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Preface

The approach to thyroid cancer is a real example of multidisciplinary work in medicine. Dif-
ferent specialities from surgery and endocrinology to oncology and nuclear medicine work
together to plan the best diagnosis and therapy for these patients. This book is for medical
doctors with experience in the field of thyroid cancer. It comprises different subjects, espe-
cially the advances in the diagnosis of thyroid cancer with PET imaging and elastography,
as well as the new therapeutic approaches with tyrosine kinase inhibitors. Radioiodine abla-
tion of the thyroid remnant is one of the oldest radionuclide therapies, invented by Dr. Saul
Hertz 75 years ago, and has changed the prognosis of thyroid cancer patients dramatically.
His daughter, Barbara Hertz, wrote the story of Saul Hertz for this book, which is a real
story about one of the pioneers of nuclear medicine.

Hojjat Ahmadzadehfar, MD, Msc

Associate Professor

University Hospital Bonn

Department of Nuclear Medicine
Bonn, Germany






Chapter 1

Dr. Saul Hertz (1905-1950) Discovers the Medical Uses
of Radioactive lodine: The First Targeted Cancer Therapy

Barbara Hertz

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/64609

Abstract

Dr. Saul Hertz spontaneously posed the question "Could iodine be made radioactive
artificially?" to the MIT President Karl Compton, on November 12, 1936. MGH's Dr.
Hertz and his MIT collaborator, Dr. Arthur Roberts, were the first and the foremost to
develop the experimental data for the medical uses of radioiodine (RAI) and apply it in
the clinical setting. Dr. Hertz expanded the successful use of RAI of treating hyperthyr-
oidism, Graves’ disease, to the treatment of thyroid cancer in 1946. Dr. Saul Hertz
established the Radioactive Isotope Research Institute to diagnose and treat thyroid
cancer, which he believed held the key to the larger problem of cancer in general. RAI
is the first and gold standard of targeted cancer therapies.

Keywords: radioiodine (RAI), Dr. Saul Hertz

1. Seminal question

Dr. Saul Hertz (Figure 1) attended a luncheon meeting at Harvard Medical School’s Vander-
bilt Hall on November 12, 1936 (Figure 2). Karl T. Compton, the President of Massachusetts
Institute of Technology (MIT), was speaking on the topic “What Physics Can Do for Biology and
Medicine.”

Dr. Hertz, who was the director of the Thyroid Clinic (1931-1943) at Massachusetts General
Hospital (MGH), asked President Compton the seminal question, “Could iodine be made
radioactive artificially?” Hertz had been conducting studies on the use of iodine and its effect
on thyroid function. Hertz’s question came spontaneously as documented in MGH’s Dr. James
Means's letter (Figure 3) to Archie Woods of the Mary and John Markle Foundation that

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
open science | open minds and reproduction in any medium, provided the original work is properly cited. (e NN



2 Thyroid Cancer - Advances in Diagnosis and Therapy

sponsored the building of the MIT Cyclotron. Dr. Arthur Roberts, Dr. Hertz’s MIT collabora-
tor, wrote to Dr. John Stanbury, the author of A Constant Ferment: A History of MGH Thyroid
Clinic and Laboratory at The Massachusetts General Hospital: 1913-1990, as Stanbury was
developing his book. Dr. Roberts in his letter dated April 3, 1991, states “Your conjecture that
it was the outcome of a group discussion has no basis in fact.” Stanbury’s book has been in
publication for many decades and has been used as a citation with false information (Fig-
ure 4a—c).
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Figure 1. Mallinckrodt, a $2.1 billion global pharmaceutical company honors Dr Saul Hertz's discovery of the medical
uses of radioiodine (RAI).

0On Movember 12, 1936, MIT's President Karl Compton (1887-
1954) spoke at Harvard Medical School's Vanderbilt Hall.
President Compton’s toplc was “What Physics can do for
Biology and Medicine.” After the presentation with Dr.
James H. Means, MGH's Chief of Medical Services, standing
next to him; Saul Hertz spontaneously posed the seminal
question that launched the RAl research. Dr. Hertz had been
conducting studies on the effects of iodine on thyroid
function.

Figure 2. Harvard Medical School's Vanderbilt Hall the site of Dr Hertz spontaneously asking MIT's President Karl
Compton, “Could iodine be made radioactive artificially?”.



Dr. Saul Hertz (1905-1950) Discovers the Medical Uses of Radioactive lodine: The First Targeted Cancer Therapy
http://dx.doi.org/10.5772/64609

. "hpril 17, 1929

- ‘Avehis 9. 7oode, Zaqe, PR el
*-The John end Mary R. Markle Poundation, .
14 ¥fiall Jtraat, . :
_* New: York, Now York. ' * w
W Boogs:. e |
e, _ 3 as . o 5 . . 2 I_-'
N ith regard to the ¢w> points raised 12 youriletter of
“4aprAY 18, nemely the merit.of the work propssed by Dr, Drassberg and
- hle mbility to dlrset ft, I have mnde inquiries from seversl sourges. -
. on both a4 these. . e T, o R S

"1'.5 4

iy ' 1 think there s little doudbt that Dr, GCreenbery is quali~
iz fiod to Alrsot tho propossd vork in e skilful manner.’' ‘I doa't know

7 him peresnally but inquirdes among biochemiats disolose that he © - -
. enjoym n high reputation. ... =~ .= E - RE g

