thyrotropin-releasing hormone (TRH) (Fig. 1).

The association between the pituitary gland and endocrine
disease was clearly recognized in humans by Harvey Cushing
who, performing complete hypophysectomy, reported a char-
acteristic series of symptoms including bradycardia, ataxia,
hypothermia, loss of consciousness, hypogonadism, and
reduced growth rate. Studies in animal models showed that
lesions of the pituitary and/or the hypothalamus resulted in
hypothyroidism.1 In contrast, injection of pituitary and/or
hypothalamic extracts resulted in increased circulating TH.2

In humans, gene mutations or polymorphisms, as well as
pituitary or hypothalamic lesions of one or more components
of the HPT axis, may cause thyroid disorders.

The concept of the HPT axis was established in the
middle of the 20th century.3–6 The discovery of the vari-
ous components of the HPT axis took place in an inverted or-
der: first TH T4,7,8 second the TSH,9,10 and lastly, TRH.11,12

In all these steps, the thyroidologist members of the
American Thyroid Association (ATA) played a crucial role
in the discovery of the various hormones, their chemistry,
their action, and the mechanisms involved in the negative
feedback regulation.

Thyrotropin-Releasing Hormone

In 1948, Geoffrey W. Harris conducted a series of exper-
iments and concluded: ‘‘the hypothalamus served as the key
link between the endocrine and nervous systems in react-
ing to the surrounding environment.’’1 In 1951, Monte Greer
examined the inhibition of thyroxine synthesis and TSH
overproduction in response to the antithyroid drug thiouracil
and clearly showed that a hypothalamic lesion prevented
these responses.3 In 1955, Saffran et al suggested that an
unknown substance from the hypothalamus was able to reg-
ulate the secretion of the pituitary hormones and they coined
the term ‘‘releasing factors.’’13

TRH is synthetized and secreted from neuron belonging
to the hypothalamic paraventricular nucleus (PVN), which
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projects axons to the median eminence (ME). In the ME,
TRH is processed from nerve terminals located close to the
portal vessels and to the tanycytes.14

The chemical structure of TRH was discovered in 1970
in the laboratories of two Nobel Prize winners, Andrew V.
Schally and Roger Guillemin (Fig. 2). TRH is a tripeptide
[l-glutaminyl-l-histidyl-l-prolinamide (Gln-His-Pro (NH2)]
derived from a precursor (pre-proTRH) of 242 amino acids.
The precursor includes six copies of TRH and is synthetized
in the medial portion of the PVN.11,12,15 Several ultrastruc-
tural studies showed that transformation of pre-proTRH
into mature TRH is performed directly in the neuronal body
by the prohormone convertases 1 and 2.16

A TRH-degrading ectoenzyme ([TRH-DE] pyroglutamyl
peptidase II) present in the membrane of the tanycytes can
inactivate TRH before it enters the portal vessels.17 There-
fore, TRH-DE modulates the amount of TRH that enters in

the pituitary gland. A fast degradation of circulating TRH,
which has a half-life of about five minutes, is catalyzed
by various enzymes. These include pyroglutamyl-
aminopeptidase 1 and 2, thyroliberinase, and proline endo-
peptidase, which are partially controlled by TH, and have a
direct action on the expression of the TRH gene.18 John
P. Wilber and Bruce D. Weintraub discovered that the
gene encoding TRH was located on chromosome 3.19

The control of TRH secretion is mainly due to the
feedback mechanism of circulating levels of T4 and T320

and the hypothalamic peptide somatostatin, which inhib-
its TRH secretion.21 TRH stimulates both in vivo and
in vitro the secretion of TSH and controls the correct gly-
cosylation of TSH, which is fundamental for the normal
biological activity of TSH.22 Moreover, TRH is effective
in stimulating the secretion of prolactin from pituitary lac-
totrope cells.

The mentioned actions are due to the binding of TRH to
its type 1 receptor (TRH-R1) that belong to the family of
G-protein coupled receptors (GPCR), which activate the
pathway of Ca2+-dependent protein kinases.23,24 Biallelic
inactivating mutations in the 5¢-part of the TRH receptor
gene are responsible for congenital central hypothyroidism.25

Finally, the clinical use of synthetic TRH represented a
novel and useful test for the investigation of thyroid diseases.
Most of the first data were published by American thyr-
oidologists,26,27 who demonstrated that the TRH-stimulation
test is of special clinical value in discriminating between
primary and central hypothyroidism and in assessing the
functional pituitary TSH reserve in the presence of pituitary
and hypothalamic lesions. Furthermore, the findings in pati-
ents with hyperthyroidism suggested a possible clinical
utility of the TRH test in the differentiation of compensated
and decompensated autonomous adenomas, particularly for
borderline cases.

Furthermore, in patients scintigraphically suspected to
have autonomous thyroid nodules, a normal response to the
TRH test helped to exclude this diagnosis and avoid further
diagnostic procedures, such as the T3 suppression test.
Nonetheless, the TRH test is currently obsolete due to the
ultrasensitive immunometric measurement of TSH and it is
only used in the research setting for the phenotyping of pati-
ents with unexplained alterations in the HPT axis.

Thyrotropin

In 1916, two American scientists, Smith and Allen, iden-
tified a thyrotropic substance in the anterior pituitary of
tadpoles.9,10,28 A few years later, Leo Loeb and Max Aron
independently showed that injection of a pituitary extract
induced thyroid hyperplasia in guinea pigs.29 Thereafter,
successful research was conducted to separate and isolate the
various hormones of the anterior pituitary. The thyrotropic
substance was purified and characterized by Anderson and
Collip in 1935.30

In 1973, TSH was found to be a glycoprotein and was
assigned a molecular weight between 26 and 30 kDa by
Pierce et al.31 A few years later, Pierce and Cornell showed
that TSH is a heterodimeric glycoprotein hormone consti-
tuted by two subunits, a and b.32 The a-subunit is common
to the other glycoprotein hormones from the pituitary (lute-
inizing hormone [LH] and follicle stimulating hormone

FIG. 1. The HPT axis. TRH stimulates (+) pituitary thy-
rotropes to secrete TSH, which, in turn, stimulate the thyroid
gland to produce THs (T4 and T3). THs control the secre-
tion of TRH and TSH through a negative feedback mecha-
nism (-). TSH secretion from the pituitary is inhibited (-)
by the hypothalamic hormone somatostatin (SRIF) and
dopamine (DA). HPT, hypothalamic–pituitary–thyroid; T4,
thyroxine; T3, triiodothyronine; TH, thyroid hormone; TRH,
thyrotropin-releasing hormone; TSH, thyrotropin.

FIG. 2. Nobel Prize winners Roger Guillemin and Andrew
V. Schally who discovered the chemical structure of TRH
in 1970.
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[FSH]) and from the placenta (chorionic gonadotropin),
while the b-subunit confers functional and immunological
specificity to the TSH molecule.

Recombinant DNA technology was then used to under-
stand the tissue-specific developmentally regulated expres-
sion of the four different glycoprotein hormones: CG, LH,
FSH, and TSH. The isolation of a full-length cDNA encoding
the common a-subunit demonstrates that there is a single
human gene for this protein, expressed in the pituitary and
placenta, for the production of the various glycoprotein
hormones. From this, it is concluded that the control for the
expression of glycoprotein hormones probably resides in the
b-subunit genes.

In the following years, many laboratories in the United
States were able to clone the cDNA encoding TSH subunits
of various species and to characterize their structure and
expression.33–35 Moreover, it was demonstrated that the
hypothalamic hormones, dopamine and TRH, can act directly
on pituitary cells to modulate the transcription rate of the
TSH subunit genes36 and that the carbohydrate moiety of
TSH is essential for full bioactivity of the hormone.37 Finally,
biallelic mutations of the TSH b-subunit gene can lead to
central hypothyroidism characterized by a hyperplastic pitu-
itary gland, high serum glycoprotein hormone a-subunit,
and variable circulating TSH levels.38

TSH secretion is pulsatile39 and shows a circadian rhythm
both in rat and in humans.40 Interestingly, Ridgway and
collaborators demonstrated that TSH pulsatility is signifi-
cantly synchronized with prolactin (PRL) pulsatility41

(Fig. 3). Hershman and colleagues were able to show that,
during the afternoon, TSH concentrations are at the lowest
levels and reach a zenith between 10 PM and 2 AM. They
also documented that circadian variations are under a dopa-
minergic control.42 Moreover, the same authors showed a
sleep-related inhibition of TSH release. In fact, after the onset
of sleep, TSH levels decrease, which is prevented by keeping
the subject awake.43,44 Finally, circannual variation in TSH
secretion has been recently documented.45

TRH stimulates the secretion of TSH, while somatostatin
and dopamine have inhibitory effects on TSH secretion.21,42

TSH response to TRH is partially inhibited by corticoste-
roids, whereas estrogens strengthen the response of TSH to

TRH.46,47 Nevertheless, the most important mechanism for
the regulation of TSH secretion is the negative feedback by
TH, in particular T3, mediated by the b 2 isoform of TH
receptors.48 TH needs a series of transporters to enter in
and to exit from the various cells of human body. Among
them, two are the most important transporters: the mem-
brane monocarboxylate transporters and organic anionic
transport proteins.49

TH tissue concentrations are regulated by the activity of
2 deiodinases (Dio2 and 3) in a tissue-specific manner.50 In
the hypothalamus, pituitary, and target tissues such as skel-
etal muscle, white and brown adipose tissue, Dio2 is res-
ponsible for T4 conversion to T3, while Dio3 converts T4
to reverse T3, and T3 to 3,5-diiodothyronine. In the thyro-
tropes and in the paraventricular hypothalamic nuclei, Silva
and Larsen showed that T3 generated from T4 inhibits the
transcription of the TSH b-subunit and the TRH gene.51

The physiological TSH actions occur by binding to its
specific cognate GPCR, the TSH receptor, localized on the
basal membrane of thyroid cells. This binding results in
the activation of cyclic adenosine monophosphate (cAMP)-
dependent mechanisms throughout coupling to the a-subunit
of the stimulatory G protein, which triggers the synthesis and
secretion of TH. Nonetheless, other intracellular effectors,
such as calcium and diacylglycerol, may promote some of the
biological effects of TSH.

Loss-of-function mutations in the gene encoding the TSH
receptor produce the so-called resistance to TSH action,
which is characterized by elevated levels of biologically
active serum TSH, absence of goiter, and mild-to-severe
hypothyroidism.52 In contrast, monoallelic gain-of-function
somatic mutations of the TSH receptor are a major cause
of toxic thyroid adenomas, whereas patients with sporadic
or familial nonautoimmune hyperthyroidism have de novo
or inherited monoallelic germline mutations of the TSH
receptor.53

It is noteworthy that TSH stimulates every step involved
in TH synthesis. In fact, TSH controls the synthesis of the
Na+/I symporter (NIS), which is fundamental for the iodide
uptake. The stimulation of colloid endocytosis and thyro-
globulin proteolysis occurs even earlier than the induction
of NIS synthesis.54 Moreover, TSH stimulates H2O2 pro-
duction, iodide incorporation into tyrosine residues of thy-
roglobulin, and its exocytosis in the follicular lumen. Finally,
chronic stimulation of the thyroid by TSH increases the
transcriptional and translational activities of thyroid cells
inducing hyperplasia and goiter.

To attain normal bioactivity, TSH needs proper glycosyl-
ation, a process that requires the interaction of TRH with its
receptor on thyrotropes.38 In patients with central hypothy-
roidism, normal or even slightly elevated serum levels of
TSH may be observed, despite below normal serum levels of
free T4. Studies performed inWeintraub’s laboratory showed
that partially purified TSH from patients with central hypo-
thyroidism has reduced biological activity. Moreover,
chronic administration of oral TRH to these patients nor-
malized the glycosylation process, enhancing both its TSH
receptor binding affinity and its capacity to activate adenyl
cyclase.55

In contrast, enhanced TSH bioactivity is invariably found
in sera from patients with TH resistance. Moreover, varia-
tions of TSH bioactivity (mostly related to different TSH

FIG. 3. E. Chester Ridgway (1942–2014) who left us too
soon.
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glycosylation) have been observed in normal subjects during
the nocturnal TSH surge, in normal fetuses during the last
trimester of pregnancy, in primary hypothyroidism, in pati-
ents with TSH-secreting pituitary adenomas, and in non-
thyroidal illnesses.56

Studies on TSHmolecular structure and biological activity
have led to the synthesis of small molecules with either
antagonist or superagonist activity on the TSH receptor.57 As
reported from Gershengorn’s laboratory, a nonpeptidic
antagonist, therefore, devoid of intrinsic immunogenicity,
would be particularly useful in the treatment of different
forms of hyperthyroidism, such as Graves’ disease, Graves’
orbitopathy, TSH-secreting pituitary adenomas, and activat-
ing mutations of the TSH receptor. As far as the application
of a super agonist is concerned, it may be useful in patients
with well-differentiated thyroid cancer who may undergo
radioiodine ablation of residual cancer or thyroid remnant,
thus preventing prolonged periods of symptomatic hypothy-
roidism due to TH withdrawal.

Nonetheless, it is worth noting that today in these patients,
TSH stimulation is elicited by the administration of recom-
binant human TSH, a current standard of care that was
initially investigated more than 30 years ago.

Wondisford et al showed the significant role of the
pituitary-specific transcription factor Pit-1 in the regulation
of human TSH b-subunit expression.58 Indeed, expression of
an inactive mutant of Pit-1 in a clonal rat pituitary-cell line
(GH3) decreases TRH stimulation of TSH, whereas trans-
fection of Pit-1 in cell lines lacking this factor restores cAMP
induction of the TSH b gene. Taken together these results
strongly support a significant role of Pit-1 in the regulation of
TSH gene expression.

In fact, mutations of PIT-1 in humans cause clinical syn-
dromes of combined pituitary hormone deficiency, where
TSH, GH, and PRL secretions are compromised due to the
loss of the pituitary cells that produce these hormones. The
significant role of Pit-1 in the control of TSH synthesis and
secretion has been demonstrated by the ‘‘anti-Pit-1 antibody
syndrome,’’ in which circulating Pit-1 antibodies are asso-
ciated with combined deficiencies of GH, prolactin, and
TSH.59

Finally, the use of ultrasensitive immunometric assays for
TSH measurement makes this key diagnostic test for thyroid
dysfunction more precise. Nonetheless, even in the presence
of a normal function of the HPT axis, artifacts in TSH mea-
surement methods may be present and should be considered
to prevent an incorrect diagnosis. Artificially elevated levels
of TSH may result from the presence of endogenous anti-
mouse c globulin antibodies, as well as presence of large
molecular-sized TSH that is mostly a complex of TSH and
IgG (‘‘macro TSH’’).

Moreover, many hormone immunoassays use the biotin
streptavidin interaction to immobilize immune complexes.
The intake of high dose biotin can interfere with immuno-
assays using the biotin streptavidin interaction, thus gener-
ating falsely low or falsely high measurements of hormones,
depending on the type of immunoassay used.

The presence of assay interference should be investigated
especially in patients with normal levels of circulating free
THs, lack of signs and symptoms of hypothyroidism, absence
of antithyroid autoantibodies, and/or a normal thyroid ultra-
sound examination.

The HPT Axis in Pathological Conditions

Serum levels, pulse amplitude, and nocturnal peak of TSH
are blunted in many nonthyroidal conditions, including
starvation, moderate and severe illnesses, neuropsychiatric
disorders, effects of drugs, and many others.

In fasted obese men, Hershman and coworkers showed that
serum TSH, T4, and T3 are lower than in normal subjects and
a blunted response of TSH to TRH is present.60 These find-
ings suggest that the thyrotropes remain responsive during
short-term fasting and that the decrease in TSH is due to
decreased hypothalamic TRH synthesis and release.61 It is
interesting to note that serum leptin concentrations are low
in fasted persons. Since leptin has a direct action to modulate
HPT axis by regulating TRH gene expression, the fall in
circulating leptin levels probably resets the set point for TH
negative feedback on TRH biosynthesis, thereby allowing
adaptation to starvation.62

The variations in circulating serum TSH that are present
during fasting are much more critical during severe illness.
Serum TSH is usually reduced, as are serum THs, particularly
circulating T3, although in rare cases elevated serum TSH
levels may be found.63 Decrease of nocturnal TSH secretion
and pulse amplitude, as well as impaired TSH response to
TRH, may explain these results. Indeed, recent studies
showed low levels of TRHmRNA in the PVN of patients who
died of nonthyroidal disease.64

Moreover, changes in neuroendocrine pathways have been
suggested, but the activation of proinflammatory cytokines
may have a critical role in the suppression of TSH secretion in
nonthyroidal illness of acutely ill patients. Cytokines, such as
interleukin (IL)-1b, tumor necrosis factor-a, and IL-6, are
elevated in serum of patients with nonthyroidal illnesses, and
they may exert a marked inhibitory activity on TRH–TSH
synthesis and secretion. However, the patients do not have
clinical signs and symptoms of hypothyroidism. Interest-
ingly, during recovery from illness, an increase in serum TSH
may be observed, even if circulating THs are still reduced.

Abnormal sialylation of TSH molecules may reduce the
hormone bioactivity, thus explaining this apparent thyroid
cell resistance to TSH. Lastly, the HPT axis almost always
returns to normal after complete recovery, indicating the
transient nature of these changes.

Similar alterations of the HPT axis found in nonthyroidal
illness syndrome can be present in some neuropsychiatric
disorders. In patients with anorexia nervosa or depressive
illness, both serum TSH and its response to TRH may be
blunted. The etiology of these changes is not known, though
it has been speculated that they are a consequence of
abnormal TRH secretion. Moreover, the same situation may
be found in patients with chronic alcoholism and in those
with opioid addiction.

In conclusion, many members of the ATA played impor-
tant roles in discovering the various aspects of the HPT axis.
These discoveries have formed the foundation of our
understanding of the HPT axis as well as the pathogenesis of
thyroid diseases. Furthermore, these discoveries have infor-
med current strategies for diagnosis and treatment of thyroid
diseases and future research directions.
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History of Thyroid Ultrasound

Robert A. Levine

From low-resolution images in the 1960s to current high-resolution technology, ultrasound has proven to be the
initial imaging modality of choice for thyroid application. Point-of-care ultrasound has brought the technol-
ogy to the thyroid specialist. Combined with physical examination, it provides real-time information regarding
goiter, thyroid nodules, and thyroid cancer. Ultrasound-guided fine-needle aspiration biopsy has become the
accepted norm, with biopsies rarely performed using palpation alone. Advantages of ultrasound-guided biopsy
include precise placement of the needle within the nodule, selective sampling of areas with suspicious features,
and accurate direction of the biopsy needle to actively growing viable cells in the periphery of the nodule.
Education of endocrinologists in thyroid ultrasound began in the late 1990s and by 2016 more than 6000
clinicians had completed an ultrasound course. Concurrent with this rapid expansion of use of thyroid ultra-
sound was a rise in the diagnosis of small papillary carcinomas, which might have otherwise remained indolent
and undetected. The 2009 American Thyroid Association Guidelines for the Management of Thyroid Nodules
and Thyroid Cancer recommended biopsy for all solid hypoechoic nodules measuring larger than 1 cm.
Attempting to decrease the frequency of biopsies of low-risk nodules, subsequent guidelines have focused on
identifying and selectively biopsying those thyroid nodules at higher risk of clinically significant carcinoma
based on ultrasound appearance. A major role for thyroid ultrasound has been in both preoperative staging and
mapping to help determine the extent of surgery, as well as postoperative monitoring for locoregional soft tissue
or lymph node metastases. With the recognition that the increase in papillary carcinoma was predominantly a
result of early diagnosis of small often indolent cancers, active surveillance has become a promising manage-
ment strategy for papillary thyroid microcarcinomas. Thyroid ultrasound is essential to active surveillance of
thyroid cancer. Easy access to high-quality ultrasound studies is a requirement for a successful active surveil-
lance program. Thyroid ultrasound has been used to facilitate interventional procedures, including treatment of
thyroid nodules, treatment of recurrent thyroid cancer, and therapy of papillary thyroid microcarcinoma.

Keywords: thyroid ultrasound, history, thyroid nodules, thyroid cancer, thyroid guidelines

Introduction

The thyroid is well suited to ultrasound study because
of its superficial location, vascularity, size, and echo-

texture.1 Ultrasound of the thyroid was not available before
the 1960s. Now it is the modality of choice for most thyroid
imaging, and ‘‘point-of-care’’ ultrasound has made it acces-
sible to the thyroid specialist. It has a proven value in eval-
uation of goiter and thyroiditis, thyroid nodules, population
evaluation for iodine deficiency, and as an adjunct to thyroid
biopsy. Comprehensive cervical ultrasound is essential in
pre- and postoperative thyroid cancer care. Ultrasound skills
are a prerequisite for interventional procedures, including

alcohol and thermal ablation. Consistent high-quality thyroid
ultrasound is indispensable in the active surveillance of thy-
roid cancer.