. The pr2jeots themsolvss wo have thought abdout hers some- = .
what omd it seema t5 us that they are thoroughly worth whils, but moy -
highly imaginative or original. " ‘It impresses us that the man 1 -
trying %o find & gocd uso to.whioh to put a unique me rathexr
than.£inding o mathod 1o solve a bmi%_uﬂgﬁﬁm Hat

/1t 1s rather difroront from the aituation hers #ith.regard to iodims.
( Our primary interest w2s in.100ino metabslicm end when it becems
apparent thut thore might be radicactilp isotopes of {odinme, it at .
\‘ cace-oceurred to forts that we might make yse qf them to golve a
L problen that we wore already working on.. jIndoed, we got going on .
radlouctive 1s5topas of ahort half length elmost vafore we heard -
of sueh an inotrumsnt es.a ox\i_ldtrnn. * In other words, iofline nos
ihe primiry item hore, whersas.in Oslifornia the syslotron ia the
primary item and they are trying fo think up woys 4o use it.  Womo: . .-
of thesy opinions is intended 0. doter you.from making ths grant, - = .
indeod,“I think you should meke 4%. I think ths orisinators of *. ... .
the cycloiron deserve to have grants made toward the.use o thy . N
_ dostrumont in the solving of -biologie problems. . % “~in. - - *
S - Wz TR - - i) CHEI 3

. L olmerelyyours,

g 4 w . “ B opnf ,, T Eer .
4 JAMIBAL. .+ "J. He Moang

Figure 3. MGH's Chief of Medicine's letter to the Markle Foundation documenting Dr Hertz's spontaneous seminal
question that launched the RAI breakthrough research.

Dr. Hertz’s seminal question brought together the work established in 1896 of E. Bauman’s
reporting the effect of iodine on the functioning of the thyroid. Bauman found high concen-
trations of iodine tightly bound to proteins in extracts of the thyroid gland, thyroid extracts
were standardized to contain 0.2% iodine in order to maintain equal potency of different
preparations. Additionally, in the field of radioactivity, in 1896 Henri Becquerel investigated
the newly discovered X-rays that led to studies of how uranium salts are affected by light. Saul
Hertz’s seminal question brought together the effect of iodine on the thyroid and radioactivity.
Hertz’s question launched the radioactive iodine (RAI) research that established the corner-
stone of Nuclear Medicine.
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DUMAND—Deep Underwater Muon and Neutrino Detection

*® "I505 Corres R,
v Honalaly, HI 96822
- 808 - 548-7391
' 1635 Alews Drive
Honotulu, HI 96817
Apr. 3, 1901

Chestnut HEI, MA 02167
Dear Dr. Stanbary,

Mra. Vita Harix has sent, me a capy of Chapier V from the book | understand
you will scon publlsh on the history of the MGH Thyeoid Clinic. [ have read it with
greal interest, sines | was clopaly involved with the ssrliest history of the use of
radioactive fodine in connection with shyrold physiology and therspy.

You will a0 doubt remember telephaning me in regard to & minor poink
concerning refarsacsa bo M.LT. o the first papar on the use of radicledine in rabbits,
o At that time [ gave you a detailed description of the work at MLLT. and of the
degres of Evans’ sclentific particlpation in it - namely zerc, | wes unplessantly -
surprised to sec how completely you have igeored ki

1 understoed It somawhat better as | read the falss and distoried pictare you
have given of the sarly work on radiciodine. | began to understand even mors when
I read your description of Evans: | quote "an sxceptionally engaging, modat, and
brilliant collesgue whose contributions to the Thyroid unit were incomparable” That
liserally turned my stomach. Evans may have besn engaging when he wanted to be,
bub brilliant? The great conttibution to o rold mnlt was not his, but Saal
Herta's. It was Herts whe first concelved the idos of using radioactive lodine for both
ressnrch and therspy IR thycold work; it was Herts who ssked the question at
Comptons® lecture - though Chapman and Evans trisd their best to cast doubt on
this sfler he disd. Your conjecture that It was the outesme of a group discussicn bas
no basis in fact. Not caly did Saul iell me that the ides was his alons, but Evans Is
on written record an confirming I; Mrs, Herts and [ have coples of his lester. Thers
cannot be bhe slightest doubt on that subject.

More important, It Was Hertz who conceived and earrisd aut, with my halp, all
the ground-breaking work in the next seven years. The notion that you sdvance that
it was Evana who led the "team” because he headed the laboratory in which the
work wea dope is simply nalve and abaurd, He wasn't even on the "team®, much leas
its leader. He was the owner, back in the clubhouse,

Furthermore, that was the way he wanted iv. Ha had avery apportunity, and
certainly the autbority, to have taken an sctive part in the work; but be choss not
4o de so. | do not kaow why; but it may well be, In view of his known anti-
Semitism, that be ¢ould oot stomach the nulivn of working with two Jews.

Falle 8 ddccea ImMmFass . = ¢ mas amem s

1 would beliave motbiag oo thls subject from Chapman, whose self- interest in
abvious, and who bungled - whether delibaratsly or not - the follow-up on Harts's
original serles when Heete Jolued the Navy. (Ses Herta's lettar to him on this
-nbj.a.]hﬂum-wﬁmwmh;“m-'hwdmm‘ 4
sxporimemts we carrisd oaf apeaiic ot TPiteita with Crave’
Mmmmkwpﬂr‘:hmllﬁh-ﬂhlh‘ﬁm!-m
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than managetial work. .

You sesin b0 attach great significance to the fact that Evans’ name appeacs &
the first few publications (ss does Means's). If you think that necessarly implies ac
sclentific conteibution te the work, you don't understand how authooship on
papars is obtained. In Evana’ ease, we omitted his name from the first dralt of the
firsh paper bacnuse he had made oot the slightest contribution to the work, otber

‘ i

than that involved in ging the which we worked.

An example of his mansgeial contribution was providiag the nesutron source w
used w0 produce bhe radio-isdine. Later, with the help of Means, he secured tha .
funds with which the M.LT. Markle eyclotron was eanstructed, and which pravided
the much more intense therspeutic quaatities of radis-indine.

The custemacy and proper way of crediting this sort of contribution
acknowledgment of ssslstance, such as the one you will find in the
and Roberts in Endeerinology, July 1941. It most emphatically is
persen in question among the suthors, which impliss participation
work.

Evans made it a condition of my smployment - [ wish 1 still had the letter -
that his nams was to appear oo all publications. Even at that time, this was
unusual, snd occcssioned much comment. It led to the comtretemps coocarning the
Inte addition of his name to our first paper. [t was sleo on the second paper; but
aftet that Saul and [ felt sufficiently secure that we ignored hlm lo our sebsequent
publications. Had he actually participated in the work, there would have beca no
problemn in including him.

Evans was the first boss | worked under after recalving my degree at N.Y.U.
was puszled and unhappy ab the way I was treated; but at the time 1 had o ba
for parl An ler he 1 me my wock was highly
satisfactary; but in five years 1 never received any salary raise. As & consequatice,
whan [ joined the MIT Radiation Lab in 1943, | found my salary suddenly double
He also made it clear that I could look for no advancement at M.LT., and for ne
tecommendations fram him to any subsequent employer. Luckily the war mads tha
immaterial.

!
i

#i
Es
%

It was only later that [ fully realized what a thoroughly unprincipied raclos
msnipulatar hs was. Have you svar taken the trosble bo find oub whai other your
people who had the misfortune to work under him thought of him? His particular
waa taking all the credit for the work others had done. In the case of the
radisiodine field, he had & clear field for operations after T left, and Herts and Me
died. He was abetted in this by Chapman, and beiween them they concocted the
preposterous story that you repeat. They did their best to deuigrate the initial ser
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of patients that Herts treated, but ware sventually unruccessful, as you eventually -
spparently reluctently - admit.

Finally, your verdic (on p.77) that the credit for priorithes in investigations of
thyroid function and therapeutica goes to Herts, Masans, and Evans'ls faulty sod
inexact,-in that implies equal credit, It omits my pame entirely. Did you think | w
Just a glorified Iab technician? | made important contributions, not only to the

hnology of the mrient of ‘uptake and dosages, and for this work recsived a
award of booor from the New England Society of Nuclear Medicine in, I thizk, 197
My own allocation of credit, percentage-wise, would by Herts 80, Roberta 16, Mean
and Evans 2.5 esch.

It is of course posaible that | sm biswed; if v, with yood reason. ln the neas
filty years since I escaped from Evans's clutchea 1 bave known many unprincipled o
aggressive scientists; but never sgain have 1 met anyone quite llke him. The late
Stan Livingston, who built the MIT cyclotron, end 1 became colleagues again much
later, at Fermilab. Our recollections of Evans were similar. It would hot take muck
effort on your part to confirm whiat | have told you, nor would the changes in yor
manuscript that my objectlona-inply be either extensive or radical, I do not ask &k
you paint a true picture of the man - it would take s Voltaire to do' that - but
only that you refrain from glorifying him. 1 hepe you will see fit to make such
changes. Otherwise your book will perpetuate a bissed and untrue version of a
history that deserves betber.

I do not fault you for falling into the trap so carefully laid. The true story
not easily avallable. It would bave teken some effort to dig It out, and that may
have been what you bed in mind. However, & bistorian has obligations (as [ have
mysell discovered). | hupe you will live up to them.

Sincerely yours,
Arthur Roberts

Figure 4. (a—c) Pivitol letter from MIT's Dr Arthur Roberts to the author of A Constant Ferment, of which the author, Dr
John Stanbury, chose to ignore.

2. Rabbit studies

In early 1937, the collaboration was established between the Massachusetts Institute of
Technology and Boston’s Massachusetts General Hospital. The young physicist Dr. Arthur
Roberts was hired by MIT, and MGH’s Dr. Saul Hertz began the first studies on rabbits to
evaluate the effects of a nuclear substance, radioactive iodine, on the thyroid. Dr. Roberts
produced noncyclotron 1-128 in small quantities based on Fermi’s work. The experiment
involved 48 rabbits. The RAI was administered to rabbits with altered thyroid function.
Quantitative analysis showed that hyperplastic thyroid glands retained more RAI than normal
thyroid glands. The studies demonstrated the principle that tracer amounts of radioactive
iodine could be used to investigate thyroid gland physiology demonstrating the tracer
capabilities of RAI and its effects on the thyroid gland (Figure 5).