An article published in 2004 reviewed the develop-
ment of ultrasound technology.1 Since then, there have been
minor refinements in technology, but significant changes
in utilization and application of thyroid ultrasound. This
article will discuss the rapid growth of thyroid ultrasound
for the past two decades, its role in the overdiagnosis of
thyroid cancer, and resulting efforts to use thyroid ultra-
sound in a more appropriate and rational manner. It will
focus on the central role of ultrasound in the management of
thyroid cancer.
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Early Use of Ultrasound

Medical ultrasound was developed based on technology
used in sonar navigation, using a ‘‘pulse-echo’’ technique.
Early in the 1950s, the first medical applications of imaging
by pulse-echo reflection were performed. Later in that decade
John Julian Wild reported the observation that gastric malig-
nant tumors were more echogenic than normal gastric tissue.1

Early in the 1960s the first studies utilizing two-dimensional
B-mode ultrasound scanning in gynecology were published.

Ultrasound for Thyroid Imaging

The earliest use of ultrasound for thyroid imaging began
in the late 1960s. In 1967, Fujimoto et al reported data on
184 patients studied with low-resolution B-Mode ultrasound
and reported that abnormal thyroid tissue showed increased
echogenicity. Areas of absent echoes suggested cystic com-
position and a pattern of strong internal echoes within a
thyroid nodule was felt to correspond to carcinoma.2

In 1971, Manfred Blum published a series of A-mode
ultrasound images, demonstrating the ability of ultrasound
to distinguish solid from cystic nodules and accurately mea-
sure their dimensions.3

Development of grayscale display provided greatly
improved images, and in 1974 Crocker et al published a
report on the grayscale imaging of thyroid cancer. Despite
very low-resolution images they described ‘‘low amplitude
sparse and disordered echos’’ characteristic of thyroid malig-
nancy.4 Subsequent postacquisition processing of the image,
including edge enhancement and noise reduction, greatly
improved the quality of the displayed image. Compound
spatial imaging became available early in the 21st century.
This technology combines multiple images obtained from
different angles and reconstructs them into a single image.

The result is much less noise, sharper definition, and a
more realistic appearing ultrasound displayed (Fig. 1).
Additional advances in technology, including higher frequ-

ency transducers and more rapid frame rates have further
improved image quality. While the development of matrix
array transducers has both improved image quality and
enabled three-dimensional (3D) image acquisition, 3D im-
aging has not demonstrated clinical advantage and has not
entered common use. Similarly, elastography and contrast-
enhanced ultrasound remain promising techniques, but have
not yet been proven to be practical in clinical use.

Ultrasound Guidance for Fine-Needle Aspiration
of Thyroid Nodules

In 1977, Walfish et al recommended combining ultra-
sound guidance with fine-needle aspiration biopsy.5 In the
majority of patients with a prior ‘‘nondiagnostic’’ biopsy, an
adequate sample could be obtained when ultrasound-guided
biopsy was performed.6 Advantages of ultrasound-guided
biopsy include precise placement of the needle within the
nodule and accurate direction of the biopsy needle to actively
growing viable cells in the periphery of the nodule. Ultra-
sound guidance enables targeting of the solid components
of complex nodules, allows selective sampling of areas
with suspicious features, and helps avoid introducing the
needle through large blood vessels. Ultrasound-guided fine-
needle aspiration biopsy has become the standard, with biop-
sies rarely performed using palpation alone.

Point-of-Care Thyroid Ultrasound Performed
by Endocrinologists

Despite growth of point-of-care ultrasound in obstetrics
and gynecology, before the turn of the century thyroid
ultrasound imaging remained in the domain of radiology.
Radiology reports were often sparse, rarely providing three
dimensional measurements, and often lacking details
regarding the characteristics of nodules, or the presence or
absence of lymphadenopathy.

FIG. 1. Compound spatial
imaging. (a, b) Ultrasound
images of a papillary carci-
noma taken in 2003 on a
high-resolution ultrasound
machine before the utiliza-
tion of spatial compound
imaging. (c, d) Images from
a different patient with pap-
illary carcinoma taken in
2021 using a machine with
compound imaging. The
newer images have less
speckle and provide a more
realistic and detailed image.
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In 2000, Susan Mandel and her colleagues reported that
thyroid ultrasound altered the clinical management in 63%
of patients referred to the thyroid nodule clinic at the
Brigham and Women’s Hospital.7

In 2004, Baskin wrote an editorial titled ‘‘Thyroid
Ultrasound—just do it.’’8 Citing the above report,7 the edi-
torial reviewed indications for ultrasound imaging and dis-
cussed the value of combining ultrasound with fine-needle
aspiration biopsy. Encouraging point-of-care thyroid ultra-
sound, he stated that ‘‘clinicians must become proficient in
the use of ultrasound and ultrasound-guided FNA as exten-
sions of the physical examination. We cannot afford to de-
prive our patients of the many benefits of these procedures.’’

Education and Expansion of Use

Point-of-care thyroid ultrasound performed by endocri-
nologists grew rapidly in the late 20th century. Education in
thyroid ultrasound began at several major medical centers
and the American Association of Clinical Endocrinologists
(AACE) offered the first educational course specific to thy-
roid ultrasound in 1998. Under the direction of Baskin and
Daniel Duick, 53 endocrinologists were taught to perform
diagnostic ultrasound and ultrasound-guided fine-needle
aspiration biopsy. Three hundred endocrinologists were
trained for the next two years.9 With the support of its CEO,
Donald C. Jones, AACE took the lead in thyroid ultra-
sound education, offering multiple two-day courses every
year, as well as short courses linked to the annual meeting.
The Endocrine Society and American Thyroid Association
also began holding short courses at their annual meetings.

Endocrine University was established in 2002 by AACE.
A four-day course, including two days of didactic and ‘‘hands
on’’ instruction in thyroid ultrasound and biopsy was pro-
vided to senior endocrine fellows. Held at the Mayo Clinic in
Rochester, Minnesota, under the direction of Gharib,10 more
than 3000 endocrine fellows have attended Endocrine Uni-
versity and received training in thyroid ultrasound. By 2016,
more than 6000 participants had completed an AACE ultra-
sound course.9

Cautionary Tales—Overdiagnosis of Thyroid Cancer

In 2008, Cronan opined in Radiology, ‘‘Thyroid Nodules:
Is it time to turn off the ultrasound machines?’’11 addressing
the controversy of evaluating nonpalpable nodules with
ultrasound. With technology now permitting detection of
2–3mm nodules, the editorial discussed the impact of iden-
tifying small nodules. Acknowledging that 67% of the pop-
ulation evaluated with ultrasound have a small incidental
nodule, he indicated that this would represent a potential
reservoir of 150 million Americans with thyroid nodules. He
noted that there had been a 2.4-fold increase in the reported
incidence of thyroid nodules for the prior three decades, and a
3-fold increase in thyroid aspiration biopsies between 1995
and 2005.

Despite most guidelines at that time recommending biopsy
only if nodules exceeded 1 cm, he stated that he was routinely
asked to perform biopsy on 5–10mm nodules. He projected
that if all thyroid nodules in the American population were
evaluated, and all cancers detected were treated, the surgi-
cal cost alone ‘‘would conservatively reach 30 billion dol-
lars.’’(sic) It became clear that rather than turning off

ultrasound machines, guidelines were needed regarding the
evaluation of sub-centimeter nodules and diagnosis of sub-
clinical thyroid cancer.

The overdiagnosis of thyroid cancer was addressed in
landmark articles by Davies and Welsh in 2006 and 2014. In
2006, they reported on the increasing incidence of thyroid
cancer in the United States, noting that there had been a
doubling of thyroid cancer diagnoses in the prior decade,
while the mortality rate for thyroid cancer had not signifi-
cantly changed. Eighty-seven percent of the increase was due
to tumors 2 cm or smaller, many nonpalpable and found
either by ultrasound screening or as an incidental lesion on
CT or MRI.12

In a subsequent 2014 report they again analyzed the
results of Surveillance, Epidemiology, and End Results
(SEER) data, indicating that there had been close to a three-
fold increase in incidence of thyroid cancer between 1975
and 2009. Despite the increase in cancer diagnosis the mor-
tality rate had remained stable and extremely low (Fig. 2).13

Figure 2, graciously provided by Davies, extends the data,
and appears to show stabilization of the incidence of thyroid
cancer diagnoses for the past decade since their prior report.

In 2014, Ahn et al reported on an ‘‘epidemic’’ of thyroid
cancer in South Korea. They indicated that following insti-
tution of fee-for-service thyroid cancer screening with ultra-
sound, the number of patients undergoing surgery for thyroid
cancer in South Korea rose from *1000 in 2001 to over
11,000 in 2012.14 In March 2014, a physician coalition for
prevention of overdiagnosis of thyroid cancer called for a
cessation of ultrasound screening for thyroid cancer, with
a 35% drop in thyroid cancer surgery in only 1 year.15

Analyzing data from the SEER database, Haymart et al
reported that increased use of thyroid ultrasound was asso-
ciated with an increase in thyroid cancer diagnosis, including
localized papillary thyroid cancer with size £1 cm. They
estimated that between 2002 and 2013 at least 6594 patients
over the age of 64 years in the United States were diag-
nosed with thyroid cancer due to increased use of thyroid
ultrasound.16

Improved Guidance for Use of Thyroid Ultrasound

With the recognition that thyroid cancer incidence was
rising faster than any other cancer type in the United States,
and epidemiological evidence indicating that the majority of
cases were small indolent subclinical papillary carcinomas
unlikely to result in morbidity or mortality, efforts were made
to mitigate the problem of overdiagnosis.17 Guidelines from
the United States Preventative Services Task Force recom-
mended against screening for thyroid cancer by ultrasound or
palpation.18 Nonetheless, it was apparent that more specific
ultrasound guidelines were needed to address the escalating
diagnosis and surgery of small thyroid cancers.

The 2009 American Thyroid Association Guidelines for
the management of Thyroid Nodules and Thyroid Cancer
recommended that biopsy be performed on all nodules over
5mm in patients with a history suggesting a high risk for
thyroid cancer. Biopsy was otherwise recommended for all
solid hypoechoic nodules measuring larger than 1 cm.19

AACE, in collaboration with Associazione Medici Endocri-
nologi, and European Thyroid Association published guide-
lines in 2010 recommending biopsy of nodules of any size
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with marked hypoechogenicity, irregular margins, antero-
posterior dimension greater than transverse dimension,
microcalcifications, or ‘‘chaotic arrangement of intramodular
vascular images.’’20 In 2011, the Korean Society for Thyroid
Radiology recommended biopsy of all nodules exhibiting
any feature suspicious for malignancy, acknowledging that
nodules smaller than 5mm are difficult to biopsy.21

It was apparent that the approach to thyroid nodules and
cancer should be aimed at detecting clinically significant
lesions rather than identifying all incidental and indolent
lesions. Between 2015 and 2017 several sets of guidelines
were developed in an attempt to identify those thyroid nod-
ules at higher risk of clinically significant carcinoma based
on ultrasound appearance. These guidelines took two dis-
tinct approaches: pattern recognition and quantitative scor-
ing systems based on structural criteria.

The nodule section of the 2015 American Thyroid Asso-
ciation Guidelines for the Management of Thyroid Nodules
and Thyroid Cancer, led by Haugen and Mandel, proposed
a novel pattern recognition approach, dividing nodule pat-
terns into five categories: high, intermediate, low, very low
suspicion, and benign, with size criteria for biopsy in each
category. Biopsy of nodules <1 cm was not recommended,
even with suspicious criteria or high-risk history.22

In 2009, Horvath et al proposed a Thyroid Imaging Re-
porting and Data System (TI-RADS), based on the concepts
of the breast imaging system of the American College of
Radiology.23 There have been at least seven TI-RADS pro-
posed: Chilian TI-RADS, Kwak TI-RADS, Korean TI-
RADS, European-TI-RADS, American College of Radiology
(ACR)-TI-RADS, and Chinese TI-RADS. As with the 2015
ATA Guidelines described earlier, each of these systems
utilizes features of nodules such as composition, shape,
echogenicity, vascularity, margins, and inclusions/calcifica-
tions to predict the probability of malignancy, and provide
guidance regarding the need for biopsy.24

In 2017, the American College of Radiology modified
prior systems and proposed the ACR TI-RADS. Assigning

points for five criteria of composition, echogenicity, shape,
margins, and presence of echogenic foci, nodules were cat-
egorized as benign, not suspicious, mildly suspicious, mod-
erately suspicious, or highly suspicious, with criteria for the
size of the nodule prompting biopsy. Similarly, biopsy was
recommended of high suspicion nodules only if the size
exceeded 1 cm, with recommendation that sub-centimeter
nodules be followed with sequential ultrasound examinations.25

The Korean TI-RADS used a similar algorithm beginning
with the composition of the nodule (solid, partially cystic,
purely cystic, or spongiform) with the presence or absence
of any suspicious ultrasonographic features, including
microcalcifications, nonparallel orientation, speculated, or
microlobulated margins. Nodules were divided into high,
intermediate, or low suspicion, and benign categories. Again,
each category was then assigned a size cutoff for biopsy, with
recommendation to biopsy high suspicion nodules only if
larger than 1 cm, but ‘‘selective biopsy’’ of smaller nodules,
including those with suspicious cervical lymph nodes or
suspicion of extrathyroidal extension.26 In 2021, the Korean
Society of Thyroid Radiology guidelines were revised, with
changes in the nodule size thresholds for biopsy, and addition
of more precise guidance regarding diagnosis of suspicious
lymph nodes and extrathyroidal extension.27

Studies to validate and compare each of the leading guide-
lines demonstrate good performance of each in reducing
biopsies of benign nodules, and either performing biopsy or
active surveillance of malignant nodules.24,28

Several organizations have promoted guidelines to stan-
dardize the performance of ultrasound examination and the
reporting of thyroid, parathyroid, and comprehensive cer-
vical ultrasound examinations. The American Institute of
Ultrasound Medicine has periodically published such guide-
lines. Of note, in the 2013 revision a recommendation first
appeared that all cervical ultrasound examinations should
include a brief investigation of the lateral neck for the pres-
ence or absence of suspicious or abnormal appearing lymph
nodes.29

FIG. 2. Thyroid Cancer Incidence and Mortality in the United States, 1975–2019. This illustrates a rapid rise in diagnosis
of thyroid cancer between 1995 and 2009, while the mortality remained low and essentially unchanged. Most of the increase
in carcinoma diagnosed was due to small papillary carcinomas. There appears to be stabilization of the increase for the past
decade, following improved guidelines for biopsy of thyroid nodules. Data are from The SEER Program (www.seer.cancer
.gov) SEER*Stat Database: Incidence and Mortality SEER Research Data, 8 Registries, November 2021 Submission,
Underlying mortality data provided by NCHS (www.cdc.gov/nchs). Released April 2022, based on the November 2021
submission. Provided by Louise Davies, MD, MS. Department of Veterans Affairs, White River Junction, Vermont. NCHS,
National Center for Health Statistics; SEER, Surveillance, Epidemiology, and End Results.
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With the recognition that high-quality ultrasound imaging
is necessary for long-term management of thyroid nodules
and thyroid cancer, the Thyroid Head and Neck Cancer
Foundation (THANC) developed a consensus statement on
ultrasound evaluation of thyroid nodules and lymph nodes,
aiming to standardize thyroid and cervical ultrasound rep-
orts with regard to content, terminology, and organization.30

Recommendations were made regarding the performance and
recording of thyroid ultrasound examinations, including
characterization of the thyroid, clinically significant nodules,
and cervical lymph nodes.

Central Role of Ultrasound in Active Surveillance
of Thyroid Cancer

With the recognition that the increase in papillary carci-
noma was predominantly a result of early diagnosis of small
often indolent cancers, active surveillance became a prom-
ising management strategy for papillary thyroid microcarci-
nomas.31 In active surveillance, delaying surgery in favor of
observation with serial ultrasound requires precise ultrasound
measurements of nodules, as well as determination of the
absence of involved cervical lymph nodes. Initial trials of
active surveillance from Japan indicated that nonsurgical
management of papillary thyroid microcarcinoma was safe
and cost-effective when compared with immediate surgery
with postsurgical surveillance. Reports from Ito et al in
2003 were promising31 and supported by subsequent long-
term studies.32,33 Active surveillance of select sub-centimeter
cancers was incorporated into the 2015 ATA guidelines.22

A successful active surveillance program requires avail-
ability of high-quality ultrasound studies. Studies are typi-
cally repeated initially at six-month intervals, and precise
measurements are needed along with skilled evaluation of
the cervical lymph node basins. Appropriate tumor charac-
teristics and location, and the absence of suspicious cervical

lymph nodes are essential criteria for active surveillance
(Fig. 3). As stated by Ito, ‘‘The quality and consistency of
ultrasound for longitudinal evaluation of the thyroid and
cervical node basins is a significant factor in active surveil-
lance and poses a challenge for the implementation of this
type of program outside of high-volume thyroid centers.’’31

The Thyroid Cancer Care Collaborative offered guidance
in selection of appropriate candidates, monitoring, and record
keeping for patients entering active surveillance. Providing
an imaging and cytology module, they helped form a frame-
work for active surveillance.34 Subsequently, Tuttle et al
reported on 291 patients enrolled in an active surveillance
program at Memorial Sloan Kettering Cancer Center.35

Classifying patients as ‘‘ideal, appropriate, or inappropriate’’
for active surveillance36 (Fig. 3), they increased the maxi-
mum acceptable tumor dimension to 1.5 cm. They stressed
the importance of availability of ultrasound expertise as a
prerequisite for such a program. In a subsequent article rev-
iewing active surveillance, the importance of patient selec-
tion and of a multidisciplinary team was emphasized.37

Recently, an investigation of clinician acceptance of active
surveillance found that while most endocrinologists support
its use, it is vastly underutilized, with concerns regarding lack
of sufficient long-term evidence and medicolegal concerns
remaining significant barriers.38

Thyroid Ultrasound in Pre- and Postoperative
Surveillance of Thyroid Cancer

An essential role for thyroid ultrasound has been in both
preoperative staging and mapping to determine the extent of
surgery, and postoperative monitoring for locoregional soft
tissue or lymph node metastases.

In 2003, investigators at the MD Anderson Cancer Center
reported performance of a preoperative comprehensive cer-
vical ultrasound examination in patients undergoing surgery

FIG. 3. Ideal and inappro-
priate candidates for active
surveillance. The distinction
between ideal, appropriate, and
inappropriate candidates for
active surveillance includes
ultrasound characteristics, as
well as patient characteristics
and characteristics of the
medical team. (a, b) A tumor
with ideal ultrasonographic
characteristics for active sur-
veillance. It shows a solitary
thyroid nodule with no evi-
dence of extranodular exten-
sion. The tumor is surrounded
by >2mm of normal thyroid
parenchyma, and there is no
evidence of extrathyroidal
extension. (c, d) A tumor felt
to be inappropriate for active
surveillance. The location is
close to the thyroid capsule,
with possible extrathyroidal
extension into the overlying
strap muscles.33
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for thyroid cancer, in whom clinical evaluation suggested
that the neck was free of metastatic disease. Abnormal lymph
nodes or soft tissue metastases were detected by ultrasound
in 39% of patients, altering the operative procedure in
these patients, greatly improving the probability of complete
resection at surgery.39 The following year a retrospective
study performed by the same group reported that in patients
undergoing reoperation for persistent or recurrent thyroid
cancer, reoperation was judged to have been possibly pre-
ventable in 39% in whom incomplete initial surgery was
performed without an adequate preoperative ultrasound
study.40

Similarly, in 2006 clinicians at the Mayo Clinic reported
that preoperative ultrasound detected nonpalpable lymph
node metastasis in 32.9% of 702 patients undergoing ultra-
sound papillary thyroid cancer surgery.41

The 2009 and 2015 ATA guidelines recommend a com-
prehensive cervical ultrasound examination be performed
in all patients undergoing surgery for suspicion of thyroid
cancer.19,22 Such studies should include details of the tumor,
including location within the gland and evidence of the pres-
ence or absence of extracapsular or extrathyroidal exten-
sion. A comprehensive cervical lymph node survey should
be performed in all thyroid cancer cases. The 2015 guidelines

additionally recommended cross-sectional imaging studies
(CT and MRI) for patients with clinical suspicion for advan-
ced disease, including invasive primary tumor, or clinically
apparent lymph node involvement.22 A preoperative map
should be prepared, illustrating size and location of the thy-
roid lesion(s) and abnormal or suspicious lymph nodes
(Fig. 4).

The 2015 ATA guidelines recommended that after sur-
gery for well-differentiated thyroid cancer, cervical ultra-
sound to evaluate the thyroid bed and central and lateral
cervical node compartment should be performed at 6–12
months, and then periodically, depending on the patient’s risk
for recurrent disease and thyroglobulin status, and indica-
ted that suspicious lymph nodes greater than 8–10mm in the
smallest diameter should undergo biopsy only ‘‘if a positive
result would change management.’’ Per these guidelines,
‘‘Non-suspicious and small nodes (less than 8–10mm in the
smallest diameter) can be monitored with neck ultrasound.’’22

With the demonstrated value of ultrasound in detection of
cervical lymph node metastases, the management of recur-
rent/persistent nodal disease was addressed in 2015 by the
American Thyroid Association surgical affairs committee
writing task force.42 Similar recommendations were pre-
sented in a Head and Neck Society consensus statement in

FIG. 4. This map has been prepared
using ultrasound and CT images obtained
in the preoperative evaluation. It
demonstrates the primary thyroid lesion,
as well as involved cervical lymph nodes.
Preparation of such a map allows detailed
preoperative surgical planning.
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2016.43 Both of these articles clearly indicated that ultra-
sound is the initial imaging study of choice for detection of
structural recurrence, discussed active surveillance of select
nodal disease, and suggested that a multidisciplinary appro-
ach is essential to management decisions. As with active
surveillance of thyroid nodules and thyroid microcarcinoma,
high-quality ultrasound performed by experienced operators
is essential to active surveillance of recurrent disease.

Interventional Uses of Thyroid Ultrasound

Thyroid ultrasound has been used to facilitate interven-
tional procedures, including treatment of thyroid nodules and
recurrent thyroid cancer, and therapy of papillary thyroid
microcarcinoma.

The earliest ultrasound-assisted interventional procedure
was alcohol ablation of hyperfunctioning thyroid nodules.
However, it became clear that the predominant role for
alcohol ablation was in large cystic nodules. Subsequently,
thermal ablation, including laser and radio frequency abla-
tion was introduced. Papini et al described long-term efficacy
of ultrasound-guided laser ablation for benign thyroid nod-
ules in 2014.44 The European Thyroid Association published
guidelines for thermal ablation of benign thyroid nodules in
2020.45

The guidelines recommended restricting procedures to
benign lesions with either symptomatic or cosmetic concerns.
The Asian Conference on Tumor Ablation Task Force pub-
lished similar guidelines in 2021.46 Both guidelines empha-
sized the importance of ultrasound in patient selection,
recommended that nodules with high-risk ultrasonographic
features not be considered for procedure, and recommended
one or two benign biopsies be obtained before intervention.
Both guidelines also stated that experience with microwave
ablation and high-intensity focused ultrasound was insuffi-
cient to recommend their current use. The European guide-
lines commented on nearly similar clinical efficacy and safety
of laser and radiofrequency ultrasound-guided procedures.45

With the safety and efficacy of thermal ablation for benign
thyroid nodules demonstrated, studies have been performed
evaluating nonsurgical treatment of papillary thyroid micro-
carcinoma. Reports have shown long-term efficacy of
ultrasound-guided laser ablation for papillary thyroid micro-
carcinoma47 and comparable four-year clinical outcome
between radio frequency ablation and thyroid lobectomy for
low-risk papillary thyroid microcarcinoma.48

Recently, a consensus statement was issued by the
American Head and Neck Society Endocrine Surgery Section
with the Asia Pacific Society of Thyroid Surgery, Associa-
zione Medici Endocrinologi, British Association of Endo-
crine and Thyroid Surgeons, European Thyroid Association,
Italian Society of Endocrine Surgery Units, Korean Society
of Thyroid Radiology, Latin American Thyroid Society,
and Thyroid Nodules Therapies Association. It discussed the
indications, techniques, complications, and expectation of
successful treatment, and recommended follow-up for per-
cutaneous ablation techniques. It provided a manual for best
practice application of ablation techniques. It emphasized
that advanced training in ultrasound and an ‘‘.established
skill set in the performance of ultrasound and ultrasound
guided procedures is a prerequisite for the safe application
of ultrasound guided ablation technologies.’’49

Certification and Endocrine Certification
in Neck Ultrasound

In 2006, several commercial insurance plans indicated
that they would not reimburse providers for the performance
of thyroid ultrasound unless they were certified either by
American Institute of Ultrasound in Medicine (AIUM) or the
ACR. A subsequent joint venture between AACE and AIUM
resulted in development of the Endocrine Certification in
Neck Ultrasound (ECNU) program in 2007. Certification was
provided through AACE, with agreement by AIUM. Certi-
fication required completion of a written examination, doc-
umentation of appropriate case volume, and a case-based
validation of competency with submission of relevant cases
to be reviewed and critiqued by ECNU-certified physicians.

The ECNU handbook included guidelines for reporting
thyroid ultrasound results utilizing standards from ACR
and AIUM. These included indications for the procedure,
descriptions of the overall thyroid, and nodules, all mea-
surements reported in three dimensions, the presence or
absence of involved suspicious cervical lymph nodes, and
recommendation of action based on the study.

Physicians were certified under the ECNU program for
the next 13 years. However, in December 2019, AACE
restructured their thyroid education program and announced
that theywould no longer offer certification or recertification to
individual physicians.50 All physicians previously certified
received permanent certification with the prior 10-year re-
certification requirement rescinded. Currently, practices,
departments, or institutions can be can be recognized by ei-
ther AIUM or the ACR if clinician-performed ultrasounds
fall under the auspices of the radiology department.

The issues of continuing education in thyroid ultrasound,
certification, and validation of competency remain signifi-
cant challenges for the future of clinician-performed point-
of-care thyroid ultrasound.

Conclusion

From its first availability in the 1960s with low-resolution
images, to current high-resolution imaging, ultrasound has a
crucial role in the evaluation and treatment of thyroid dis-
orders. It is invaluable to endocrinologists as an extension of
the physical examination, providing real-time information
regarding goiter and thyroid nodules. It is a proven adjunct
to fine-needle aspiration biopsy. Comprehensive central
and lateral cervical ultrasound evaluation is essential before
thyroid cancer surgery, and in the subsequent follow-up of
thyroid cancer patients.

Active surveillance of papillary microcarcinoma or eval-
uation for thyroid cancer requires precise measurements of
lesions and skill at cervical lymph node evaluation. Thyroid
ultrasound is instrumental to interventional studies, including
chemical and thermal ablation of benign and malignant thy-
roid tumors as well as recurrent thyroid cancer. While over-
use of thyroid ultrasound may have played a role in the
overdiagnosis of small indolent clinically insignificant thy-
roid cancers, recent data suggest that improved guidelines
may have resulted in a stabilization of the prior rise in inci-
dence (Fig. 2).

Moving into the future, radiomics (quantification and
extraction of minable data from images) and artificial
intelligence/machine learning will clearly play a large role
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in minimizing user dependence as a limiting feature of
ultrasound imaging. As we transition from an old paradigm
of seeking and destroying all thyroid cancer, to a new para-
digm of finding and selectively treating significant thyroid
cancer, ultrasound will continue to play a critical role.

Dedication

Dedicated to the memory of Daniel Duick, MD, FACP,
MACE, ECNU (1941-2022). A great clinician, teacher, and
mentor.
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History of Thyroid Surgery in the Last Century

Lisa A. Orloff1 and Sareh Parangi2

Before the 20th century, thyroid surgery was regarded as ‘‘horrid butchery’’ such that no honest and sensible
surgeon would ever engage in it. Yet, by the mid-20th century, thyroidectomy had become a respected, life-
saving, safe, and increasingly practiced operation. From Kocher to Wells and onward into the 21st century, the
evolution of thyroid surgery has continued, enhanced by the integration of endocrinology, genetics, immu-
nology, physiology, technology, training, and multidisciplinary care. The ability to personalize and optimize the
care of thyroid disorders has been progressively achieved through shared insights and discoveries, highlights of
which are described herein.

Keywords: thyroid gland, surgery, thyroidectomy, history, thyroid carcinoma, Theodor Kocher

The extirpation of the thyroid gland for goiter typifies perhaps
better than any other operation the supreme triumph of the
surgeon’s art.—William Halsted (1852–1922).1

The last one hundred years have encompassed a fasci-
nating array of developments related to thyroid surgery,

ranging from diagnostic and physiologic insights to thera-
peutic tools and technology to modified guidelines and phi-
losophies. Through reflections on historical outcomes,
progressive scientific growth, and a trend toward patient-
centered care, thyroid surgery has been emblematic of the
modern precision health care movement.

A discussion of the highlights of the last century would be
incomplete without briefly acknowledging key advances
before the 20th century that enabled safe thyroid surgery to be
performed in the first place. Although space limitations pre-
clude a more detailed review of every important advance with
an impact on thyroid surgery, many of these topics are ad-
dressed in other invited articles in this American Thyroid
Association (ATA) Centennial series.

Before the revolutionary developments in anesthesia, an-
tisepsis, and hemostatic instruments in the mid-19th century,
thyroid surgery was vehemently condemned due to its high
mortality rate. When the brilliant Swiss surgeon–scientist,
Dr. Theodor Kocher (1841–1917) (Fig. 1), performed his first
thyroid surgery in 1872, the mortality rate from thyroidec-
tomy was as high as 70%. In place of the pain, suffocation,
sanguination, and sepsis associated with thyroid surgery,2

Kocher’s utter lack of fuss and confusion characteristic of so
many other clinics of that time3 established meticulous, calm,
and logical stepwise care of patients.

The discovery of human parathyroid glands by Ivar
Sandström (published in 1880) (Fig. 2) and recognition that
their preservation prevented tetany (by Gley, 1891 and oth-
ers) led to further refinements in techniques. The principles of
clamp-and-tie blood vessel control, extracapsular dissection,
and identification and preservation of the recurrent laryngeal
nerves were espoused by Kocher and Mikulicz and further
advanced by Halsted, Lahey, and others who followed.

However, Kocher’s disheartened observation that patients
who survived total thyroidectomy for goiter, only to be
doomed to be cretins, were ‘‘saved for a life not worth living’’
led to his commitment to performing subtotal thyroidectomy
or thyroid lobectomy only, while seeking to understand the
function, and not just the anatomy, of the thyroid gland.4

Through his pursuit of a deep understanding of thyroid
physiology, combined with his appreciation of regional
anatomy, Kocher became the first surgeon to be awarded the
Nobel Prize in 1909; by this time, he had transformed thy-
roidectomy and reduced its mortality risk to <1%.5,6

A master educator, Kocher laid the foundation for the role
of surgeons in advancing the art and science of thyroid sur-
gery and thyroidology for the next century. The contempo-
rary and ensuing generation of thyroid surgeons, including
American surgeons, William Halsted (1852–1922), Harvey
Cushing (1869–1939), George Crile (1864–1943), Charles
Mayo (1865–1939), and Frank Lahey (1880–1953), and the
Australian surgeon, Thomas Dunhill (1876–1957), worked
collegially to expand and enhance the techniques, sometimes
across large geographic barriers and multiple world wars.

For example, Dr. Dunhill visited some of the top thyroid
surgery centers in the United States and England, where he
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shared results of his approach to thyrotoxic goiter, with 230
cases and only 4 deaths in patients treated with unilateral
lobectomy and contralateral subtotal thyroidectomy.7–9

Dunhill also recognized that earlier intervention rather than
last-resort surgery after progressive deterioration from thy-
rotoxicosis was a key ingredient to minimizing complications.

The American Association for the Study of Goiter, which
later became the ATA and whose original members were
mostly surgeons, was founded in 1923. In his presidential ad-
dress to the Association in 1929, the surgeon, Seymour D. Van
Meter, stated: ‘‘Who thinks a matter out is of no importance
whatsoever. The important thing is that the problem should be
solved. This was the theory upon which the originators of our
Association based their hopes of progress and ultimate success
in the solution of the unsolved phases of goiter.’’10

Today’s surgical societies have collaborated to ensure that
this same determination and meticulous attention to detail are
the mainstays of subspecialty training in thyroid surgery. The
evolution of a competent thyroid surgeon now includes ex-
tensive education in the preoperative, intraoperative, and
postoperative care of patients with thyroid diseases, incor-
porating technical and scientific adjuncts. Given the breadth
of new developments in thyroid surgery, it is no surprise that

fellowships and additional training have been designed in
these areas by our professional societies.

The surgical management of both structural and functional
disorders of the thyroid advanced in conjunction with insights
in endocrinology. After observed benefits from injection of
thyroid extract (1891, by George Murray), consumption of
sheep thyroid (1890s), and isolation of thyroxine (T4) (1915,
by Kendall), the chemical structure of thyroxine was identi-
fied in 1926 (Harington).11 The first commercial thyroxine
was produced in 1949, and triiodothyronine (T3) was isolated
soon thereafter in 1952–1953. The availability of both syn-
thetic and desiccated (animal) T4 and T3 resulted in the
ability to replace the thyroid hormone and thus avoid hypo-
thyroidism (cretinism), even following total thyroidectomy.

In the 1940s, the antithyroid action of thionamide drugs was
recognized,12 which provided both a new alternative to sur-
gery for thyrotoxicosis and a dramatic decrease in the risk of a
postoperative thyroid storm when surgery was undertaken.
The additional therapeutic alternative of radioactive iodine
(131I) for hyperthyroidism was simultaneously identified, and
early success helped spawn the development of theranostics
(the combination of drugs or techniques to simultaneously or
sequentially diagnose and treat medical conditions).

With thyroidectomy having become a safe, respected, and
more widely practiced procedure, the following decades saw
developments in preoperative tools that influenced patient
selection for surgery. Imaging studies evolved. For a gener-
ation in the mid-20th century, the radionuclide 123I thyroid
scan provided information about thyroid function (‘‘hot’’ vs.
‘‘cold’’ nodularity), yet crude anatomic resolution.

Low-resolution ultrasound provided better anatomic de-
tail, but fairly primitive characterization of thyroid nodules
beyond size and composition. Expansion in imaging modal-
ities to include cross-sectional scans (CT and MRI), high-
resolution B-mode ultrasonography (as well as Doppler
sonography, including carotid artery studies), and ultimately
[18F]Fluorodeoxyglucose-positron emission tomography/
computed tomography scanning led to an increase in detec-
tion of thyroid nodularity.

Increased identification of even small nodules through
imaging, early (and exaggerated) connotation of malignancy
with cold nodules, and availability of the exogenous thyroid
hormone led to a steady increase in the practice of thyroid
surgery for diagnostic and therapeutic purposes. Total thy-
roidectomy became commonplace. Fortunately, patient se-
lection and risk stratification were aided by the evolution of
expertise in thyroid cytology obtained through fine-needle
aspiration (FNA) biopsy.

The widespread adoption of thyroid FNA in the 1980s re-
sulted in a reduction in thyroid surgery for benign disease and
an increase in yield of malignancy on surgical pathology of
thyroidectomy specimens.13 The Bethesda System for Re-
porting Thyroid Cytology (original publication in 2009, up-
dated in 2017, and version 3 expected in 2023) later helped to
standardize the reporting of thyroid nodule biopsies14,15 and to
imply cancer risk, according to assignment of samples to one
of six categories. A majority of thyroid nodules can be defin-
itively characterized as either benign ormalignant by cytology,
with high sensitivity (£3% false-negative rate). Still, 20–30%
of FNAs yield indeterminate cytology16 and until the advent of
molecular testing, they would have resulted in a recommen-
dation for diagnostic thyroid lobectomy at a minimum.

FIG. 1. Emil Theodor Kocher (1841–1917) whose work
revolutionized thyroid surgery and physiology and who was
the first surgeon to be awarded the Nobel Prize in 1909
(image from https://en.wikipedia.org/w/index.php?title=Emil_
Theodor_Kocher&oldid=1105433419).
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The double-edged sword of refinement in ultrasound res-
olution, combined with a well-intentioned, but over-
simplified, belief that early cancer detection is advantageous,
contributed to a steady increase in the rate of diagnosis of
thyroid cancer, the vast majority of which was well-
differentiated and early-stage disease.17 Throughout the first
decade of the 21st century, thyroid cancer was hailed as the
fastest growing cancer diagnosis, yet mortality rates from
thyroid cancer were noted to be low and essentially stable.

As a result, guidelines for the evaluation and management
of thyroid nodules have been, and continue to be, progres-
sively modified in an effort to reduce unnecessary biopsies
and overdiagnosis of nonclinically significant cancers.18–20

Ultrasound-based risk stratification systems for incidental
thyroid nodules have been developed throughout the world to
refine criteria for performing FNA or ultrasound surveil-
lance.19,21–25 These systems have also standardized the re-
porting of ultrasound examinations and hence several bear
names incorporating the theme of TI-RADS (Thyroid Ima-
ging Reporting and Data System).

In parallel, active surveillance (reserving intervention for
evidence of disease progression or patient preference) is a
modern approach taken to address small, low-risk thyroid
cancers, which relies on serial ultrasonography. Initiated in
Kuma, Japan, in 1993,26 active surveillance has proven to be
a safe alternative to immediate surgery in carefully selected
healthy patients with papillary thyroid microcarcinoma and is
progressively gaining acceptance around the globe.22,27,28 In
addition, in situ ablation of papillary microcarcinomas is now
under investigation.29

Clinician-performed ultrasonography has enabled inter-
pretation of features in the context of known patient history,
symptomatology, and physical findings (Fig. 3a). Ultrasound
examination of the neck beyond the thyroid itself has en-
hanced preoperative planning and postoperative surveillance
tailored to the individual patient’s condition, and ultrasound-
guided FNA may be incorporated as needed.

All of these advancements have resulted in a trend toward
de-escalation of treatment for low-risk, differentiated
(mainly papillary) thyroid cancer; more selective use of total
thyroidectomy plus postoperative 131I ablation; and increas-
ing acceptance of thyroid lobectomy with no 131I ablation for
early-stage (low-risk) disease, especially when clinically
apparent lymph node metastases are not present.

The application of thermal and chemical ablation tech-
niques to benign thyroid disease as well as for palliation in
select cases of metastatic malignancy has grown in popularity
and acceptance in the 21st century. Cystic thyroid nodules
have been treated with alcohol and other sclerosing agents for
decades.30 Now, volume reduction of large, solid, and mixed
benign thyroid nodules by thermal or chemical means has
been embraced, pioneered in Asia and Europe and propa-
gated around the globe (Fig. 3b–d). Radiofrequency, laser,
microwave, and high-intensity focused ultrasound are all
being employed. These techniques will continue to provide
alternatives to traditional thyroidectomy and all of them rely
on image guidance, predominantly through ultrasound.29

In spite of these many nonsurgical advances, the global
volume of thyroid surgical procedures has continued to grow.
From 1996 to 2006, the total number of thyroidectomies

FIG. 2. The parathyroid glands,
drawn by Ivar Sandström (1852–
1889), a Swedish medical student
at the University of Uppsala. Ow-
ing to his meticulous dissections of
animal and human cadavers, he was
the first to describe a gland as
‘‘hardly as big as a hemp seed,
which was enclosed in the same
connective tissue as the thyroid, but
could be distinguished therefrom
by the light colour.’’ Reprinted
from Johansson, 2015, Online
Open Access; doi: 10.3109/
03009734.2015.1027426.
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performed in the United States increased by 39%, from
66,864 to 92,931 cases per year. Outpatient procedures in-
creased by 61%, while inpatient procedures increased by
30%.31 By 2016, the number of annual thyroidectomies had
increased to 169,000.32

These figures predate the COVID pandemic that began in
2019, which has further influenced a shift toward ambulatory

and outpatient care. In addition to surgical safety, factors
such as economics, insurance influences, patient expecta-
tions, desire for avoidance of infection, and ability for tele-
health and communication have all led to shorter hospital
stays and more outpatient procedures.33 The impact of newer
ablative technologies for benign thyroid nodules on surgical
statistics has yet to be quantified.