The original draft of the article describing their rabbit study findings had Hertz and Roberts
as the coauthors as they had done the work and written the paper. MIT’s Robley Evans, who
was the administrator of the lab at MIT and who had hired the physicist Arthur Roberts,
insisted that his name be added to the paper while it was at the publishers. Robley Evans had
done no work in the construction of the experiment, analysis of the data, or writing the paper
(Figure 4a—c). When Roberts was hired Evans had included a condition of his employment,
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that his (Evans) name be added to any papers that might be forthcoming. Evans dictated a
letter to the editor for Hertz to sign that Robley Evans’s name be added although Evans made
no contribution.

¥
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Figure 5. MIT's Dr Arthur Roberts (left) MGH's Dr Saul Hertz (right) administering non cyclotron produced 1-128.
These studies demonstrated the principle of using a radioactive substance as a tracer.

Hertz and Roberts were hopeful that they could go from diagnosis to treatment; however, they
knew that they would need alarger quantity of RAIwith alonger half-life. Cyclotron-produced
RAI was needed. MGH’s Chief of Medicine, Dr. James H. Means, took the train from Boston
to New York City and secured a $30,000.00 check from the Mary and John Markel Foundation
for the building of MIT’s Cyclotron.

2.1. The first therapeutic use of RAI

The new Markel MIT Cyclotron, the first built exclusively for medical purposes, began
operations in late 1940. Most of the RAI produced by this cyclotron was I-130 that has a half-
life of 12 hours. Another 10% of the cyclotron product was I-131. Dr. Hertz administered the
first therapeutic treatment of RAI on March 31, 1941 to Elizabeth D. at the Massachusetts
General Hospital. Noted on Hertz's Data Charts (Figure 6a and b) was that this first patient
received 2.1 mCi (77.7 MBq) of I-130 because its radiation was delivered rapidly to the thyroid
cells over a day or two.
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Figure 6. (a and b) Dr Hertz's handwritten Data Charts (1941-1946) of the very first series of patients treated success-
fully with a radioactive substance, RAIL

Dr. Hertz and his MIT collaborator Dr. Arthur Roberts continued to treat about one new patient
per month for the rest of 1941. The total estimated RAI given to each of the eight patients ranged
from 55 to 230 MBq with an average of 144 MBq. RAI was taken up by the patient’s thyroid
glands, and the patients did in fact get better. Hertz gave each patient a stable iodine beginning
1-3 days after the radioiodine at the insistence of his chief Dr. James Means. Means wanted to
protect the patients against thyroid storm in case the RAI therapy was not effective. At the
American Society for Clinical Investigation Meeting in May, 1942, Hertz presented a series of
eight patients treated with RAI he had followed for at least 3 months; according to the abstract
there were both “failures and successes.”
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Figure 7. Cleveland Press Newspaper headline. Dr Hertz was born and grew up in Cleveland, Ohio.

Hertz continued to treat hyperthyroid patients with I-130 throughout 1942. In January 1943,
Dr. Hertz joined the United States Navy to serve his country during World War II. MGH’s Dr.
Earl Chapman was Four “F” and was ineligible for service. Chapman, a private practice doctor
who treated Boston’s Beacon Hill-style affluent patients managed to carry on clinical research
and worked part-time at MGH. Hertz asked Chapman to take over his RAI cases, in that he
felt he (Hertz) had firmly established the work. Dr. Leonard Wartofsky stated “Chapman was
probably honored to get involved in some clinical research and take on these patients [1].”
Chapman saw an opportunity. Dr. Arthur Roberts, Hertz’s MIT collaborator, writes “I would
believe nothing on this subject from Chapman, whose self-interest is obvious and who bungled
—whether deliberately or not— the follow-up on Hertz's original series when Hertz joined the
Navy.” Yes, Chapman tweaked the protocol and the letters between Hertz and Chapman
during the war years produced tension. In March of 1946, at the end of World War 1II, Hertz
received a cold reception at MGH. His service to his country was not honored. In Boston, The
Beth Israel Hospital was emerging and welcoming “outsiders” to the establishment to be on
staff. Although there remained quotas at medical schools, “Jews” were being trained and
needed a place to practice. Dr. Hertz joined the staff of The Beth Israel Hospital.

Meanwhile, Chapman had established 22 patients of his own along with MIT’s Robley Evans.
Chapman and Evans wrote up their first paper on the subject and sent it to the Journal of The
American Medical Association (JAMA). Morris Fishbein, the editor of JAMA, contacted Dr. Hertz
sharing with him that “IThave a paper here from Chapman and Evans and they are saying they
have propriety of the discovery of radioiodine and your name is not even on the paper [2].”
Fishbein asked Hertz and Roberts to write up their seventh paper on the medical uses of RAL
And so there appeared side by side in JAMA May 11, 1946, two articles from the same hospital
using RAI describing the successful treatment of hyperthyroidism (Figure 8a and b) [3, 4].

Dr. James Thrall, Chairman Emeritus MGH Department of Radiologist, stated on April 5, 2016,
that “Chapman and Evans had basically stolen his (Hertz's ) work ... the most flagrant, I think,
unethical academically reprehensible behavior...worst yet, Saul Hertz died at 44 years old in
1950 and theses two gentlemen (Chapman and Evans) spent a great deal of time and effort
rewriting history [5].”
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Hertz strongly encouraged the U.S. Atomic Energy Commission to distribute RAI off of the
atomic pile. In August 1946, this service began and I-131 was used exclusively because it was

much less expensive. Going forward RAI became the preferred method of treating “Graves”
disease worldwide (Figure 7).
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RADIOACTIVE [IODINE IN THE STUDY OF
THYROID PHYSIOLOGY
VII. The Use of Radieoctive lodine Theropy in Hyperthyraidism
SAUL HERTZ, M.D.
Bettar
i

ARTHUR ROBERTS, Ph.D.
Cambridge, Mos.