FIG. 3. (a–d) Surgeon-
performed ultrasonography
(a) has resulted in enhanced
diagnostic imaging, surgical
planning, procedural gui-
dance such as RFA (b), and
nonsurgical management and
volume reduction of benign
thyroid nodules. (c) Pretreat-
ment ultrasound of benign
left thyroid nodule, trans-
verse and sagittal views.
(d) Six months after RFA,
transverse and sagittal ultra-
sound views. Image 3a used
with permission from the ul-
trasound examination model.
RFA, radiofrequency
ablation.
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Meanwhile, an array of surgical devices and approaches
have been combined to make thyroid surgery safer, faster,
less visible, less painful, more precise, and more individu-
alized. Since the origins of thyroid surgery, the vulnerability
of the laryngeal nerves has been recognized and regarded
with respect. Nerve avoidance, superseded by identification
and protection, has been a surgeon’s top priority. Progress in
hemostasis that prevented exsanguination also enabled
identification and dissection of the laryngeal nerves, aided by
lighting and magnification.34

Examination of the larynx, beginning with indirect mirror
laryngoscopy, as first described by Manuel Garcia in 1854,35

evolved to incorporate fiberoptics, stroboscopy, video re-
cording, and even ultrasonography. Most literature citing
rates of vocal fold paralysis after thyroidectomy, even into
the current century, has been based not on laryngeal exami-
nation, but on perceptual voice assessment, which signifi-
cantly underrecognizes nerve dysfunction.

Nevertheless, in the quest to prevent laryngeal nerve injury
in the first place, nerve monitoring technology evolved and
has grown in adoption.36 Endotracheal tube-based surface
electrodes and pulsed intermittent or continuous laryngeal
nerve stimulation provide objective functional and prognostic
information during thyroid surgery, which aids intraoperative
decision-making and perioperative management.37,38

Energy-based devices for hemostasis have been developed
and increasingly applied in thyroid surgery.39–41 Current
vascular sealing tools include ultrasonic, bipolar radio-
frequency, and hybrid energy systems. Use of these devices
in no way lessens the responsibility for knowledge of regional
anatomy and avoidance of thermal injury to delicate struc-

tures, especially the laryngeal nerves, parathyroid glands,
trachea, esophagus, and the skin. The cost of such devices
appears to have been offset by a reduction in operative time,
operative blood loss and transfusion need, and hospital length
of stay. Furthermore, these devices, along with endoscopic
and robotic equipment, have planted the seed that has enabled
minimal access thyroid surgery to blossom.

The three broad categories of minimal access thyroid
procedures include completely endoscopic procedures (either
direct or remote access) with carbon dioxide insufflation;
partly endoscopic gasless procedures; and nonendoscopic
mini-incision procedures.39 Remote access to the thyroid has
been gained through axillary, breast, facelift, and most re-
cently transoral vestibular approaches. The dominant moti-
vation for such approaches is cosmetic: avoidance of a visible
neck scar. However, additional potential advantages include
reduced overall trauma, scarring, and postoperative pain in
carefully selected candidates with appropriate thyroid and
overall anatomy.

Since Kocher’s time, the preservation of parathyroid
glands and their blood supply has been a paramount goal in
thyroid and central neck surgery. The techniques of antici-
pation, meticulous dissection, and distal vessel ligation be-
yond the point of parathyroid perfusion remain the gold
standard. Parathyroid autotransplantation has been practiced
since at least the 1920s.42 Capitalizing on the biochemistry
and ultrashort half-life (3–5 minutes) of the parathyroid
hormone (PTH),43 rapid intraoperative PTH testing was de-
veloped initially for parathyroidectomy surgery to treat hy-
perparathyroidism, but subsequently as a means of assessing
normal parathyroid function during and after thyroid surgery.

FIG. 4. (a–c) Parathyroid gland
identification (a) can be enhanced
by using autofluorescence-
detecting devices. (b) Probe-based
autofluorescence detection con-
firming left inferior parathyroid
gland in situ before thyroid re-
moval. (c) Camera-based auto-
fluorescence detection of left
superior and inferior parathyroid
glands after total thyroidectomy.
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In 2011,44 the first reports of near-infrared (NIR) parathy-
roid autofluorescence were published. Since then, camera-
based and probe-based devices have been designed, with FDA
approval gained in 2018 in the United States for real-time
parathyroid gland identification during surgery (Fig. 4a–c).
These devices have been coupled with contrast enhancement
(using intravenous indocyanine green) to detect fluorescence
not only in the glands themselves but also in their perfusing
blood vessels. NIR fluorescence detection has the potential to
help identify and preserve parathyroid glands, reduce the
operating time, and prevent hypoparathyroidism.

Use of molecular genetics to fine-tune either the need for
thyroid surgery or the appropriate extent of thyroid surgery
has become an important aspect of the art and science of
thyroid surgery in the last 30 years. Medullary thyroid car-
cinoma (MTC) was the first cancer in which surgeons in-
vestigating the role of genetic changes were led to proposing
that surgery based on a germline mutation be performed
before surgical manifestation of disease.45–47 Subsequent
knowledge about genetic–phenotypic correlation in patients
with mutations of the rearranged during transfection (RET)
proto-oncogene led to published guidelines on the surgical
management of patients with either sporadic or hereditary
MTC.48,49

Prophylactic thyroidectomymet all the criteria for applying
knowledge of hereditary cancer syndromes: the genetic mu-
tation known to cause MTC with complete or near-complete
penetrance became testable with high accuracy, the thyroid
gland could be removed with minimal morbidity and virtually
no mortality, there was a hormone to replace the function of
the organ being surgically removed, and there was a reliable
marker (calcitonin) to determine if the treatment was curative.

Prophylactic thyroidectomy, defined as removing the
thyroid before MTC is clinically apparent, became the stan-
dard of care. As genetic–phenotypic heterogeneity has be-
come recognized in families with MTC, the recommended
age for prophylactic thyroidectomy in MTC patients has
become dependent on the specific knowledge about the mu-
tation and its natural history.48,50,51

The historical context of the discovery of the RET proto-
oncogene and the role of surgeons in the paradigm shift toward
suggesting surgery based on germline genetic testing rather
than as a treatment of an existing tumor is critical to under-
stand.9 Multiple endocrine neoplasia type 2 and its subgroup-
ings (MEN2a, MEN2b, and familial MTC) have MTC as a
prime feature. In the 1950s, the surgeon, Dr. Samuel Wells,
meticulously documented features of variousMEN syndromes
withinmultiple kindred as heworked to characterize calcitonin
as a marker of MTC and enable early detection.

By using pentagastrin to stimulate calcitonin production
from the hyperplastic C cells of the thyroid, he was able to
diagnose MTC and treat it surgically before development of
lymph node-positive disease. Wells recognized that while
some patients were cured by this method, many still died of
distant metastatic disease. In 1985, Takahashi, while searching
for ‘‘transforming’’ genes by looking at fragments that could
result in transformation of normal fibroblasts, identified a gene
he named ‘‘REarranged during Transfection’’ or RET.47

By 1987, the RET proto-oncogene had been mapped to
chromosome 10, and genetic linkage analysis had mapped the
MEN2a locus to the same chromosome.52 By 1993, Wells
together with Dr. Helen Donis-Keller identified seven RET

mutations by screening multiple families with all three
MEN2 types. Over the next few years, additional mutations
were found by various groups and these mutations were noted
to activate the tyrosine kinase.

This eventually led to seminal work by Chi and Wells who
proposed the first set of predictive genetic tests for MEN2
based on the identified mutations in the RET proto-
oncogene.45,53 By 1995, Wells showed that prophylactic
surgery driven by knowledge of a patient’s genetics was the

FIG. 5. (a–c) Anaplastic thyroid carcinoma (ATC), once
nearly universally and rapidly lethal, has recently become a
survivable malignancy thanks to combination therapy with
neoadjuvant systemic agents, surgery, external beam radia-
tion, and/or immunotherapy. (a) ATC at presentation,
showing carotid artery encasement; esophageal invasion;
positive test for BRAFV600E, TERT, and TP53 mutations;
PD-L1 expression; and association with pulmonary metas-
tases. (b) Three months after neoadjuvant therapy with
BRAF-targeting dabrafenib and trametinib. The primary
tumor was then resected. (c) Nine months after surgery and
6 months after completion of external beam radiation ther-
apy, with ongoing dabrafenib, trametinib, and pem-
brolizumab immunotherapy. The patient remained alive and
well at the most recent follow-up, more than 1.5 years after
surgery. PD-L1, programmed death-ligand 1.
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key to long-term survival and opened the door to other future
prophylactic surgeries based on genotype.54 These were the
first forays into personalizing thyroid surgery based on
germline genetic testing.

Today, the evaluation of thyroid nodules, especially those
with indeterminate cytology, has led surgeons to further in-
novations in the use of nongermline mutational analysis.
Before the molecular characterization of thyroid nodule FNA
cytology, most patients with indeterminate nodules under-
went diagnostic thyroid surgery, usually lobectomy, for what
ultimately proved most often to be benign disease. Molecular
testing now available to surgeons has allowed for better risk
stratification and has dramatically reduced the need for di-
agnostic surgery.

Unfortunately, due to high costs of these genetic tests, this
innovation is not currently accessible worldwide. Surgeons
have come to better understand the mutational landscape of

thyroid nodules and thyroid cancers. Some mutations such as
RAS are known to be ‘‘weak drivers’’ since they are not
uniquely found in malignant neoplasms of the thyroid,
whereas certain other mutations such as RET, NTRK, ALK,
BRAF, TERT, and p53 are now known as ‘‘strong drivers’’ of
cancers, with none generally being expressed in normal
thyroid epithelial cells.55

At the other end of the risk spectrum, the use of molecu-
larly driven care has allowed surgeons to comanage patients
with anaplastic thyroid carcinoma (ATC) with novel ap-
proaches. While most patients with ATC are still presenting
with locally unresectable disease and distant spread at time of
diagnosis, molecular profiling of suspected ATC is now re-
commended at diagnosis—including testing for BRAF and
NTRKmutations and programmed death-ligand 1 expression
by pathologic immunostaining or by molecular testing.56

Furthermore, the use of blood-based liquid biopsy for
circulating (cell-free) tumor DNA shows great promise for
even more rapid profiling of aggressive thyroid cancer vari-
ants.57,58 Patients with ATC who have BRAF-mutated tu-
mors may undergo neoadjuvant therapy with BRAF/MEK
inhibitors and in some cases with the addition of immune
checkpoint inhibitors, leading to potential dramatic tumor
responses with enough shrinkage that tumors may become
surgically resectable59–62 (Fig. 5a–c).

Even nonresectable or disseminated disease may achieve a
prolonged palliative response to targeted systemic therapy
with or without external beam radiation compared with
nontargeted therapy with cytotoxic chemotherapeutic agents.
Perhaps these developments in the integration of genetics,
immunology, physiology, technology, research, training, and
multidisciplinary care epitomize better than any other ad-
vances in the last century the ability of risk stratification and
personalization of thyroid care (Fig. 6).

Kocher’s words remain as true today as they did in his
time, yet with contemporary optimism, thanks to ancillary
innovations in traditional thyroid surgery in isolation: ‘‘A
surgeon is a doctor who can operate and who knows when
not to.’’4
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A Historical Reflection on Scientific Advances
in Understanding Thyroid Hormone Action

Gregory A. Brent1,2

Background: Thyroid hormone (TH) has actions in every tissue of the body and is essential for normal
development, as well as having important actions in the adult. The earliest markers of TH action that were
identified and monitored clinically, even before TH could be measured in serum, included oxygen consumption,
basal metabolic rate, serum cholesterol, and deep tendon reflex time. Cellular, rodent, amphibian, zebrafish, and
human models have been used to study TH action.
Summary: Early studies of the mechanism of TH action focused on saturable-specific triiodothyronine (T3)
nuclear binding and direct actions of T3 that altered protein expression. Additional effects of TH were rec-
ognized on mitochondria, stimulation of ion transport, especially the sodium potassium ATPase, augmentation
of adrenergic signaling, role as a neurotransmitter, and direct plasma membrane effects. The cloning of the
thyroid hormone receptor (THR) genes in 1986 and report of the THR crystal structure in 1995 produced rapid
progress in understanding the mechanism of TH nuclear action, as well as the development of modified THR
ligands. These findings revealed nuances of TH signaling, including the role of nuclear receptor coactivators
and corepressors, repression of positively stimulated genes by the unliganded receptor, THR isoform-specific
actions of TRa (THRA) and TRb (THRB), and THR binding DNA as a heterodimer with retinoid-x-receptor
(RXR) for genes positively regulated by TH. The identification of genetic disorders of TH transport and
signaling, especially Resistance to Thyroid Hormone (RTH) and monocarboxylate transporter 8 (Mct8) defects,
has been highly informative with respect to the mechanism of TH action.
Conclusions: The impact of THR isoform, post-translational modifications, receptor cofactors, DNA response
element, and selective TH tissue uptake, on TH action, have clinical implications for diagnosing and treating
thyroid disease. Additionally, these findings have led to the development of novel TH and TH analogue
therapies for metabolic, neurological, and cardiovascular diseases.

Keywords: thyroid hormone receptor, thyroid hormone action, nuclear receptor coregulators, Resistance to
Thyroid Hormone, thyroid hormone transport

Introduction

This invited review on the history of thyroid hormone
(TH) action is one of a series of articles celebrating the

American Thyroid Association centennial. Our understanding
of TH action is the result of investigators working across mul-
tiple disciplines and experimentalmodels, for at least 140 years.

This reviewwill focuson studies of thenuclear thyroidhormone
receptor (THR), our understanding before the report of cloning
of THR in 1986, and the impact of the cloning on our under-
standing of TH action and genetic disorders of TH action. Some
of the clinical implicationsof insights intoTHactionwill alsobe
described. TH metabolism and local ligand availability, a key
regulator of TH action, will be discussed in a separate review.
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Early Observations of TH Action

The earliest attempts to measure TH action centered on the
metabolic actions, assessing the increase or decrease in basal
metabolic rate as a manifestation of TH status, body temper-
ature, body weight, body fat composition, oxygen consump-
tion, and the actions on circulating lipid levels, especially
serum total and low-density lipoprotein cholesterol.1 The
recognition that oxygen consumption in patients with thyroid
disease directly increased or decreased with the level of TH
was reported as early as 1895 by Magnus-Levy, 20 years be-
fore thyroxine (T4) was isolated (reviewed inMagnus-Levy2).

Additional actions of TH tracked clinically were the effects
on the heart (chronotropic and inotropic), as well as deep ten-
don reflex relaxation time. Mitochondria were thought to be an
essential site of TH action, based on TH stimulation of oxygen
consumption in tissues.3,4 In most tissues, except the brain,
oxygen consumption increased or decreasedwith an increase or
decrease in TH levels. Early studies andmodels recognized the
importance of TH action in development, including the abso-
lute requirement for TH to promote metamorphosis in frogs.5

Interestingly, TH was recognized as essential for both of the
key features of amphibian transition from aquatic to terrestrial
life, tail resorption and limb generation.

The varied clinical manifestations of TH deficiency and
TH excess, across almost every organ system in the body
(Table 1), led many to consider that TH worked through a
range of activating pathways.6–9 Although several TH targets
were identified and studied, including mitochondria, ion
transporters, and membrane receptors, the bulk of the action
was recognized as mediated by nuclear THRs. TH is one of
only two tyrosine-derived hormones, the other being cate-
cholamines. Catecholamines circulate without being bound
to proteins and act at membrane receptors, similar to the
peptide hormone family. TH, which is hydrophobic, circu-
lates bound to protein and would ultimately be shown to act
through nuclear receptors, similar to steroid hormones.10

Models and Mechanisms of TH Action

The study of circulating serum proteins that bind T4 and
triiodothyronine (T3) was an early focus that later informed
studies of the TH nuclear receptor (reviewed in Pappa et al11).

It was found that there were individuals born with absent, or
defective, TH binding proteins, thyroxine binding globulin,
transthyretin (TTR), and albumin. Although a high fraction of
circulating T4 and T3 is bound to proteins, the pituitary and
hypothalamus regulate the ‘‘free fraction’’ of T4 and T3, such
that the tissues are euthyroid despite serum total T4 and T3
concentrations outside the reference range in affected indi-
viduals. The characteristics of T3 and T4 binding revealed by
TH binding protein mutations, however, were later used to
guide investigation of nuclear TH binding.11

A major milestone in studies of TH action was the dem-
onstration by Tata in 1963 that inhibitors of RNA production
and protein synthesis, actinomycin D and puromycin,
blocked the biological actions of TH on growth and basal
metabolic rate in a rodent model.12 This challenged the
popular view at that time of a direct action of TH on mito-
chondria and oxidative phosphorylation and favored an ac-
tion that required protein synthesis. A series of follow-up
studies by Tata, utilizing a range of animal, cellular, and
amphibian models, including radioactive labeling tech-
niques, directly demonstrated TH-induced nuclear protein
synthesis, with a time course and pattern consistent with TH
nuclear action (reviewed in Tata13). Significant progress was
made during this time by other laboratories, identifying the
properties of the nuclear receptors for many steroid hor-
mones, including estrogen, progesterone, and glucocorticoid.

These studies showed a mechanism of action with hydro-
phobic ligands passing into the cytoplasm, binding to re-
ceptors, the receptor–ligand complex entering the nucleus,
binding specific DNA elements, and modifying gene tran-
scription.10 Specific nuclear T3 binding in growth hormone 1
pituitary cells was shown by Samuels in 1973.14 A series of
studies from a number of investigators in the mid-1970s,
including Oppenheimer, Surks, Dillmann, Silva, Samuels,
Refetoff, DeGroot, Tata, and Baxter, further characterized T3
nuclear binding in cells and tissues, linked T3 nuclear binding
to gene expression of messenger RNA (mRNA) and protein,
showed that T3, rather than T4, was the predominant bound
ligand, and that tissues varied with respect to capacity for T3
binding, concentration highest in anterior pituitary, and then
in descending order, in the liver, kidney, heart, and brain
(reviewed in Sterling3,4 and Oppenheimer15).

Table 1. Physiological and Biochemical Actions of Thyroid Hormone

Growth and development Metabolic

Regulates the rate of postnatal growth of mammalian tissues Regulation of basal metabolic rate in homeotherms
Development of fetal brain and bone Control of oxidative phosphorylation and energy

metabolism
Regulation of morphogenesis, developmental gene
switching (e.g., in cardiac development), and apoptosis in
amphibian larval metamorphosis

Regulation of cholesterol metabolism

Regulation of synthesis of mitochondrial respiratory
enzymes and membranes

Regulation of lipogenesis and lipolysis

Skeletal muscle Activation of brown adipose tissue in adaptive
thermogenesis

White and brown adipose tissue Calcium and phosphorus metabolism
Nitrogen (urea, creatine) metabolism
Movement of water and Na+ ions across cell membranes

Adapted from Tata.13

Na+, sodium.
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Nuclear saturation by T3 was directly linked to the mag-
nitude and duration of stimulation of a TH-responsive en-
zyme, a-glycerophosphate dehydrogenase, in the liver, which
also correlated with oxygen consumption15 (Fig. 1). Nuclear
extracts were labeled with radioactive T3, and the T3 binding
protein was isolated by gel electrophoresis, indicating a sin-
gle species and a receptor size of about 60 kDa, similar to the
size of other described steroid nuclear receptors.

Studies of TH action, before the cloning of the nuclear
THR genes, are described in reviews by Oppenheimer in
197515 and Sterling in 19793,4 (Table 2). The predominant
mechanism of action was thought to be nuclear (Fig. 2A), but
TH action was also recognized in mitochondria, adrenergic
signaling, neural transmitters, and membrane actions. Some
investigators focused almost exclusively on TH stimulation
of thermogenesis by active sodium transport through upre-
gulation of the sodium potassium ATPase (Na+-K+-ATPase).
TH stimulation of oxygen consumption in the skeletal muscle
was significantly reduced by treatment with ouabain, which
inhibits the Na+-K+-ATPase.16 Even those promoting a pri-
mary action of TH on ion transport, however, recognized that
TH nuclear action on protein synthesis was the initial step,
and these proteins stimulated by TH secondarily influenced
ion transport.

Cloning of the THR Genes

Amajor turning point in understanding TH action occurred
in 1986, with publication of the cloning of the THR
genes.17,18 The work leading to this point represented the
contribution of many laboratories and investigators using a
wide range of models and tools to characterize T3 nuclear
binding. Many of the key steps were the result of findings
from studies of other steroid hormone signaling path-
ways.10,19 Ultimately, however, TH had many unique fea-
tures and actions that informed subsequent studies, especially
in terms of DNA binding characteristics, nuclear receptor
cofactors, and with respect to nutrient signaling and cross talk
with other nuclear receptors regulating fat and carbohydrate
metabolism.1,6,7,9

The rapid progress in the field was also shaped by clini-
cal/translational investigation, identifying individuals with
defects in the thyroid signaling pathway. This was most no-
table for studies of Resistance to Thyroid Hormone (RTH),
but also patients with defects of TH transport.20,21 Molecular
biology tools became available to clone genes of interest by a
range of techniques, and multiple members of the steroid
receptor family were cloned. Two groups, the laboratories of

FIG. 1. Effect of high and low doses of T3 on alpha-GPD
activity and on nuclear occupancy by T3 stimulation of
hepatic alpha-GPD activity in euthyroid rats given a single,
low-dose or high-dose intravenous injection of T3. The peak
induction of alpha-GPD was closely linked to the duration
of T3 nuclear occupancy, shown in the horizontal shaded
bars. Nuclear occupancy by T3 was closely linked to the
magnitude and duration of enzyme stimulation. From Op-
penheimer.15(p1065) Copyright ª (1975) Massachusetts
Medical Society. Reprinted with permission from Massa-
chusetts Medical Society. GPD, glycerophosphate dehy-
drogenase; T3, triiodothyronine.

Table 2. Pathways of Thyroid Hormone Signaling from the 1970s

Site of TH action Examples of TH actions
Laboratories (specific references included in

source articles)

Nuclear transcription Stimulation of growth hormone expression in
pituitary cells, malic enzyme, and alpha
GPD

Samuels, Oppenheimer, DeGroot and
Refetoff, Baxter

Mitochondrial activation Uncoupling oxidative phosphorylation Tapley, Bronk, Hoch, Babior and Ingbar,
Sterling

Na+-K+-ATPase
(sodium pump)

Increased oxygen consumption in rat liver
slices, inhibited by ouabain

Edelman, Ishmael-Beggi

Augmentation of
adrenergic pathway

Increase in the number of membrane
adrenergic receptors

Tsai, Lefkowitz, Malbon and Fain,
Bilezikian and Loeb

Neurotransmitter Play a role as a tyrosine-promoting
catecholamine synthesis

Drakman

Plasma membrane effects Transport of amino acids across membranes
and incorporated into cartilage and
bone

Adamson and Ingbar, Segal, Gross, Goldfine

Adapted from Sterling3,4 and Oppenheimer.15

GPD, glycerophosphate dehydrogenase; Na+-K+-ATPase, sodium potassium ATPase; TH, thyroid hormone.
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FIG. 2. Models for TH ac-
tion on the target cell 1979,
1994, and 2021. (A) 1979—
The unbound hormone (T4 or
T3, the sequence of events is
thought to be similar) dif-
fuses or is transported into
the cell, bound by CBP in a
reversible equilibrium with
unbound cytoplasmic T3. T3
acts on receptors in the mi-
tochondria and nucleus,
binding to DNA, stimulating
mRNA production, which is
translated to proteins. From
Sterling.3(p120) Copyright ª
(1979) Massachusetts Medi-
cal Society. Reprinted with
permission from Massachu-
setts Medical Society.
(B) 1994—Nuclear action of
TH (T3) bound to TRa and
TRb, bound to DNA re-
sponse elements as homo-
dimers, monomers, or
heterodimers with RXR. Lo-
cal activation of thyroxine T4
to T3 shown by the 5¢-
deiodinases types 1 and 2.
From Brent.9(p848) Copyright
ª (1994) Massachusetts
Medical Society. Reprinted
with permission from Mas-
sachusetts Medical Society.
(C) 2021—The range of TH
action, types 1, 2, 3, and 4, as
described in Table 3 (figure
modified [with permission]
from Jonklaas et al,61 classi-
fication of TH action as de-
scribed in Flamant et al60).
CBP, cytosol-binding
protein; mRNA, messenger
RNA; RXR, retinoid-
x-receptor; T4, thyroxine;
TH, thyroid hormone; THRs,
thyroid hormone receptors;
TR, TH receptors.

98



Evans and Vennström, working independently, published the
cloning of the THR in the same issue of Nature.17,18

The THR had similarities to an erythroblastic leukemia
virus, v-erb-A, and so, the initial clone was referred to as
cellular erb-A (c-erb-A). The structure of the THR was
similar to those of other steroid nuclear receptors already
cloned and included an N-terminal domain, DNA binding
domain, and a carboxy-terminal ligand binding domain.
Studies showed that these domains were ‘‘cassettes’’ that
could be interchanged among the nuclear receptors and
maintain their specificity of the nuclear receptor of origin.19

A progesterone receptor DNA binding domain, for example,
could be substituted for the estrogen receptor DNA binding
domain, and the chimeric receptor would bind estrogen but
recognize the progesterone DNA response element.22 TRwas
later shown to have these same interchangeable components.

The first cloned steroid hormone receptors, estrogen,
progesterone, androgen, and glucocorticoid, were predomi-
nantly in the cytoplasm bound to heat shock protein, which
was displaced by ligand, entered the nuclear, and bound as
homodimers to palindromic DNA response elements.19,22 In
contrast, THR and other ‘‘type 2’’ steroid and steroid-like
receptors reside predominantly in the nucleus bound to DNA,
form heterodimers with retinoid-x-receptor (RXR) that bind
to direct repeat elements, with various spacing that gives
specificity, bind to corepressor complexes that repress gene
expression, displaced by ligand, coactivator complexes are
recruited, and gene activation occurs.23,24

Before full identification of the THR protein or cloning of
the gene, it was possible to prepare nuclear protein extract
and characterize DNA binding. Genes known to be directly
stimulated by TH were limited, but it was known that growth
hormone levels were very low in hypothyroid rodents. The rat
growth hormone gene was shown to be stimulated by TH and
glucocorticoids.3,4 The earliest natural TH response element
(TRE) was characterized using these methods and reported a
sequence characterized as a ‘‘direct repeat’’ of 6 base pairs,
with the sequence AGGTCA, and a 4 base pair ‘‘gap’’25,26

(Fig. 2B). Other TH-responsive genes were subsequently
shown to have some variations in half site arrangement and
sequence, but the direct repeat with two half sites separated
by a 4 base pair gap, AGGTCANNNNAGGTCA, was con-
sidered the consensus site.27

A similar DNA response element was identified that me-
diated the response to retinoic acid and TH.28 This finding
was an important divergence from the DNA response element
that mediated binding of the other steroid receptors studied at
that time, estrogen, progesterone, glucocorticoid, and min-
eralocorticoid. These receptors also bound to 6 base pair
‘‘half site’’ sequences, but these ‘‘half sites’’ were arranged
as palindromes thought to facilitate homodimer binding,
placing the common interface for covalent binding in direct
proximity. A direct repeat DNA response element would bind
a homodimers oriented in tandem with ‘‘opposite’’ receptor
domains in close proximity, not something that had been
previously reported for steroid receptors.

The resolution of this puzzle led to identification of a
second class of nuclear hormone receptors, RXR, and ex-
panded the mechanisms to modulate various TH signals.
Early studies showed that the addition of nuclear extract
enhanced THR binding and that these ‘‘heterodimers’’ were
resistant to disruption by the addition of T3.29 The identity of

the heterodimer was later shown to be RXR, a member of the
retinoid receptor family, which heterodimerized with THR
and enhanced binding and transcription30 (Fig. 2B), as well as
heterodimerizing with retinoic acid receptor, vitamin D re-
ceptor, and nutrient receptors, such as peroxisome
proliferator-activated receptors alpha and gamma.31

THR Isoforms and THR Gene Products

It was recognized, as with some other steroid and steroid-
like receptors, that there were two different THR isoforms,
alpha (TRa) and beta (TRb), with different expression de-
velopmentally, and in adult tissues, TRb predominant in the
pituitary and liver, TRa in the brain and skeletal muscle, and
both TRa and TRb in the heart. There were also several splice
product variants of unknown significance. Much of the
original descriptions examined mRNA expression in various
tissues. The limited availability of high-affinity antibodies
that reliably distinguished the THR isoforms limited research
in this area.

The most readily available tool was to examine mRNA
expression, but there was recognition of the potential dis-
cordance between mRNA and protein. The availability of
specific antibodies was especially a challenge to distinguish
the various isoforms. Perhaps, the most puzzling is TRa2, a
TRa isoform with a truncated ligand domain resulting in loss
of T3 binding and shown functionally to antagonize T3 ac-
tion.32 Despite high levels of TRa2 mRNA expressed, es-
pecially in the brain, the expression of the TRa2 protein has
been difficult to demonstrate.

A wide range of genetic rodent models with THRB and
THRA gene inactivation and mutations showed consistent
phenotypes that generally matched the distribution of THR
isoforms.6,7 The initial knockout mice for THRB had a
phenotype similar to that seen in humans with RTHb, goiter,
elevated serum T4, and nonsuppressed thyrotropin (TSH),33

subsequent evaluation revealed a significant hearing defect.34

A wide range of mice with dominant negative mutations of
the TR genes that reduced ligand affinity and disrupted sig-
naling by the wild-type TR, generally had a more robust
phenotype.35

There were also distinct phenotypes with mutations of
THRA, although the metabolic phenotype varied depending
on the THRA mutation that was being modeled.1 The ulti-
mate evidence of THR isoforms having distinct physiological
function was the clinical report of individuals with mutations
of the THRA gene.36,37 Since TRa is not expressed signifi-
cantly in the pituitary or hypothalamus, there was no im-
pairment of T3 feedback, so serum TH levels remained
largely normal, but there was evidence of reduced TH action
with reduced growth, hypometabolism, bony defects, and
constipation. Mutations of the THRA gene have been asso-
ciated with skin tags and melanocytic nevi.38

Early characterization of the THRA gene and associated
transcripts identified a related protein that did not bind T3 or
was involved in TH signaling. ReverbA is transcribed from
the opposite strand of the THRA gene, did not bind T3, and
the function was unknown.39 This THR-related gene was
subsequently shown to be a key link in the regulation of the
circadian clock, serving as a heme sensor that is a negative
regulator of the circadian clock and suppresses hepatic glu-
coneogenic gene expression and glucose output.40
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Basal Gene Repression by Unliganded THR

Despite some early skepticism about the validity of a di-
rect repeat TRE in the rat growth hormone gene, others
identified genes regulated by TH with a similar TRE con-
figuration.7 Although in vitro synthesized THR at high
concentration could be shown to bind a direct repeat in a gel
retardation assay, a major breakthrough was the recognition
that the addition of nuclear extract dramatically increased
binding.29 The predominant protein in nuclear extract that
was ultimately identified to bind THR was another nuclear
receptor, RXR.30 Another feature of this receptor family,
first identified with THR, was that unliganded receptor
bound DNA and repressed gene expression of positively
regulated genes.

This was first shown with transient transfection assays and
could be demonstrated as a receptor ‘‘dose’’ effect.41 There
was an underlying concern, however, that this repressive
effect was an artifact of the transfection assay and that the
high expression of heterologous promoters used in transient
transfection could be consuming transcription factors that
were artifactually lowering gene expression, a phenomenon
referred to as ‘‘squelching.’’

A wide range of subsequent studies confirmed that this
repression was mediated by unliganded receptor, but more
importantly, an underlying mechanism was identified, which
dramatically expanded the ways in which TH signaling could
be modulated. Corepressor binds to unliganded DNA-bound
THR and represses gene expression. Addition of ligand dis-
rupts corepressor binding and promotes binding of coacti-
vator to THR, stimulating gene expression. The other
receptors that form heterodimers with RXR have similar
properties. Ultimately, a family of corepressors, the most
prominent that binds THR, nuclear receptor corepressor
(NCoR), and small mediator for retinoid/thyroid hormone,
were identified and shown to be very significant in TH sig-
naling (reviewed in Astapova and Hollenberg42).

This was perhaps the most surprising property of TH that
the clinical manifestations of hypothyroidism are not only the
absence of ligand and reduced thyroid induced gene ex-
pression but also basal repression of genes based on occu-
pancy of the response element by unliganded THR, which is
bound to corepressor. The prediction from this finding is that
the physiological consequences of reduced ligand in the
presence of receptor would be partially restored toward
normal in the absence of receptor. This was supported by a
report of a mouse model with deletion of both THRA and
THRB, which had a unique phenotype of retarded growth and
bone maturation, reduced female fertility, and a hyperactive
pituitary–thyroid axis.43 Further evidence of the repressive
role of TRa was a model with knockout of THRA, which
makes up 80% of THR in the cerebellum that reversed the
defects of hypothyroidism.44

The role of NCoR was shown by an in vitro model ex-
pressing a mutant NCoR that does not bind to THR, showed
that TH-dependent gene expression in the liver was upregu-
lated when the mice were euthyroid, and expressed in the
normal range when hypothyroid, demonstrating that NCoR
physiologically regulated THR-dependent genes.45 The re-
pressive action of unliganded THR on positively regulated
genes also led to an important connection of THR and related
factors, to the effects of THR to mediate differentiation in

development and then when those differentiation actions
were disrupted, to promote oncogenesis.

Human Disorders of Genetic Defects of TH
Signaling and Transport

A range of genetic syndromes of reduced TH action have
provided important insights into mechanisms.20,46 The syn-
drome, RTHb, with clinical manifestations of goiter, elevated
serum T4 concentration, and a nonsuppressed TSH, with
variable bone and metabolic manifestations was initially
described by Refetoff et al in 1967,47 has provided key in-
formation on the physiological role of THR. Once the THR
genes were cloned, the THRB gene was linked to RTH.48 The
initial family reported was ultimately shown to be homozy-
gous for deletion of the THRB gene, but the majority of
reported patients are heterozygous for a ‘‘dominant nega-
tive’’ mutation, most in the ligand binding domain, which
results in interaction with corepressor, which is not relieved
by the usual levels of ligand.49,50 Animal models that selec-
tively mutate the primary THR corepressor, NCoR, were
shown to partially normalize thyroid signaling in models of
RTH with a dominant negative THRB mutation.51

A number of investigators identified membrane trans-
porters for TH.21 The specific transport of TH with high
specificity was shown for the monocarboxylate transporter 8
(Mct8).52 The linkage ofMct8 gene mutation to a previously
described X-linked disorder, with intellectual deficit, hypo-
tonia, spastic paraplegia, and hypermetabolism, demon-
strated that the Mct8 transporter was essential for normal T3
action on brain development in humans.53,54 The importance
of the OATP1C1 transporter was demonstrated by the report
of an adolescent girl with an OATP1C1 gene mutation and
evidence for dementia and neurodegeneration, with some
response to treatment with the TH analog Triac, which does
not require a transporter to enter neurons.55

Developmental Actions of TH

Sensory development, the inner ear and retina, have re-
quirements for TH to progress normally (reviewed in Ng
et al56). This developmental process revealed a key principle
of TH action in development, apparent from the earliest
amphibian studies of TH in frog metamorphosis, where
premature exposure to TH induced early metamorphosis
(reviewed in Tata5). TH availability in development is
regulated by the deiodinase enzymes. Expression of the in-
activating enzyme, 5-deiodinase type 3, reduces T3 levels
and expression of the activating enzyme, 5¢-deiodinase type
2, increases T3 levels. Premature or delayed exposure to
T3 can result in developmental defects. This seems to be
important for TH action in sensory development and the
brain.

Although many studies of TH action have used cellular,
rodent, and human models, key findings have come from
amphibian models as well as more recently zebra fish (re-
viewed Tata5). Xenopus has THRA and THRB, but there are
gene duplications of both. Early models that tracked TH
action showed distinct requirements for both key features of
metamorphosis, tail resorption and limb development. Zebra
fish also contain THRA and THRB and have been very useful
developmental models.
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Ligands and Analogues

The structural characterization of the ligand binding do-
main crystal structure in 199557 led to important insights.
Distinct from T3 binding to the serum protein, TTR, which
did not produce any conformational change in the protein, the
prediction from the crystal structure of the ligand bound TRa
was that the central hydrophobic core would be present in the
absence of ligand, and the addition of T3 would induce a
conformational change. Key residues in the ligand binding
pocket also matched mutations associated with RTH, which
included mutations of residues with direct contact with li-
gand as well those that disrupt stabilization of the bound
confirmation.

Characterization of the THR ligand binding pocket also led
to the design of compounds that were more selective for
activation of TRb or TRa. Most of the initial focus was on
compounds that favored TRb binding, with the therapeutic
intent of targeting the beneficial metabolic actions of TH,
weight loss, and lowering of cholesterol, without the adverse
actions on the bone, heart, and skeletal muscle. GC1, or so-
betirome, was among the earliest with a favorable profile of
metabolic actions.58 A broad range of compounds were
identified with significant success, especially cholesterol
lowering in statin-refractory patients; although the effects of
these compounds on the bone and cartilage in animal toxicity
testing have limited widespread use, there are a range of
clinical applications being investigated.59

Newer Findings in TH Action

The thyroid nuclear receptor is the fundamental pathway
of TH action, but the impact of DNA response element se-
quence and location, coactivator and corepressor interac-
tions, relative THR isoform expression, TH transport, and
local ligand availability have all led to a recognition of fac-
tors that modulate TH signaling, especially at the local tissue
level. An expanded description of modes of TH action60

(Table 3; Fig. 2C) is more sophisticated mechanistically but
recognizes a very similar range of actions as described in TH
action studies from the 1970s (Table 2; Fig. 2A). Recognition
of the wide range of TH action is especially relevant in
consideration of thyroid replacement therapies.61

Noncanonical TH signaling pathways include TRa and
TRb interfacing in the cytoplasm with signaling pathways,
such as PI3 kinase, and these actions are blocked by THR
mutations in regions outside the ligand binding domain.62

Direct tags of THR genes in rodent models showed that, in
comparison to the original mRNA studies, TRa is the pre-
dominant isoform in most tissues, except the liver and pitu-
itary, even in those tissues where THRA and THRB mRNA
levels were similar.63 Whole genome approaches have con-
firmed the core DNA response direct repeat consensus ele-
ment sequence for the majority of TH signaling but also
indicates TH signaling, which does not require direct DNA
binding, especially for TH-mediated negative regulation.64

The dogma of a direct ligand-induced switch from core-
pressor to coactivator is challenged by a study in the liver,
showing that there is a ligand-induced ‘‘shift,’’ a predomi-
nance of coactivator or corepressor, rather than a complete
‘‘switch.’’64 THR resides predominantly in the nucleus, but
cytoplasmic to nuclear TH transport may regulate some TH
signaling.65 THR undergoes post-translational modification
by phosphorylation66 and sumoylation,67 which also impacts
signaling and may respond to nutrient signals and signal the
fed or fasted state. Nongenomic actions of TH, including
direct histone modifications as well as membrane, mito-
chondria, and other targets, are being increasingly described
and documented.6

Clinical Applications of TH Action, Present
and Future

TH has significant actions on stem cell differentiation and
has been shown to stimulate stem cells in white and brown
adipose tissue, pancreatic islet cells, skeletal muscle satellite
cells, hepatocytes, and intestinal epithelial cells.68 TRa has a
specific role in skeletal muscle stem cells (satellite cells)
essential for skeletal muscle development and regeneration
after injury.69 TH promotes recovery after brain injury as
well as use in a range of neurological diseases.70 TH is es-
sential for bone development, and differential expression of
THR isoforms underlies the clinical manifestations of re-
duced and excess TH.71

TH action on the heart is central to the clinical manifes-
tations of thyroid excess and deficiency and has also been a

Table 3. Updated Nomenclature for Modes of Triiodothyronine Action

T3 action type Examples of mechanism

Type 1: THR-dependent signaling
of TH with direct binding to DNA

� THR monomer or homodimer binding to response elements
� THR binding to enhancer elements in which half-sites are organized as an

everted repeat with a six-nucleotide spacer or an inverted repeat without a
spacer

� THR binding with other heterodimer partners such as RAR
Type 2: THR-dependent signaling
of TH with indirect binding to DNA

� TRs can interact with a number of chromatin-associated proteins, which can
tether THRs to specific genomic locations, even if THRs do not directly
contact DNA

Type 3: THR-dependent signaling
of TH without DNA binding

� Cytoplasmic THRs can interact with kinases normally found at the plasma
membrane, activate them, and serve as a substrate for phosphorylation

Type 4: THR-independent TH signaling � TH can act without binding to THR. Integrin aVb3 may serve as a membrane
receptor of T4 and T3, as has been shown in the context of cancer.