In pmmusly published experiments of this series®
radioactive iodine was used as an indicator in the study
of animal and human thyroid physiology and iodine
metabolism. Much of this preliminary work was done
with a view to the discovery of the conditions under
which radicactive iodine might be administered with
maximum radiational effect in the pathologic thyroid
of patients ill with hyperthyroidism. The present paper
is a progress report on our early experiences (1941-
1946) with such “internal irradiation” in the treatment
of 29 cases of hyperthyroidism. It is, indeed, a three
to five year follow-up report on these cases.

PROCEDURE

Patients were selected who had had no previous
iodine treatment and who were judged clinically to have
hyperthyroidism. The vsual clinical tests were made
and the patients were presented to the Thyroid Clinie of
the Massachusetts General Hospital for discussion and
determination of their suitability for this type of treat-
ment. In each instance a dose of radiocactive iodine,
which had been made by lhe cyclotron at the Massachu-
setts Institute of Techmology or by the Harvard Uni-
versity cyclotron, and separated chemically as sodium
iodide, was then orally administered.

The samples of radioactive jodine used were obtained
by deuteron bombardment of tellurium and at the
time of administration consisted of a mixture of different
radioactive isolopes of iodine. Over 90 per cent of the
activity at this time consisted of the 12.6 hour isotope
['** and most of the reuwnder of the 8 da)f isotope I'*.
The total activity ad ed varied bet 0.7 and
28 millicuries. In 19 cases the total dose was admin-
istered to the individual patients as one dose; in 10
cases divided dosages were employed.
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From the data already obtained from tracer studies
it was considered desirable to keep the total amount
of iodide administered below 2 mg. of iodine in order
to insure maximum collection by tl]e thyroid.

Urinary iodine excretion was determined during the
first seventy-two hours aiter the administration of radio-
iodine. An indirect estimate of the thyroid retention
of radioactive iodine was thereby obtained, since an
approximate balance exists between administered jodine
on the one hand and the sum of thyroid iodine retention
and urinary excretion on the other.

Urinary studies were carried out on aliquot portions
of carefully collected twenty-four hour specimens, which
were kept iced and corked during the collection periods.

It was early found ® that significant amounts of the
original dose were to be found only in the first three
days' specimens. Fecal excretion was tested and was
found to be so low as to be negligible for the purpose
of these experiments.

In a few cases external gamma ray counter measure-
ments were made of the activity of the thyroid of
patients following the administration of radioactive
iodine. Such measurements are difficult, for obvious
reasons, to evaluate quantitatively. However, day to
day measurements of this type can give good data on the
variation of thyroid iedine content. They were per-
formed in order to follow the loss of iodine from the
thyroid following the initial uptake and to evaluate
the effect of routine iodinization following the adminis-
tration of radioactive iodine.

External counter measurements were roughly cali-
brated against actual direct measurements on the Lhymid
glands at operation and after chemical separation ®
2 patlcul.::, prtwuu.sly scheduled for surgery, wllo
of radieactive iodine.

Followmg the administration of radiocactive icdine,
routine jodine (nonradioactive) in the usual dosage
of saturated solution of p 5

iodide 3
(0.3 cc.) twice a day was begun at periods varying
from one day to several weeks after the radicactive
iodine dose.

The basal metabolic rate of the patients treated was
tested ircquently both before and after the radioactive
iodine administration. Basal bolic levels were
taken prior to t to a of the
degree of thyrotoxicosis present. In addition to the
basal metabolic rate, weights, pulse rates and physical
findings were recorded and the total clinical picture was
used to evaluate the effects of treatment. No adverse
effects, such as fever, nansea or irradiation sickness,
were noted in this series of patients, No complaints
were recorded regarding the taste of the medicament
(since it is tas:ck.«ss) nor were any local effects, either
in the oral cavity or over the thyroid, encountered at
the dosage levels used. No increase in the degree of
thyrotoxicosis following the radicactive iodine treat-
ment, per sc, was rcmrd:d although several test pahcms
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86 HYPERTHYROIDISM—CHAPMAN AND EVANS

profession, this form of treatment may well prove itself
not only highly effective, safe and noninjurious but
also cheap and of least inconvenience to the patient
who may receive it while continuing at his normal
pursuits. After a short period of hospitalization for
the usual preliminary clinical studies and the admin-
istration of radio-iodine, the patient may be fully
iodinized and released, to be followed as an ambulatory
case.
SUMMARY

On the basis of a series of animal and clinical experi-
ments using radicactive isotopes of iodine as a tracer
in the study of thyroid physiology and iodine metabo-
lism, the treatment of 29 cases of hyperthyroidism with
internal irradiation by radicactive iodine was instituted.
By careful excretion studies, external counter measure-
ments over the thyroid gland and by planned opera-
tions in 2 cases, data were obtained which allow us to
construct a formula for a procedure in treatment.

The addition of ordinary iodine therapy aiter the

{i A M. A
ay 11, 1946

investigated, and until now thiouracil has been found
to be most useful in the treatment of thyrotoxicosis.
Induced radioactivity was discovered in 1934, and that
same year Fermi and his co-workers ¥ in Italy prepared
radioactive isotopes of iodine. Because the thyroid
absorbs iodine selectively, it seemed likely that beta
rays from iodine rendered radicactive would have a
greater radiation effect than that derived from roentgen
rays delivered through the skin and overlying tissues.
The use of radioactive iodine in the study of thyroid
physiclogy was scon undertaken and reported first in
1938 by Hertz, Roberts and Evans.® Subsequently
these and other investigators used various isotopes of
radicactive iodine as tracers for the study of thyroid
function ® and it was found that in untreated Ir
thyroidism the thyroid may take up as much as 80 per
cent of a small dose (less than 2 mg.) of iodide within
a few hours after oral administration.” This estab-
lished the basis for therapeutic trials of radicactive
lodme, and in 1942 Iertz and Roberts * published

administration of radio-iodine offers many ad
in the clinical care of these patients and in the accmom}
and safety of the procedure.

By an anzlysis, over a long period, of both the failures
and successes in this scries of 29 cases, it is shown that
radioactive iodine when given in the dosage range of
5 to 25 millicuries to uniodinized patients with hyper-
thyroidism possessing goiters of 60 to 75 Gm. is highly
effective as a cure of the discase in about BD per cent
of cases. When appreciable activity has been adminis-
tered and subtotal thyroidectomy is resorted to, myx-
edema or hypometabolism may he expected to develop
in @ large fraction of the cases (100 per cent in 5 cases
in this series).

THE TREATMENT OF HYPERTHYROIDISM
WITH RADIOACTIVE IODINE

EARLE M. CHAPMAN, M.D.
and
ROBLEY D. EVANS, Ph.D.
Cambridge, Moss.

Roentgen treatment has been used for hyperthyroid-
ism for many years. In 1923 Means and Holmes®
pointed out that in this form of treatment about ome
third of the patients are cured, another third improved
and another third not affected. Since 1923 ordinary
iodine by mouth has been used as a ative
method of quieting the hyperactive thyroid in prepara-
tion for surgery. Under iodine alome occasionally the
patient and the doctor have been agreeably surprised
to find that the symptoms and signs of hyperthyraidism
disappeared, and a permanent remission apparently was
effected. That x-ray treatment and iodine treatment
sometimes cure hyperthyroidism led to the hope that
some day a more effective, nonsurgical agent would be
found. Then the MacKenzies * and Astwood * discov-
ered that several chemical compounds inhihit the function
of the thyroid in hyperthyroidism as well as under
other cnrcumst:mces chcraf of these agents have been
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ap y report of the treatmient in this manner of
10 patients. In this series the procedure was to give the
radigactive iodine and follow this with ordinary jodine by
mouth for a period of several months, However, our
review in the clinic of these 10 cases of Hertz and Rob-
erts, and an additional 18 so treated under the direction
of Hertz, has led to the conclusion that it is difficult to
decide whether those patients who improved were

nding to the ordinary iodine, to the radicactive
iodine or to their combination. The dosage of radio-
active iodine given to these 28 patients averaged 5 milli-
curies in 1941, 10 millicuries in 1942 and 14.5 millicuries
in 1943, the largest single dose being 21 millicuries. In
April 1943 Dr. Hertz went on active duty in the Navy
and asked us to continue with this study. The present
report is on a series of 22 patients with hyperthyroidism
treated only with radioactive indine and with consider-
ably higher doses. Although both Hertz and Roberts *
and Hamilton and Lawrence * were encouraged by their
therapentic trizls, the details of their findings have not
yet been published

METHODS AND DOSAGE

Selection and Care of Patients

The patients selected in the Thyroid Clinic of the
Massachusetts General Hospital for radioactive jodine
therapy were judged by several physicians to be thyro-
toxic on the basis of classic disease pattern accompanied
with constantly elevated basal metabolic rates, All
patients had thyroids estimated to be at least two to
three times normal in size. All but 3 were kept free
from all forms of treatment, especially iodine, for at least
four weeks prior to giving radicactive jodine. For the
administration of the drug they were usually hospitalized
for a time adequate to obtain levels of their basal meta-
bolic rate, then given radicactive iodine by mouth—
simply a drink of what tastes like rather stale water.
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Figure 8. (a) JAMA: May 11, 1946 MGH's Saul Hertz/MIT's Arthur Roberts VIL. The use of radioactive iodine therapy
in hyperthyroidism and (b) JAMA: May 11, 1946 MGH's Earl Chapman/MIT's Robley Evans the treatment of hyper-
thyroidism with radioactive iodine. Documentation of unethical publishing practices...stolen intellectual property.
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2.2. RALI: the first and gold standard of targeted cancer therapy

Dr. Hertz responded to MGH’s Director, Dr. Paxton’s letter on March 12, 1946, “It is a
coincidence that my new research project is in Cancer of the Thyroid which I believe holds the
key to the larger problem of Cancer in general.” The next day March 13, 1946, Hertz writes to
MIT President Compton, “I have certain ideas in the field of Cancer of the Thyroid which are
even more intriguing from a physician’s point of view than the cure of Graves’ disease with
Radioactive Iodine without operation....the cancer field is relatively virgin territory both from
the standpoint of actual knowledge or prognostic attack.” Hertz goes on in the same corre-
spondence to make note, “Only recently a group of workers in England have reported the
regular production of Cancer of the Thyroid in animals by a series of steps which are subject
to analysis by means of RAI as a tracer. The relationship of this project to the one on Graves’
disease will be evident to you.”