� TH can also influence actin in vitro polymerization

Adapted from Flamant et al.60

RAR, retinoic acid receptor; T3, triiodothyronine; T4, thyroxine; THR, thyroid hormone receptor.
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site with demonstration of the full range of genomic and
nongenomic actions of TH.72 Few agents are available to
treat nonalcoholic fatty liver disease, but several clinical
trials of T3, T4, as well as TH analogues, such as resmetirom,
specifically acting or activated in the liver, show significant
promise for treatment.73 The liver-selective actions of re-
smetriom, a TRb-selective analogue, are accomplished both
by cell-specific transport and by TR isoform preference.74
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Progress in Thyroid Cancer Genomics:
A 40-Year Journey

James A. Fagin1,2 and Yuri E. Nikiforov3

Background: Very little was known about the molecular pathogenesis of thyroid cancer until the late 1980s. As
part of the Centennial celebration of the American Thyroid Association, we review the historical discoveries
that contributed to our current understanding of the genetic underpinnings of thyroid cancer.
Summary: The pace of discovery was heavily dependent on scientific breakthroughs in nucleic acid sequencing
technology, cancer biology, thyroid development, thyroid cell signaling, and growth regulation. Accordingly,
we attempt to link the primary observations on thyroid cancer molecular genetics with the methodological and
scientific advances that made them possible.
Conclusions: The major genetic drivers of the common forms of thyroid cancer are now quite well established
and contribute to a significant extent to how we diagnose and treat the disease. However, many challenges
remain. Future work will need to unravel the complexity of thyroid cancer ecosystems, which is likely to be a
major determinant of their biological behavior and on how they respond to therapy.

Keywords: thyroid cancer, genetics, oncogenes, tumor suppressors, next-generation sequencing, TCGA

Introduction

The objective of this review was to chart the history of
the major discoveries leading to our current under-

standing of the genomic evolution of thyroid cancer and to
place this information in the context of the mechanistic and
technological breakthroughs that made these discoveries pos-
sible. Due to the limitations of the format of the article, we are
unable to credit the work of all investigators who contributed
to this field, and for this, we apologize to those who have been
overlooked.

Clonal Composition of Thyroid Neoplasms

Although it may seem self-evident to current readers,
until the late 1980s, it was not clear whether all thyroid
tumors were clonal and thus derived from a single cell
transformed through a mutation that conferred it with a
fitness advantage. This was certainly the case for nodules
arising within multinodular goiters (MNG) that were con-
sidered at the time to be mostly hyperplastic, and therefore
at lower risk for malignancy. The technology that allowed

this to be clarified arose from work by Philip Fialkow in
hematological malignancies. Dr. Fialkow was a geneticist
who showed that leukemias were clonal in women who were
heterozygous for a variant in the X chromosome-linked
G6PD gene, which resulted in G6PD proteins with distinct
electrophoretic mobility (1).

Since one of the two X chromosomes is randomly inac-
tivated in cells throughDNAmethylation (2), normal tissues in
women heterozygous for the G6PD variant would contain a
mixture of cells randomly expressing either the paternal- or
maternal-derived copy of the gene, resulting in both G6PD
proteins to be present in equal proportion in tissue extracts,
whereas if a tumor had arisen from a single cell, all tumor cells
would produce the same G6PD protein. Vogelstein refined the
power of this approach by using restriction DNA enzymes that
differentially digested X chromosome alleles based on their
methylation status, thus enabling distinction of polyclonal
from clonal cell populations by Southern blotting of DNA (3).

With this technology, several groups showed that thyroid
adenomas and carcinomas were clonal and that clonal tumors
also arose with some frequency within MNG (4–6). This
strategy to investigate clonality is confounded in the thyroid
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context by evidence that normal thyroid epithelium is orga-
nized into large stem-cell derived monoclonal patches, such
that a variable subset of normal thyroid tissue extracts
showed monoclonal patterns by X-chromosome inactivation
analysis (6–8), requiring tumors from these patients to be
excluded from the analysis.

Discovery of Thyroid Cancer Genes Through the
NIH-3T3 Cell Focus Assay

The search for genes involved in thyroid cancer patho-
genesis initially relied on a method that leveraged the ability
of tumor viruses to transform mouse fibroblast cell lines
in vitro (9). Since many human oncogenes are structurally
related to these viruses, a method was devised to identify
human cancer genes based on the ability of shredded human
tumor DNA to transform mouse NIH-3T3 cells, through
sequential rounds of DNA isolation of transformants con-
taining human DNA sequences and re-transfection into
NIH-3T3 cells (10). Transformed fibroblast cells could be
identified and isolated under the microscope because they
were no longer inhibited by cell contact and tended to grow on
top of each other and form little nodules on the culture dish.

Using this approach, Takahashi isolated human DNA
encoding the C-terminal region of REcombined during
Transfection (RET), which encompasses its kinase domain,
from NIH-3T3 cells transfected with human lymphoma DNA,
which was fused to an unrelated human DNA fragment. Since
the RET rearrangement was not present in normal cells or
in the original lymphoma DNA, he concluded that the two
genes had REcombined during Transfection (hence the term
RET) (11). In 1989, two Italian groups identified bona fide
rearrangements of RET in papillary thyroid cancers (PTCs)
using the NIH-3T3 cell focus assay (12,13) and also identi-
fied NTRK1 fusions as PTC oncogenes (13). The groups of
Suarez and Lemoine also employed the NIH-3T3 cell focus
assay to identify RAS mutations in thyroid cancer (14,15).
Hence, three common drivers of differentiated thyroid can-
cers were first identified through this screening method.

The Mostly Futile Search for Copy Number
Alterations in PTC

The search for tumor suppressor genes was primarily
performed by screening genomic DNA for regions of loss of
heterozygosity (LOH), based on the evidence that genetic
lesions of both copies of these genes were required to inac-
tivate their function, one of which often took place through
copy number loss (16). By using polymorphic DNAmarkers,
regions of recurrent copy number loss could then point out to
the location of a tumor suppressor, as performed, for instance,
for the identification of RB1 in retinoblastoma (17), and APC,
TP53, andDCC in colorectal cancers (18). This approach was
not revealing in the early studies of thyroid cancer, mostly
because they primarily focused on small series of PTC, a
thyroid cancer type that we now know to be diploid in about
75% of cases, and associated with infrequent recurrent copy
number abnormalities (19).

Search for Genetic Drivers Based on Knowledge
of Thyroid Cell Physiology

A prior understanding of the mechanisms of thyrotro-
pin (TSH)-induced cell signaling and growth rendered the

key nodes in the TSH receptor (TSHR) signaling pathway as
attractive candidate oncoproteins for thyroid neoplasms.
Shortly after the Nobel prize winning discovery by Suther-
land of cAMP as a ‘‘second messenger’’ (20), TSH and other
hormones were found to signal through a cAMP-dependent
pathway (21). The TSHR complementary DNA (cDNA) was
cloned in 1989 and found to be a member of the G protein-
coupled receptor family (22). In 1990, activating somatic
mutations of GNAS, the gene encoding Gsa, a GTPase
that signals to activate cAMP generation, were discovered in
pituitary somatotroph tumors and autonomously functioning
thyroid adenomas (AFTA) (23,24).

Activating mutations of TSHR were subsequently found
to be the most common driver of AFTA (25,26). Mutations of
GNAS and TSHR are rare in thyroid cancer, consistent with
the evidence that AFTA have a low risk of malignant trans-
formation (19,27). Recently, a recurrent hot spot mutation
(c.1712A>G; p.Gln571Arg) in the enhancer of zeste homo-
log 1 (EZH1) gene was found in 27% of AFTA in association
with TSHR or GNAS mutations (28). EZH1 codes for a cat-
alytic subunit of the polycomb complex, which plays imp-
ortant roles in chromatin remodeling. This cooperative event
may be important in clonal expansion of these tumors.

Polymerase Chain Reaction-Based Screens
for Candidate Genes

Rearrangements of RET and RAS point mutations were
subsequently confirmed by several groups primarily using
a candidate gene, polymerase chain reaction (PCR)-based
technology (29,30), which, together with Sanger sequencing,
greatly accelerated the pace of cancer gene discovery. In the
early 1990s, TP53 mutations as hallmarks of anaplastic thy-
roid cancer (ATC) were reported by several groups by using
targeted PCR-based approaches that surveyed specific hot
spot exons of the gene, based on data reported in other cancer
types (31–33).

In some studies, the PCR products were sequenced
directly, and in others, they underwent a preliminary screen-
ing strategy using RNase protection assays, which can
identify base substitutions by hybridizing PCR-amplified
single-strand DNA to a radiolabeled RNA probe encoding
the wild-type sequence. DNA-RNA mismatches are detected
by cleavage of the unhybridized single-strand RNA with
RNAse 1, which allows triage of samples for Sanger DNA
sequencing. These screening approaches could be scaled up
to evaluate multiple samples on a single gel, since at the time,
Sanger DNA sequencing gels were read manually, which was
a slow cumbersome process. TP53 mutations were the first
genetic lesion present in anaplastic but not in differentiated
thyroid cancers, which began to delineate events involved
in tumor microevolution.

In 1993, a major breakthrough was achieved in the
understanding of the genetic basis of familial and sporadic
forms of medullary thyroid carcinomas (MTC). A study by
Mulligan et al. identified germline-activating mutations of
the RET gene, previously found to be activated by rearr-
angement in PTC, to be responsible for multiple endocrine
neoplasia (MEN) type 2A (MEN2A), a syndrome with MTC
as its main clinical manifestation (34).

Specifically, sequencing of RET, located within a 480-kb
region on chromosome 10q11.2 to which the putative
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MEN2A gene had been previously localized by genetic and
physical mapping techniques, revealed missense point muta-
tions and small in-frame insertions or deletions in the
conserved cysteine residues at the boundary of the RET
extracellular and transmembrane domains in the tumor and
blood samples from MEN 2A families (34). Soon thereafter,
activating mutations in the intracellular tyrosine kinase
domain of RET, typically atM918T,were identified in patients
with MEN2B and sporadic MTC (35,36). Discovery of RET
mutations opened a new era for managing patients with famil-
ial MTC, enabling early diagnosis and guiding prophylactic
thyroid surgeries for the affected family members (37).

In the year 2000, the PAX8-PPARG fusion was identified
as a common genetic alteration in follicular thyroid carci-
nomas (FTC), the second most common type of thyroid can-
cer after PTC (38). The fusion was identified by mapping
the genes located at the breakpoints of the recurrent t(2;3)
(q13;p25) chromosomal rearrangement, which had been pre-
viously detected by cytogenetic analysis in several FTC.
Soon thereafter, it became apparent that PAX8-PPARG
fusions do not co-occur with RAS mutations, another very
common driver in these tumors, with each of these drivers
being responsible for the development of*40% of FTC (39).
This fusion was also found in a proportion of follicular var-
iant PTC and follicular adenomas, providing the evidence
that these tumors were biologically related to FTC (40).

2003 was a particularly significant year for thyroid cancer
genetics due to the identification of BRAF mutations, pri-
marily BRAFV600E, as the most common driver event in
PTC, as well as in advanced thyroid cancers (41–44). A year
earlier, BRAF had been characterized as an oncogene in
melanomas, colorectal, and ovarian cancers (45). The gene
codes for a cytoplasmic serine/threonine kinase that signals
along the mitogen-activated protein kinase (MAPK) path-
way. The V600E mutation, initially annotated as V599E,
was found to lead to the strongest phosphorylation of
downstream ERK1/2 compared with the much less common
mutations found in the residues of the activation segment of
the protein surrounding residue 600 or in the P loop (45). In
thyroid cancer, BRAFV600E was found in 29–69% of PTC
(41–44), and it quickly became apparent that this mutation
was restricted to PTC and poorly differentiated thyroid
carcinoma (PDTC) and ATC arising from pre-existing
papillary carcinoma (46).

From the first reports, it was evident that BRAF mutations
did not overlap with RAS mutations or RET/PTC rearrange-
ments in PTC, establishing that activation of the MAPK
pathway by any of its effectors is sufficient for driving the
development of PTC (41,44). Subsequently, genetic alter-
ations in different nodes of the MAPK pathway were found
to confer tumors with distinct PTC phenotypes. Whereas
PTC carrying BRAFV600E or RET/PTC fusions typically had
prominent papillary growth characteristics of classical type
PTC, RAS-driven tumors displayed almost exclusively a
follicular growth pattern with abundant colloid, characteris-
tic of the follicular variant PTC (47). These discoveries
increased the proportion of thyroid cancers with known
genetic drivers and established the central role of MAPK
activation in thyroid cancer initiation, thus laying the foun-
dation for the development of genetic panels for thyroid
cancer diagnosis and oncoprotein-targeted therapies that
blossomed during the ensuing decades.

In 2013, two back-to-back articles in Science reported
recurrent somatic mutations at specific nucleotides in the
promoter for TERT in patients with melanomas (48,49).
These mutations were also present in the germline in a rare
familial form of melanoma (48). The TERT gene encodes
for the telomerase reverse transcriptase, a component of the
telomerase complex that prevents telomere shortening during
cell division, a key process enabling cell immortalization in
patients with cancer. The TERT promoter mutations in mel-
anoma generate de novo consensus DNA binding sites for the
ETS family of transcription factors, which mediate in part the
transcriptional program activated by the MAPK signaling
pathway, which in melanomas is driven by activating muta-
tions of BRAF or RAS.

Since these same driver mutations are highly prevalent
in thyroid cancers, several groups quickly found that TERT
promoter mutations were also present in thyroid cancers,
primarily in more advanced forms of differentiated thyroid
cancer, as well as PDTC and ATC (50–53). To the best of
our knowledge, this was the first highly recurrent somatic
mutation affecting a non-coding sequence in cancer. More-
over, it was later shown to carry important prognostic
implications in patients with differentiated thyroid cancer
(54). This has been demonstrated most clearly in the con-
text of coexisting BRAFV600E mutation (55), although TERT
promoter mutations are also enriched in advanced cancers
driven by oncogenic fusions and mutations of RAS (56).

Activation of the phosphatidylinositol 3-kinase (PI3K)
pathway is also implicated in thyroid carcinogenesis, which
occurs mostly via inactivating mutations or deletions of the
PTEN tumor suppressor gene, which encodes for a dual-
specificity phosphatase for phosphatidylinositol (3,4,5)-
trisphosphate, as well as activating mutations and copy
gains of PIK3CA, the catalytic subunit of phosphoinositide
3-kinase, and activating mutations of the phosphatidylinosi-
tol (3,4,5)-trisphosphate substrate AKT1 (57–59). Germline
inactivating mutations of PTEN predispose to development
of MNG, follicular adenomas, and differentiated thyroid
cancers (60,61). Somatic mutations of these three genes are
enriched in advanced differentiated thyroid cancers, includ-
ing radioiodine-refractory cancers (58), as well as in PDTC
and ATC, where they often coexist with mutations of BRAF
or RAS (56,58,62).

Gene Expression Studies in Differentiated
Thyroid Cancer

In addition to the expansion of knowledge on driver
alterations occurring in genomic DNA of cancer cells, the
broad availability of microarray technologies in the late
1990s and early 2000s enabled exploration of global gene
expression changes in the disease. High-density cDNA
microarrays allowed quantification of messenger RNA
(mRNA) transcripts for each of thousands of genes by
hybridizing tumor cDNA with gene-specific oligonucleotide
probes spotted on a solid surface. The first studies using
cDNA microarrays demonstrated profound changes in gene
expression profiles of thyroid cancer compared with normal
thyroid tissue and follicular adenomas, with consistent pat-
terns of mRNA expression changes among PTC or FTC ana-
lyzed in the same study (63,64). However, further reports
demonstrated significant differences in gene expression
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profiles between specific histological variants of PTC, such
as classical papillary and follicular variants (65,66), and
between PTC driven by BRAFV600E, RAS mutations, and
RET/PTC fusions (67,68).

In the early 2000s, microRNAs (miRNAs) were recog-
nized as a distinct class of small non-coding RNA molecules
affecting post-transcriptional regulation of gene expression
in different human diseases including cancer (69). In 2005,
He et al. provided the first demonstration of upregulation of
specific miRNAs in PTC compared with normal thyroid tis-
sue (70). Soon thereafter, upregulation and downregulation
of specific miRNAs were found in other types of differenti-
ated and dedifferentiated thyroid cancers (71,72). Similar to
mRNA profiles, significant differences in expression of indi-
vidual miRNA were observed in PTC driven by BRAFV600E,
RET/PTC, and RAS mutations (73).

Advent of Next-Generation Sequencing
Technologies: The Cancer Genome Atlas Study
of PTC

Sanger sequencing technology was the primary method
for DNA sequencing for more than 30 years following its
original discovery in 1977 (74). Its throughput was markedly
improved following the introduction of capillary electro-
phoresis (CE)-based sequencing instruments in 1987, which
became the primary tools used for the completion of the
Human Genome Projects (75). However, it was not until the
advent of massively parallel next-generation sequencing
(NGS) technologies that the field of cancer genomics was
truly revolutionized, by enabling large-scale studies of whole
exome, whole genome, and RNA sequencing of tumor sam-
ples. The Cancer Genome Atlas (TCGA) program, a collab-
orative effort of the United States National Cancer Institute
with the National Human Genome Research institute, was
launched in 2006 and played a central role in shepherding
landmark comprehensive genomic, epigenomic and transcrip-
tomic analyses of the major types of human cancer using
NGS.

TCGA elected to focus on in-depth studies of the most
common type of cancer of each main cell lineage, which
in the case of thyroid follicular cells was PTC. This large
team science effort included a group of disease experts, some
of whom unsuccessfully advocated for inclusion of the
more aggressive types of thyroid cancer in the analysis
because the major drivers of PTC were already known, which
was not the case for PDTC and ATC. Ultimately, the decision
to focus solely on themost common disease entity in our view
proved to be far-sighted, as the homogeneity of the cohort
allowed for robust integrative analyses of multidimensional
molecular data, a rich trove of information that was published
in 2014 and that to this day continues to be mined by the
research community to fuel new discoveries (19). TCGA
PTCs proved to be mostly diploid, to have a very low muta-
tion burden, and were confirmed to be driven mostly by
clonal nonoverlapping mutations of BRAF, RAS, and fusions
of RET and NTRK.

However, whole exome, and in a smaller subset, whole-
genome sequencing identified new thyroid cancer genes,
among others EIF1AX, CHEK2 and PPM1D, as well as a
more expanded repertoire of fusion oncoproteins (19). RAS
mutants and BRAFV600E activate the MAPK pathway, but

they do so with different intensity. Oncogenic RAS consti-
tutively signals through RAF dimers, which are subject to
negative feedback by ERK, resulting in a relative attenua-
tion of the MAPK pathway flux. By contrast, BRAFV600E

signals as a monomer and is partially unresponsive to neg-
ative feedback by ERK, resulting in a higher MAPK sig-
naling output (76) (Fig. 1). Accordingly, BRAF-mutant
PTCs are transcriptionally distinct from their RAS-mutant
counterparts.

The integration of the driver mutations with the tran-
scriptomic data fromRNA sequencing allowed the derivation
of a transcriptomic score, termed BRAF-RAS score (BRS),
which categorized individual tumors based on their gene
expression alignment with either a BRAFV600E or an RAS-
mutant tumor. The BRS associates strongly with PTC path-
ological features, metastatic tropism, and differentiation state
(Fig. 2). BRAF-like PTCs are typically classic or tall cell
variants of PTC, more likely to show infiltrative border,
metastasize to lymph nodes before spreading to distant sites,
and be relatively refractory to radioactive iodine (RAI).

By contrast, RAS-like PTCs are follicular variants, tend
to be encapsulated, can invade blood vessels and metastasize
hematogenously bypassing regional lymph nodes, and are
more RAI-avid. These concepts are now beginning to be
incorporated into clinical practice. Other TCGA molecular
platforms, such asmiRNAsequencing,DNAmethylationpro-
filing, and proteomics, were also highly revealing and col-
lectively have resulted in a deeper and more fundamental
understanding of the biology of these common cancers.

Genetics of Oncocytic (Hurthle Cell) Tumors

Until recently, the molecular pathogenesis of oncocytic
(Hurthle) cell tumors, composed of cells with innumerable
abnormal mitochondria, remained poorly understood.
Although loss-of-function mitochondrial DNA mutations in
complex I genes had been commonly observed in these cells
(77,78), most of these tumors lacked the nuclear DNA driv-
ers seen in other types of thyroid cancer. In 2012, Corver
et al. reported that most oncocytic carcinomas had a highly
unusual pattern of chromosomal copy number alterations
called genome near-haploidization (79). It involved either the
loss of one of the two copies of most chromosomes resulting
in monosomy or alternatively uniparental disomy, in which
the remaining chromosome was duplicated so that the cop-
ies were both either paternal or maternally-derived. Such
changes affected multiple chromosomes but spared chro-
mosome 7, which always retained heterozygosity (79).