Fue of Cancer, Gnﬁre and Leukemia) L. Cured of Gotre ""'1"‘ One Dose

Figure 9. The American Weekly June 2, 1946 Dr Hertz states, "...demand is expected for radioactive iodine and as re-
search develops in the field of cancer and leukemia for other radioactive medicines.".

The American Weekly, June 2, 1946, quoted Dr. Hertz as stating, “...demand is expected for
radioactive iodine and as research develops in the fields of cancer and leukemia for radioactive
medicines” (Figure 9).

On September 9, 1946, The Radioactive Isotope Research Fund was registered in Boston,
Massachusetts. The Fund established The Radioactive Isotope Research Institute with Clinical
and Laboratory facilities on Commonwealth Avenue in Boston and on 5th Avenue in New
York City. Dr. Hertz reached out to Montefiore Hospital’s Dr. S.M. Seidlin to be the Associative
Director. His brother Dr. Roy Hertz was the oncologist. Roy Hertz went on to The National
Institutes of Health after his brother Saul’s death to win a Lasker Award. Dr. Eugene Nelson
was the Physicist (Figure 10).
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SAUL HERTZ, M. D.

(Director of the Radioactive Isotope Research Fund®
970 Commonweslth Avenue, Boston, Massachusetis)
The Establishment of a Memorial to the
AARON DANIEL and BERTHA HERTZ Family

of Cleveland, Ohio
to be known as

The Radioactive Isotope Research
Institute

with Clinical and Laboratory Facilities at
G alth A , Boston, Massachusetts

and
Nesw York City Headgquarters at 932 5th Avenue**

Te Be Devoted to the Application of
Nuelear Physies to Medioal
Diagnosis and Treatment.
*Ragistersd at Boston, Maee, on the th Day of September, 1046.
*sDr, §. M. Seldlin, Associate Director; Dr. Roy Herts, Oncologist; Dr.
Bugene Nelaon, Fhysicist,

Figure 10. September 9, 1946 announcement of the world's first Radioactive Isotope Institute. Dr Saul Hertz established
the institute and served as the director.
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Figure 11. The Harvard Crimson, May 24, 1949 Hertz To Use Nuclear Fission in Cure for Cancer “&he (Hertz)empha-
sized this example in therapeutic application as a beacon in utilizing the tracer methods employing radioactive sub-
stances in other organs than the thyroid.”.
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Dr. Hertz while at The Beth Israel Hospital explored the use of RAl in treating thyroid cancer
patients. In a radio broadcast on Boston’s WEEI's Yankee Network, November 18, 1948, Hertz
discussed extensively RAI treatment being used in treating thyroid cancer at The Beth Israel
Hospital.

The headline of The Harvard Crimson May 24, 1949, reads “Hertz to Use Fission in Cure for
Cancer.” In the text of the article is “Dr. Hertz feels that the application of isotope research to
the cancer problem will be along the ‘tracer’ lines, since it has been demonstrated that the
majority of cancerous thyroids do not take up the radioactive iodine in the manner in which
do the glands of patients suffering from Graves’ disease...he (Hertz) emphasized this example
in therapeutic application as a beacon in utilizing the tracer methods... (Figure 11).

AP Wirnfhoia!
S5AYS “ATOMIC COCKTAIL" CURED mcm—
I. 5. Randall of New ?ﬂk holds cup nnulnh: m
dioactive iodine which he claims apparently has
him of thyroid cancers.

Figure 12. Boston Globe August 3, 1949 "atomic cocktail" cured cancer.

Figure 12 shows Boston Globe photo of a man drinking an “atomic cocktail.”

A patient emailed this in March 2016, Treatment with radioactive iodine knocked the thyroid cancer
(metastatic to a little bit of bone and lung) right out of me, exceeding my doctor’s expectations... I am
now 81. We have a large family. Many were praying for me. The cure delivered on the wings of prayer
was Dr. Saul Hertz's discovery, the miracle of radioactive iodine. Few can equal such a powerful and
precious gift.

13
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Abstract

Thyroid carcinoma is the most prevalent endocrine malignancy and accounts for 2% of
all human cancers. In the past decade, knowledge of genetic alterations of thyroid cancer
(TC) has rapidly expanded, which has provided new insights into thyroid cancer
etiology and has offered novel diagnostic tools and prognostic markers that enable
improved and personalized management of thyroid cancer patients. Alterations in key
signaling effectors seem to be the hallmark of distinct forms of thyroid neoplasia.
Mutations or rearrangements in genes that encode Mitogen activated protein kinase
(MAPK) pathway effectors seem to be required for transformation. Mutations in BRAF
were the most recently identified MAPK effector in thyroid cancer. BRAF V600E is the
most common alteration in sporadic papillary carcinoma. Three RAS proto-oncogenes
(NRAS, HRAS & KRAS) are implicated in human thyroid tumorigenesis. High incidence
of thyroid cancer worldwide indicates the importance of studying genetic alterations
that lead to its carcinogenesis. BRAF and RAS alterations represent a novel indicator of
the progression and aggressiveness of thyroid carcinogenesis. The GSa-adenylyl
cyclase-cyclic AMP (cAMP) cascade is effected in thyroid cancer. Promoter hyperme-
thylation of multiple genes especially TSHR has been identified to play a role in thyroid
cancers, in particular showing a close association with BRAF mutational status. So, the
main aim of the study was to elucidate the involvement of BRAF and RAS gene
mutations along with BRAF expression and thyroid-stimulating hormone receptor
(TSHR) hypermethylation in North Indian patients and investigate their association
with clinicopathological characteristics.