In 2018, two back-to-back publications provided com-
prehensive genomic characterization of oncocytic carcino-
mas using whole exome and whole transcriptome sequencing
among other techniques (80,81). They showed that these
tumors were characterized by (i) recurrent homoplasmic
mutations of mitochondrial genes, primarily those encoding
complex I enzymes of the electron transport chain; (ii)
widespread chromosomal copy number alterations resulting
in genome near-haploidization (which was found in most of
these tumors); and (iii) nuclear DNA mutations in a small
proportion of these cancers, which included RAS mutations,
typically seen in diploid tumors, as well as TERT and TP53
mutations, seen in tumors with and without chromosomal
copy number alterations (80,81) (Fig. 3).
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Genome near-haploidization was subsequently noted not
to be restricted to oncocytic carcinomas, as it is present in
about one third of oncocytic adenomas, which likely serve as
precursor lesions for oncocytic carcinomas (82). The unique
genetic mechanisms of oncocytic tumor development pro-
vided strong support for reclassification of these tumors as an
independent pathologic entity and not, as previously thought,
as variants of FTC and adenoma.

Cancer Exome Sequencing Panels Propel Discovery
of Genetic Drivers of PDTC and ATC

PDTC and ATC are uncommon types of thyroid cancer,
yet they are of paramount interest because of their associa-
tion with poor clinical outcomes. So far neither TCGA nor
other large cancer genome sequencing consortia have focu-
sed on advanced thyroid cancers. An early whole-genome

FIG. 1. Functional consequences of driver mutations in PTCs: RTK fusions, RAS mutants, and BRAFV600E activate the
MAPK pathway, but they do so with different intensity. RTK fusions such as RET/PTC and ETV6-NTRK3 and mutant RAS
proteins signal through RAF dimers, which are subject to negative feedback by ERK, resulting in a constitutively active but
dampened flux through the MAPK pathway. By contrast, BRAFV600E signals as a monomer and is partially unresponsive to
negative feedback by ERK, resulting in a higher MAPK signaling output. The expression of genes required for thyroid
cell differentiation and thyroid hormone biosynthesis is inversely correlated with the transcriptional output of the MAPK
pathway. MAPK, mitogen-activated protein kinase; PTC, papillary thyroid cancer; RET, REcombined during Transfection;
RTK, receptor tyrosine kinase. From N Engl J Med, Fagin JA, Wells SA Jr., Biological and Clinical Perspectives on Thyroid
Cancer, v375:1054–1067. Copyright ª (2016) Massachusetts Medical Society. Reprinted with permission.
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sequencing study of 22 ATC identified MAPK pathways
drivers as common recurrent events, as well as mutations
ofMTOR, NF1, NF2,MLH1,MLH3,MSH5,MSH6, ERBB2,
EIF1AX, and USH2A (83). The era of precision medicine in
cancer ushered a need for rapid genomic analysis of patient
tumor samples because many mechanism-based treatments
targeted specific oncogenic drivers of the disease. Although
initially these assays were needed for implementation of
clinical trials of these agents, many of these drugs have since
become part of the standard of care for cancers of different
lineages, including thyroid cancers.

To enable these treatments, cancer centers (84,85) and
commercial entities (86) developed NGS panels covering
the coding regions of a large number of genes known to be
mutated across cancers of different types. Coupled to single
institution small series of whole exome studies (87), the
cumulative data arising from cancer exome profiling of large
numbers of patient tumors have provided a deeper under-
standing of the genetics of advanced thyroid cancers (56,88).
Aside from the role of MAPK pathway drivers across the
entire spectrum of the disease, PDTC and ATC have a higher
frequency of TERT promoter and TP53 mutations, as well as
lesions of genes encoding for effectors in the PI3K/AKT/
MTOR pathway and in chromatin remodeling complexes
(Fig. 4). PDTC are also enriched for loss-of-function muta-
tions of RBM10 (89), which encodes for an RNA binding pro-
tein that regulates alternative splicing of cassette exons (90).

Whereas mutations of EIF1AX, a component of the trans-
lation preinitiation complex, are often seen in benign neo-
plasms and in about 30% of PTC as isolated events (19), in
advanced thyroid cancers, they are almost invariably asso-
ciated with RAS and TERTmutations and confer patients with
decreased disease-specific survival (56,91). Interestingly,
many of the mutations found in PDTC and ATC are pres-
ent as subclonal events in PTC, supporting their role as

FIG. 2. BRAF-like andRAS-like papillary carcinomas: The transcriptomic, microRNA, andmethylome profiles of BRAFV600E-
mutant andRAS-mutant PTCare distinct.A71-gene signature, termed theBRS,was generated byTCGA to classify tumors as either
BRAF-like or RAS-like. PTCs harboring other drivers can be categorized based on this signature: for example, RET fusions tend to
be BRAF-like, whereas NTRK fusions lie somewhere in between. The BRS correlates with the histological characteristics of the
tumors, their differentiation state, as well as their metastatic tropism. BRS, BRAF-RAS score; TCGA, The Cancer Genome Atlas.
Reprinted with permission from Cell 2014;159:676–690 (ref. 19).

FIG. 3. Genetics of Hurthle cell carcinomas: Hurthle cell
(oncocytic) tumors are driven by alterations of the nuclear
and mitochondrial genomes. Mutations of mtDNA primarily
involve loss-of-function complex I gene mutations. Most of
these cancers also develop widespread loss of one of the two
chromosome alleles leading to a near-haploid genome. Nu-
clear DNA mutations are present in a smaller fraction of
Hurthle cell cancers, with TP53 and TERT mutations found
more commonly in widely invasive cancers. mtDNA, mito-
chondrial DNA. Reprinted with permission from Cancer Cell
2018;34:242.e5–255.e5 (ref. 81).
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determinants of tumor microevolution (19,56). In addition,
PDTC and ATC are associated with copy number abnor-
malities, including among others chromosome 1q and 20q
gain, and 13q loss, which associate with worse clinical out-
comes (56). Loss of Chr 22q is one of few recurrent copy
number abnormalities in PTC (19), and it is also highly
prevalent in PDTC and ATC. PTCs with 22q LOH have a
metastatic tropism to bone (92). Interestingly, three thyroid
cancer tumor suppressor genes are encoded in 22q: CHEK2
(19), SMARCB1 (56,93), and NF2 (94,95).

Identification of Rare Thyroid Tumor Genes

In recent years, the landscape of genetic drivers of thy-
roid tumors has continued to fill in. Newly identified driver
alterations activating the MAPK pathway include ROS1
fusions and MEK1 mutations in PTC (96,97). GLIS fusions,
typically PAX8-GLIS3, have been found to be a genetic
hallmark of a rare type of hyalinizing trabecular tumor
(HTT), a rare thyroid tumor (98). They are characterized by a
trabecular growth, prominent nuclear features characteristic
of PTC and pronounced hyalinization, and had been sus-
pected to be a variant of PTC. The identification of GLIS
fusions in virtually all HTT, but not in PTC, provided the
evidence that HTT is a distinct tumor unrelated to PTC.

Mutations in DICER1 gene coding for an endoribonuc-
lease responsible for processing miRNAs were identified
in thyroid cancers arising in children and adults, including
those with sporadic tumors or tumors associated with an
inherited DICER1 syndrome (99–101). DICER1 somatic
missense mutations cluster in metal-ion binding residues in
the DICER1 RNAse IIIb domain, whereas germline muta-
tions are typically nonsense mutations scattered along the
gene. DICER1 mutations do not overlap with other common
genetic alterations such as BRAF or RAS, supporting a dis-
tinct mechanism of transformation (100,101) Whereas the
vast majority of DICER1-positive thyroid cancers are low-
risk follicular variant PTC or FTC, rare cases of DICER1-
driven PDTC occur in children and young adults, some of
which develop in the setting of DICER1 syndrome (102).
DICER1 joins the list of genes, which includes RET,
PRKR1A, and PTEN, that when mutated in the germline pre-
dispose to thyroid neoplasia and that are also mutated in
sporadic tumors (103).

Molecular Basis of Radiation-Associated
Thyroid Cancer

Exposure to ionizing radiation is the only well-established
risk factor for sporadic thyroid cancer. This includes exposure
to medical external beam radiation as well as accidental ex-
posures to radioiodine or c-radiation after a nuclear weapon
explosion or nuclear reactor accident (104). The link between
radiation exposure and thyroid cancer, mostly PTC, has been
known since 1950 after its demonstration in children exposed
to therapeutic external beam radiation for benign conditions of
the head and neck (105). It was not until the dramatic increase
in incidence of thyroid cancer in children and young adults
exposed to radiation after the accident at the Chernobyl nu-
clear power plant in April 1986 (106) that the genetic basis of
radiation-induced thyroid cancer was uncovered.

Early candidate gene studies showed that PTC in children
exposed to radiation after Chernobyl had a very high preva-
lence ofRET fusions, mostlyRET/PTC1 and RET/PTC3 (107–
110). Subsequent studies employing large cohorts of patients
with post-Chernobyl PTC confirmed a high prevalence of RET
and other fusions, such as NTRK1, in contrast to a low prev-
alence of BRAF point mutations in these cancers (111,112).
The first fusion of BRAF in any cancer type (AKAP9-BRAF)
was discovered in post-Chernobyl cancers, consistent with the
association of these tumors with genomic rearrangements
(113). Beyond post-Chernobyl cancers, RET fusions were also
found to be prevalent in thyroid cancers from patients who
received therapeutic external beam radiation (114).

RET/PTC1 and RET/PTC3 fusions could be induced
experimentally by irradiating human thyroid tissue grafted
into mice and in cultured human thyroid cells (115). Fol-
lowing DNA damage induced by ionizing radiation, RET
fusions may be facilitated by close spatial proximity of
chromosomal regions containing fusion partners in normal
human thyroid cells in interphase (116). After the introduc-
tion of NGS-based genotyping, the association between gene
fusions and radiation exposure was further supported by the
high prevalence in Ukrainian children born before Cherno-
byl, in contrast with a higher frequency of point mutations in
children born after the accident living in the same areas (117),
as well as the demonstration of radiation dose dependence of
gene fusions in children with post-Chernobyl cancer (118).

These findings have been confirmed and expanded in the
recent large-scale genomic analysis of >400 post-Chernobyl

FIG. 4. Mechanisms of radiation-induced thyroid cancer: Gene fusions are genetic hallmarks of thyroid cancer associated
with exposure to ionizing radiation. Radiation exposure induces a dose-dependent increase in DNA double-strand breaks,
short deletions, and simple/balanced structural variants, but not in single nucleotide variants. The radiation dose-dependent
generation of fusion oncogenes is favored by spatial proximity of the participating genes and carries a signature of NHEJ at
the fusion points. The most prevalent fusions involve RTK genes, which are commonly activated by recombination with a
gene fragment encoding a protein dimerization domain. This drives homodimerization and activation by transpho-
sphorylation of the cytoplasmic kinase domain of the RTK. NHEJ, nonhomologous end joining.
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thyroid cancers, demonstrating radiation dose-related increa-
ses in small clonal deletions and in fusion drivers that
bear characteristics of nonhomologous end-joining repair of
double-strand DNA breaks (119) (Fig. 5). Radiation dose
dependence of these alterations was more pronounced for
younger individuals at the time of exposure. The study also
found that, similar to sporadic cancers, transcriptomic and
epigenomic profiles were strongly associated with driver
alterations, although they did not correlate with radiation
dose (119). A related study of children born after the Cher-
nobyl accident to parents exposed to radiation reported no
significant increase in germline de novo mutations, suggest-
ing minimal effect of the parents’ radiation exposure on
health of subsequent generations (120).

Genetic Predisposition to Thyroid Cancer

In addition to familial MTC in patients with MEN syn-
dromes, several familial diseases increase the risk of non-
medullary thyroid cancer. The association between familial
adenomatous polyposis/Gardner syndrome and thyroid
cancer was established in the 1960s, and in 1991, this syn-
drome was linked to a germline mutation of the APC gene
(121). Thyroid cancers developing in these patients have
distinct microscopic features initially described as
cribriform-morular variant PTC (122), recently renamed as
cribriform-morular thyroid carcinoma.

Thyroid nodularity and cancer are a common manifesta-
tion of the Cowden syndrome, and several other rare syn-
dromes collectively known as the PTEN hamartoma tumor
syndrome, which is caused by germline mutations of the
PTEN tumor suppressor gene (60,123). An increased risk of
thyroid cancer has also been found in patients affected by the
Carney complex caused by inactivating mutations in the
PRKAR1A gene (124,125), and by Werner syndrome linked
to the WRN gene (126). More recently, thyroid nodules and
cancer have been found to be a manifestation of DICER1
syndrome caused by inactivating mutations in the DICER1
gene, which is essential for maturation of miRNAs (127,128).

Translation of Genomics into Clinical Practice:
Molecular Diagnostics of Thyroid Nodules

The information on genomic alterations in thyroid cancer
gained over the past four decades has been translated into
clinical practice for patients with thyroid nodules and cancer.
Fine-needle aspiration (FNA) cytology of sonographically
suspicious nodules provides a reliable diagnosis of benign
or malignant nodule in *80% of cases (129). In the rem-
aining 20%, the cytology is indeterminate (130). In the pre-
molecular era, most nodules with indeterminate cytology
would prompt diagnostic lobectomy, which yielded cancer in
only about one third of cases. The ability to detect gene
mutations in thyroid FNA samples was demonstrated in the

FIG. 5. Molecular classification of thyroid nodules. Most thyroid nodules are HN that carry no clonal genetic alterations.
Follicular cell-derived thyroid tumors develop via three distinct molecular pathways initiated by BRAFV600E-like alter-
ations, RAS-like alterations, or mtDNA mutations and chromosomal copy number abnormalities leading to genome hap-
loidiation-type copy number alterations (htCNA). RAS-like encapsulated follicular-patterned tumors, including FTC,
invasive efvPTC, and htCNA/mtRNA-driven encapsulated HCC likely develop from benign/preinvasive precursors: that is,
FA/NIFTP and HCA, respectively. BRAF-like cPTC lack a benign precursor and develop by growth of a micropapillary
thyroid cancer (mPTC). Progression of RAS-like tumors to well-differentiated cancer frequently involves EIF1AX muta-
tions and/or 22q loss, whereas conversion of cancers initiated by all three molecular pathways to PDTC and ATC involve
the accumulation of additional mutations in TERT, TP53, PI3K pathway mutations, and alterations of chromatin remodeling
genes. ATC, anaplastic thyroid cancer; cPTC, classic papillary thyroid carcinomas; efvPTC, encapsulated follicular variant
papillary thyroid carcinoma; FA, follicular adenoma; FTC, follicular thyroid carcinoma; HCA, Hurthle cell adenoma; HCC,
Hurthle cell (oncocytic) cancer; HN, hyperplastic nodules; htCNA, genome haploidiation-type copy number alterations;
mPTC, micropapillary thyroid cancer; mtRNA, mitochondrial RNA; NIFTP, noninvasive follicular tumor with papillary-
like nuclear features; PDTC, poorly differentiated thyroid carcinoma; PI3K, phosphatidylinositol 3-kinase.
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early 1990s (131). However, it took more than a decade for
the progress in technology coupled to a more comprehensive
understanding of the genetic drivers in thyroid cancers to
enable the development of the first-generation genetic tests
for diagnosing PTC and FTC in FNA samples.

Initial experience with panels of six to seven genes (BRAF,
NRAS, HRAS, KRAS, RET/PTC1, RET/PTC3, PAX8-PPARG)
analyzed by single-gene PCR-based assays was reported in
2009 and 2010 (132,133). These relatively limited panels had a
high specificity but lacked the sensitivity required to avoid
diagnostic surgery. In the ensuing years, second-generation
molecular diagnostic tests have been introduced into clinical
practice, which include larger panels composed of different
combinations of DNA, RNA, and miRNAmarkers (134–138).
These tests, offered commercially and broadly available in the
United States, had either high sensitivity or high specificity but
did not achieve both.

Finally, over the last 5 years, most comprehensive DNA/
RNA or RNA/NGS-based tests have been extensively vali-
dated to offer high sensitivity and fairly high specificity for
detecting follicular cell-derived thyroid cancers as well as
MTC and parathyroid nodules that masquerade cytologically
as follicular cell-derived nodules (139,140). The introduction
of molecular tests has resulted in a significant decrease in the
rate of diagnostic surgeries for patients with indeterminate
cytology thyroid nodules (141).

Molecular Diagnostics as a Guide for Systemic
Therapy of Advanced Metastatic Thyroid Cancers

The first generation of effective systemic therapies for RAI-
refractory metastatic differentiated thyroid cancer and MTC is
small-molecule multikinase inhibitors such as lenvatinib, sor-
afenib, and pazopanib that act primarily by inhibiting VEGF
receptor activation and inhibiting angiogenesis, regardless of
the nature of the oncogenic driver of the disease (142,143).
Similarly, the multikinase inhibitors vandetanib and cabo-
zantinib, which do target RET kinase activity, also benefit RET-
wild-type MTC patients because of their inhibition of VEGFR
(144,145). Hence, when these drugs were the only available
treatment option for patients, determination of tumor genotype
did not meaningfully contribute to disease management.

The landscape of thyroid cancer therapies has evolved
dramatically in the past 5 years, such that tumor genotype
is now critical to determine the best treatment option for
patients with advanced locally recurrent or metastatic
disease (146). The recent approval of the highly selective
RET kinase inhibitors selpercatinib and pralsetinib re-
quires tumor genotyping, as they are indicated solely for
MTC with RET mutations or cancers driven by RET fu-
sions. The rationale for tumor genotyping is further but-
tressed by the fact that thyroid cancers harboring other
receptor tyrosine kinase (RTK) fusions, such as of NTRK3,
NTRK1 or ALK, are candidates for treatment with selec-
tive inhibitors of these mutant oncoproteins. The first line
of systemic treatment for patients with BRAFV600E-
mutant ATC is the combination of the RAF kinase in-
hibitor dabrafenib with the MEK inhibitor trametinib,
which has also shown efficacy in the neoadjuvant set-
ting. The recent FDA approval for combined RAF and
MEK inhibition now extends to any BRAFV600E-mutant
cancers, regardless of their origin.

Summary and Future Directions

Differentiated thyroid cancers, MTC, and Hurthle cell
(oncocytic) cancer (HCC) are arguably among the best char-
acterized human cancer types with respect to the genetic
drivers responsible for their development. This has already
had a transformational impact on diagnostics of thyroid
nodules and on treatment for the subset of these patients
whose tumors recur, become refractory to radioiodine, or
develop distant metastatic disease. We have also gained
information on the more complex genomic and transcri-
ptomic features of PDTC and ATC. Although the progress
has been remarkable, there is still much to learn.

Our understanding of advanced disease is based on cancer
exome panels rather than whole exome or whole-genome
sequencing, and the studies available so far have not inte-
grated the multidimensional molecular data required to pro-
vide a deeper understanding of their biology. There is also
scant information on the microevolution of metastatic thy-
roid cancer. The use of plasma free DNA assays to monitor
response to therapy and acquisition of resistance in patients
with metastatic thyroid cancer on systemic therapies is still
in its infancy. Moreover, the clonal, transcriptional, and com-
positional heterogeneity of advanced disease poses chal-
lenges that will require unraveling mechanisms and pathways
that may not necessarily be dependent directly on the genetic
drivers of the disease.
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The Origin of Antithyroid Drugs

Clark T. Sawin{ and David S. Cooper

Background: When the antithyroid drugs were discovered in the early 1940s, they were immediately recog-
nized as a revolutionary new treatment for hyperthyroidism. Although much has been learned about their
mechanism of action and clinical utility, they continue to be used today in much the same way as they have
been since their introduction.
Summary: In 1995, Dr. Clark Sawin gave an address on the history of antithyroid drug development at the
11th International Thyroid Congress in Toronto, Ontario, Canada. In his review, Dr. Sawin recounted the
original observations by Drs. Julia and Cosmo Mackenzie and Curt Richter at the Johns Hopkins University
School of Medicine, and how their work ultimately led to Dr. Edwin (Ted) B. Astwood’s seminal 1943 report
on the use of thiourea and thiouracil in the Journal of the American Medical Association. He also described
the development of propylthiouracil and methimazole as less toxic alternatives. He concluded his remarks by
noting the often-serendipitous pathway of drug development and the role of pharmaceutical companies in the
process.
Conclusions: Antithyroid drugs remain a cornerstone of thyroid therapeutics. It is informative to review the
process by which they came into use, as this is a seminal part of the history of thyroid disease in the 20th
century. This knowledge may also spark additional research leading to new pharmacotherapies for patients
with hyperthyroidism.

Keywords: Graves’ disease, antithyroid drugs, history

Introductory Note by David S. Cooper

Clark T. Sawin, MD (Fig. 1), was a Boston native,
graduating from Brandeis University in 1954 and

from Tufts University School of Medicine in 1958. He
completed a fellowship in Endocrinology at the Tufts
New England Medical Center Hospitals in Boston, under
the direction of Edwin (Ted) Bennett Astwood, MD, the
father of antithyroid drug therapy. Dr. Sawin was a
Professor Medicine at Tufts University School of Med-
icine and Boston University School of Medicine. During
his productive clinical research career, he made many
important contributions to thyroidology, particularly in
the areas of subclinical thyroid dysfunction and thyroid
disease in older persons. In 1998, he moved from Boston
to Washington, DC where he served in The Office of the
Medical Inspector, Veterans Health Administration,

Department of Veteran’s Affairs, leading efforts to im-
prove veterans’ endocrine care, especially in the realm
of diabetes.

However, medical history was his passion, with a special
interest in the history of Endocrinology. He initiated the
‘‘Historical Vignette’’ lecture series at the annual meetings
of the American Thyroid Association, a tradition that con-
tinues to this day. At the time of his death in 2004, Dr. Sawin
was the President of the American Thyroid Association.
After his death, to continue Dr. Sawin’s work in Endocri-
nology history, his family established the Clark T. Sawin
History Resource Center at the American Thyroid Associa-
tion and the Clark T. Sawin Memorial Library and Resource
Center at The Endocrine Society.

Dr. Sawin had been one of my mentors when I was a
student at Tufts Medical School in the early 1970s, and we
became good friends. He presented a lecture on the history

Division of Endocrinology, Diabetes, and Metabolism, The Johns Hopkins University School of Medicine, Baltimore, Maryland, USA.
{Dr. Sawin passed away on August 11, 2004.
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of antithyroid drug development on September 13, 1995
at the 11th International Thyroid Congress in Toronto,
Canada. At my request, he sent me a typed copy of his
lecture in 1996, which I have had in my files for the last
26 years. The lecture, which follows, was written to be
delivered orally by Dr. Sawin, and has never been published.
Some of the content is based on a brief history of Dr. Ast-
wood’s work that Dr. Sawin published in 1993.1 The address

was meant to be heard rather than read, and I have edited
the typescript to be more appropriate for print media, and I
have added photos of the individuals discussed in the lecture
and a few editorial comments. Dr. Sawin’s original lecture
notes did not include a bibliography, and I have taken the
liberty of adding one based on my knowledge of the litera-
ture on antithyroid drugs. I hope that all of these efforts would
meet with Dr. Sawin’s approval.

The Origin of Antithyroid Drugs by Clark T. Sawin, MD

In 1944 the world was in turmoil. War was prevalent and
caused many to leave their homes—and it was to get worse
until it ended in 1945. But my story today is not of the
second World War, but of another event that spanned
the same years, 1941 to 1945. And that is the discovery
and development of antithyroid drugs for the treatment of
hyperthyroidism.

In 1941, Elmer V. McCollum had been the Chairman of
biochemistry at Johns Hopkins’ School of Hygiene and
Public Health for more than 20 years. He was widely rec-
ognized as the foremost nutritional biochemist of his time.
In his laboratory were two young married investigators,
Julia Frances (nee Buzz) (Fig. 2) and Cosmo Glenn
Mackenzie (Fig. 3).* Julia had a BA from Colorado College
and a nursing degree from Johns Hopkins School of Nur-
sing. Cosmo had a BA degree from Johns Hopkins, and
both subsequently earned DSc degrees from Johns Hop-
kins. Both were Assistant Professors of biochemistry, and
both were experts in vitamin E and the effects of its defi-
ciency in rabbits. In mid-1941, in an attempt to make rats
deficient in this vitamin as well, they administered a new
sulfa drug, sulfaguanidine, to alter the bacterial flora in the
gut. Not much happened to the rats’ nutritional state but, to
her great surprise, Julia found huge thyroid glands in the rats
at autopsy. Rather than discard the rats or ignore the whole
experiment as an anomaly, they set out to explain this pe-
culiar finding.

The rats’ thyroids were microscopically hyperplastic, so
the Mackenzies took the histologic slides to Dr. Arnold
Rich, the well-known pathologist at Johns Hopkins (e.g.,
acute interstitial pneumonia [the Hamman-Rich syndrome]
was partly named after him), who immediately diagnosed
hyperthyroidism (at the time, hyperplasia was often con-
sidered synonymous with hyperfunction and excessive
hormonal secretion). The Mackenzies demurred because the
rats showed no outward signs to suggest thyroid overac-
tivity. Rich also told them that Curt Richter, a behavioral
scientist in the Johns Hopkins’ Psychiatry department, had
recently shown him quite similar slides from rats who had
been given phenylthiourea as part of taste preference ex-
periments designed to develop more effective rat poisons.
The Mackenzies met with Richter to discuss the problem.
Richter later noted the phenylthiourea-induced goiter in
passing in a short article on gray hair in rats in December,

FIG. 1. Clark T. Sawin, MD (May 23, 1934 to August 11,
2004) (with permission from Ms. Leslie Sawin).

FIG. 2. Julia B. Mackenzie, ScD (April 1911 to November
1, 1999) (provided by Dr. Julia Mackenzie).

*Dr. Mackenzie preferred that his family name be spelled
‘‘Mackenzie’’ rather than MacKenzie. The erroneous spelling arose
due to an error in spelling his surname in Mackenzie et al3 (Cosmo
Mackenzie, pers. commun.).
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1941.2 He did not pursue the problem, as his main interest
was in rat behavior and, later, in how to kill rats roaming the
streets of Baltimore.{

The Mackenzies published their initial findings in
November, 1941,3 and continued to seek an explanation for
why their rats developed goiters. They recognized the
decidedly unusual nature of the goiter—it was caused by a
specific chemical and, in contrast to other experimental
goiters, it occurred despite the presence of sufficient iodine
in the rats’ diets. Finally, they were concerned about the
millions of patients already being treated with sulfa drugs.{

By the end of December, 1941, they had written an abstract
for the forthcoming April, 1942, American Federation for
Clinical Research (AFCR) meeting in Boston, in which they
showed that several sulfa drugs caused goiters in rats, as did
thiourea itself (Fig. 4). By April, when Julia presented the
abstract, they were able to show that these drugs caused the
rats’ basal metabolic rate (BMR) to decrease rather than
increase, thus excluding hyperthyroidism. They also showed
that the drugs did not block thyroxine’s (T4s) effect on the
BMR, thus excluding a peripheral effect. She proposed that
the drugs probably decreased thyroid hormone formation
and that this led to goiter by increasing pituitary function. At

FIG. 4. Abstract from the 1942 American Federation
for Clinical Research meeting, provided to the author
(D.S.C) by Drs. Mackenzie in 1983.

FIG. 5. Edwin B. Astwood (December 29, 1909 to
February 17, 1976) in 1954 when he received the Lasker
Award (with permission of the Lasker Foundation).

FIG. 3. Cosmo G. Mackenzie, ScD (May 22, 1907 to
October 24, 1999) (provided by the Alan Mason Chesney
Medical Archives of the Johns Hopkins Medical Institutions).

{Curt Paul Richter (1894–1988) was a psychobiologist and
geneticist who first identified the hypothalamus as a center that
controlled sleep and wakefulness cycles in the rat.: Astwood also
acknowledged the work of Kennedy and Purves showing that
diets containing rape seed extracts also induced goiters (cited in
Himsworth10).

{Sulfa drugs were also an integral part of infection prevention in
the military in WWII, and were part of all first-aid kits to prevent
wound infections.
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the end of her talk, Edwin (Ted) B. Astwood commented that
he had confirmed that sulfaguanidine caused goiter in rats,
and agreed with the Mackenzies’ findings.

Ted Astwood was a rising star in American Endocrinology
(Fig. 5). He had trained at McGill (where he earned his MD
degree), at Johns Hopkins (where he completed a gyneco-
logic endocrinology fellowship studying hormonal control of
mammary gland development), and at Harvard (earning a
PhD in Pharmacology). Astwood had known the Mackenzies
for several years, having met them in the mid-1930s during
his fellowship at Johns Hopkins. In 1942 at age 32, he was on
the staff at Boston’s Peter Bent Brigham Hospital and an
Assistant Professor of Pharmacotherapy at Harvard Medical
School, where he was studying the effects of adrenocortico-
tropic hormone (ACTH) in hypophysectomized rats; he was
also the Editor-in-Chief of the journal, Endocrinology.

Although he presented two articles on ACTH at that 1942
AFCR meeting, he immediately stopped most of his work on
ACTH inDecember, 1941, after he learned of theMackenzies’
work at a Harvard Medical School seminar. Until that time he
had never done any work related to the thyroid gland, but he
subsequently shifted his efforts mainly to studying the thyroid;
in fact, he later received permission to divert his National
Research Council grant of $2500 from studying ACTH to
explaining the drug-induced rat goiters that had been de-
scribed by theMackenzies. His rationale was twofold: first, he
wanted to explain the underlying mechanism, and second,
when it became fairly clear that the goiter was due to blockade
of thyroid hormone synthesis, because itmight be a therapy for
hyperthyroidism. It is of interest that just after that AFCR
meeting in April of 1942, Cosmo Mackenzie was asked by a
science journalist if he would say that thiourea might be a
treatment for hyperthyroidism. He declined, stating that there
was no evidence for this in humans.

By October of 1942, both the Mackenzies and Astwood
had concluded that sulfaguanidine did indeed most likely
block thyroid hormone synthesis. Their articles were essen-
tially contemporaneous and were published, back-to-back in
February, 1943, in the same issue of Endocrinology, with the
Mackenzies’ article placed first (by Editor-in-Chief Ast-
wood).4,5 Publication was delayed somewhat because Ast-
wood was waiting for the Mackenzies’ article. He had been
encouraging them to submit it for several months, but writing
it was difficult for them because Cosmo, who had enlisted in
1941, was now a member of the United States Army Air
Forces studying high altitude physiology.

Both articles took a truly modern approach; that is, they
embraced the concept that the thyroid gland fed back on the
pituitary to inhibit its secretion, an idea then not universally
accepted. Both articles showed that these drugs caused goi-
ter despite adequate amounts of dietary iodine, that they
decreased the BMR, that they did not block the metabolic
effects of T4, and that both thyroid hormone and hypophy-
sectomy prevented the drugs from causing goiter, and thus,
the pituitary was needed for the effect. Both concluded by
inference, as none of the data gave direct proof, that the drugs
probably acted directly on the thyroid gland to block thyroid
function, and that the goiter occurred because of increased
pituitary thyrotropin (TSH) secretion.

InMarch, 1942, Astwood had decided to study thiourea as a
potential treatment for hyperthyroidism. First, he took one
dose himself, without anything terrible happening; then, he

gave it to a few patients without hyperthyroidism and to a few
patients with hyperthyroidism. Absolutely nothing happened.
Finally, in July 1942, he gave thiourea to one hyperthyroid
patient for a long enough time, namely, more than for a few
days, and the patient improved remarkably. At the same time
he was also studying dozens of synthetic thiourea analogs in
collaboration with Richard Roblin of the American Cyana-
mid/Lederle company. They found a less toxic drug which did
not cause the terrible breath odor imparted by thiourea. Ast-
wood gave large doses of this new drug, thiouracil, to two
more hyperthyroid patients in October and December, 1942.
The first patient receiving thiourea developed a rash, and one
of the thiouracil-treated patients developed agranulocytosis,
but all survived and all became euthyroid.

The report of these three patients, published in JAMA on
May 8, 1943, was a landmark.6,7 While investigators in New
Zealand were on the same track and had proposed a clinical
trial of thiourea in April, 1943 (summarized in Hercus8),
Astwood had provided for the first time a consistently
effective medical therapy for hyperthyroidism. The efficacy
was rapidly confirmed both in Boston9 and Europe.10 Ast-
wood also found that overtreatment could cause severe
hypothyroidism and, because a few patients stopped the drug
when they felt better, he serendipitously found that some
patients remained in remission with no further treatment.11

Still, the toxic effects of thiouracil were worrisome. A trial
with thiobarbital was disastrous; it turned out to be more toxic
than any of the other compounds that had been tested.12 In
1945, Astwood and Vanderlaan had moved from Harvard to
Tufts University Medical School. By late 1945, their team had
studied a total of 315 different compounds,13most made by the
American Cynamid/Lederle company, and found among a
series of thiouracil derivatives an effective compound which
had fewer side effects. This compound, 6-n-propylthiouracil
(PTU), remains to this day the major antithyroid drug used in
the United States, although methimazole, also discovered by
Stanley and Astwood,14 and the methimazole prodrug, carbi-
mazole, are also widely used.x Thiouracil was approved by the
FDA in 1946 but was withdrawn from the market by the drug
companies when PTU was approved by the FDA in 1947.

Concluding remarks

What I have given you is only a sketch of the whole story.
Nevertheless, some points of interest are:

1. This successful therapy was devised without under-
standing the precise intracellularmechanism of the drugs’
action, without knowing their pharmacokinetics, without
knowing the etiology of hyperthyroidism, and without
any hormonal assays in either the rats or the patients.

2. Still, physiologic understanding of the thyroid-
pituitary feedback system was a major underpinning to
the success of this work, even though it turned out that
excessive TSH was not the cause of hyperthyroidism.

3. Nevertheless, as Astwood himself said in 1945: ‘‘.the
development was by no means a simple process but
one marked by many unprofitable detours.’’ It was
ever thus in science and medicine.

xWhen this lecture was presented in 1995, PTU was the dominant
antithyroid drug in the United States, but methimazole now pre-
dominates.
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4. Note that the work was all done before the National
Science Foundation existed and before the explosive
growth of the NIH. Were it not for private contribu-
tions to the National Research Council and separate
support from the Rockefeller Foundation, it is unlikely
the Mackenzies or Astwood would have done what
they did.

5. Further, this successful therapy would not have come
when it did were it not for a close collaboration of the
investigators with an interested pharmaceutical com-
pany, which in this case occurred without any patents or
ownership in the company accruing to the investigators.

Finally, it is worth noting that Astwood always acknowl-
edged the Mackenzies as having started him on his way.

Afterword by David S. Cooper

Astwood continued to make important observations
related to antithyroid drug therapy (he coined the term
‘‘antithyroid compound’’11), including the seminal concept
of remission after discontinuation of antithyroid drug thera-
py,15 a phenomenon also observed earlier byWilliams et al.16

Astwood also documented the use of antithyroid drugs in
pregnancy17 and continued his work on these compounds
into the 1960s.18 His fervent hope was that drug therapy for
Graves’ disease would eventually replace radioiodine and
surgery as treatments, and stated at the end of his Harvey
Lecture in 1945: ‘‘When means are found to prevent the
occurrence of toxic reactions from antithyroid drugs, or when
a compound is discovered which does not give rise to side
effects, then it will be possible to treat all cases of hyper-
thyroidism by medical means’’.11

In recognition of his work with antithyroid drugs, Astwood
received the prestigious Lasker Award in 1954 and the Koch
medal from the Endocrine Society in 1967. Astwood retired
from his academic position at Tufts Medical School in
1972 and returned to his native Bermuda to practice general
internal medicine until his death in 1976. An appreciation
of Astwood’s contributions and his philosophy of life can
be found in a tribute by one of his most esteemed fellows,
Dr. Jerome Hershman.19

Cosmo Mackenzie did not pursue thyroid research after
World War II. In 1950, he became Professor of Biochemistry
and Chairman of the Department of Biochemistry at the
University of Colorado School of Medicine. He was elected
a Fellow of the New York Academy of Sciences and of
the American Association for the Advancement of Sciences.
He served as editor for the Journal of Nutrition and the
Proceedings of the Society for Experimental Biology and
Medicine. He died in 1999 at the age of 92. Dr. Julia Mack-
enzie became Professor of Biochemistry and Professor of
Anatomy at the University of Colorado School of Medicine
and worked with her husband in a variety of areas, including
vitamin E biochemistry and lipid metabolism in cultured
mammalian cells. She also died in 1999.

Final thoughts

The thionamide antithyroid drugs are among a group of
compounds, such as lidocaine, phenobarbital, thiazides, and

Box 1. Timeline of Important Discoveries

and Clinical Uses Related to the Thionamide

Antithyroid Drugs

I. Discovery
1920s: Webster and Chesney: cabbage goiter in

rabbits21

1941: Kennedy and Purves: goiter in rabbits with
Brassica seeds22

1941: Richter: goiter in rats with thiocarbamide2

1941: Mackenzies: goiter in rats with sulfaguanidine3

1942: Mackenzies andAstwood: thioureas disrupt thyroid
hormone synthesis; increase in TSH causes goiter4,5

1943: Astwood’s landmark article describing therapy
of Graves’ disease with thiourea and thiouracil6

1945: Astwood coins the term ‘‘antithyroid drug’’11

1949: Stanley and Astwood: development of
methimazole14

1951: Lawson and Barry: development of the prodrug
carbimazole23

II. Clinical use
1947: Williams et al: ‘‘remissions’’ after antithyroid

therapy16

1940s–1950s: major and minor ATD side-effects
described by many authors24

1953: Astwood: concept of remissions and concept
of long-term ATD therapy15

1950s: Astwood and many others: use of ATDs to
prepare for surgery and their use in pregnancy17

III. Mechanisms
1960s: Hershman and Van Middlesworth: PTU but not

methimazole inhibits T4 metabolism25

1970s: Taurog and Dorris26 and Maloof et al27:
elucidation of the basic intrathyroidal mechanisms
of ATD action to inhibit thyroid hormone synthesis

1973: Beck et al: decreased lymphocytic infiltration in
thymus and thyroid of thyroidectomy patients
prepared with ATDs28

1980: McGregor et al: decreased serum levels of
TRAb in patients treated with carbimazole29

1983: Silva et al: two pathways of T4 deiodination,
one PTU sensitive (type 1 deiodinase) and the other
PTU insensitive (type 2 deiodinase)30

IV. Modern day issues
1990s–2000s: increasing recognition of methimazole

embryopathy in pregnancy31

2009: Rivkees and Mattison and Bahn et al: PTU
hepatotoxicity concerns lead to U.S. FDA Black
Box warning for PTU32,33

2013: Andersen et al: recognition that PTU can cause
birth defects34

1979–2015: studies suggesting that long-term ATD
use is a viable alternative for some patients, and
may be preferable to radioiodine ablation35,36

2013–2019: studies re-examining the idea that
duration of ATD treatment has an effect to increase
rates of remission37,38

2015–2016: studies on ATD side-effects showing that
certain HLA types are associated with increased
susceptibility to agranulocytosis39,40

2015: Neumann et al: studies on small molecule TSH
receptor antagonists41

2020: Brix et al: pancreatitis is a rare complication of
methimazole therapy42

This is not a complete list of references, and I regret that space
limitations prevent an exhaustive bibliography.
ATD, antithyroid drug; PTU, 6-n-propylthiouracil; T4, thy-

roxine; TSH, thyrotropin.
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penicillin, that are still important therapies today, despite
having been developed 75–100 years ago. It is interesting and
perhaps surprising that there is still much to learn about the
antithyroid drugs, including the optimal duration of therapy,
management of side effects, and their optimal use in preg-
nancy. The timeline in Box 1 reviews the story of the anti-
thyroid drugs from the original observations in the early 1940s
over the last 7 decades to new data from the 21st century.

Researchers are exploring new therapies for Graves’ dis-
ease, which are directed at the underlying pathophysiology:
an immune dysregulation leading to the presence of stimu-
lating antibodies directed at the thyrocyte TSH receptor.20

While these exciting potential treatments represent the
future, it is hard to imagine a scenario in which the thiona-
mide antithyroid drugs will not be used to treat thyrotoxi-
cosis, at least as initial therapy, while awaiting the salutary
effects of more specific treatments.
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VideoEndocrinology� and Clinical Thyroidology�

Centennial Fireside Chat Interview Videos and Transcripts

In celebration of the American Thyroid Association’s Centennial, the three journals of the
ATA (Thyroid�, VideoEndocrinology, and Clinical Thyroidology) are pleased to publish a
series of invited special reviews highlighting the major landmark studies that have ad-
vanced the understanding of various key topics in the history of thyroidology. The full
series of centennial reviews will be published monthly in Thyroid throughout 2023; select
reviews will be additionally highlighted as interviews (‘‘fireside chats’’) to be published in
VideoEndocrinology, which will be concurrently transcribed in Clinical Thyroidology
each quarter. Scan the following QR codes to view the VideoEndocrinology Centennial
Fireside Chat Interviews and their respective transcriptions in Clinical Thyroidology.

March 2023: Personal Reflections on the History of Graves’ Disease Treatment
Terry F. Davies and Dawn M. Elfenbein

June 2023: History of Thyroid Cancer Surgical Pathology

Coming in September 2023: The Use and Abuse of Thyroid Hormone Replacement

Coming in December 2023: Treatment De-Escalation Focusing on the Extent of
Thyroid Surgery and Active Surveillance and Non-Surgical Treatment of Thyroid
Nodules
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Capture Notes and Memories from the 100th Anniversary
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