We screened exon 15 of BRAF gene and exons 1 and 2 of RAS genes (HRAS, KRAS, and
NRAS) in 60 consecutive thyroid tissue (tumor and adjacent normal) samples. Overall
mutations in BRAF were found to be 25% (15 of 60) affecting codon 600 (valine to
glutamine) and restricted only to papillary thyroid cancer and well-differentiated grade.

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
open science | open minds and reproduction in any medium, provided the original work is properly cited. (e NN
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BRAF mutations were significantly associated with well-differentiated disease and
elevated thyroid-stimulating hormone (TSH) levels (P < 0.05). Overall, increased
expression of BRAF was found in 90% (54 of 60) of thyroid cancer cases and signifi-
cantly associated with nonsmokers. Totally, 86.7% (13 of 15) of BRAF mutation-
positive patients were having BRAF protein overexpression compared to 91.2% (41 of
45) of patients with wild-type BRAF status (P >0.05). We screened 60 consecutive thyroid
tumor and adjacent normal tissues for mutations, if any, in the exons 1 and 2 of RAS
genes (HRAS, KRAS, and NRAS) and 140 blood samples from thyroid cancer patients
for HRAS T81C polymorphism in codon 27 in comparison with 170 cancer-free controls
from a Kashmiri population. Thyroid tumor tissue samples were devoid of any
mutation, but a frequent nucleotide change at position 81 (T > C) in exon 1 of HRAS
gene was seen. In HRAS T81C SNP, frequencies of TT, TC, and CC genotypes among
cases were 41.4, 38.6, and 20.0%, while in controls genotype frequencies were 84.1, 11.7,
and 4.2%, respectively. A significant difference was observed in variant allele frequen-
cies (TC + CC) between the cases and controls (58.6 vs. 16%) with odds ratio of 7.4 (CI
= 04.3-12.7; P < 0.05). Interestingly, combined TC and CC genotype abundantly
presented in follicular thyroid tumor (P < 0.05). Moreover, a significant association of
the variant allele (TC + CC) was found with nonsmokers (P < 0.05). TSHR gene was
found to be hypermethylated in 25% (15 of 60) of the cases with strong association with
elevated TSH levels (OR = 4.0, P =0.02). TSHR promoter was hypermethylated in 73.3%
(11 of 15) of patients with BRAF V600E mutation compared to 26.7% (4 of 15) of patients
having absence of TSHR promoter methylation and the association was significant (P <
0.05).

We conclude that both mutational events and overexpression of BRAF gene are highly
implicated in pathogenesis of thyroid cancer and the BRAF protein overexpression is
independent of the BRAF mutational status of thyroid cancer patients. RAS gene
mutation does not prevail in this population. Contrary to this, HRAS T81C polymor-
phism moderately increases thyroid cancer risk with rare allele as a predictive marker
for follicular tumors. Our study showed a high implication of TSHR gene methylation
and its significant association with BRAF V600E mutation in thyroid tumors, depict-
ing a positive connection between TSHR pathway and MAP kinase pathway.

Keywords: polymerase chain reaction, papillary thyroid cancer, thyroid-stimulating
hormone, benign thyroid disease, lymph node metastasis, follicular thyroid cancer,
mutation, polymorphism, gene, hypermethylation, genotype, expression

1. Introduction

Thyroid gland is the largest endocrine gland comprised of follicular cells and C cells. It
synthesizes, stores, and secretes triiodothyronine (T3) and thyroxine (T4) (Figure 1). Follicular
cells comprise most of the epithelium and are responsible for iodine uptake and thyroid
hormone synthesis. C cells are dedicated to the production of the calcium-regulating hormone
calcitonin [1].
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Colloid containing iodine,
thyroglobulin, T3 and T4

Follicle (50-500 pm)

Follicular cell

Figure 1. The thyroid gland.

At molecular level, cancer is caused by molecular defects in cell function resulting from
common types of alterations to a cell’s genes. Cancer is a disease of abnormal gene expression
which may occur due to DNA mutation, translocation, amplification, deletion, loss of hetero-
zygosity, etc. The overall result is an imbalance of cell replication and cell death that leads to
unregulated growth and spread of cells in different parts of body [2, 3].

Thyroid cancer (TC) typically occurs in thyroid nodules and is relatively common, occurring in
6% of adult women and 2% of adult men which can be detected by palpation and imaging in
a large proportion of adults. Approximately 90% of thyroid malignancies are well-differenti-
ated thyroid carcinomas arising from thyroid follicular epithelial cells, which are classified as
papillary or follicular based on histopathological criteria, whereas 3-5% of cancers originate
from parafollicular or C cells. Follicular adenoma is a benign tumor that may serve as a
precursor for some follicular carcinomas. Recurrence occurs in 20-40% of patients in spite of
the fact that differentiated thyroid carcinomas are usually curable by the combination of
surgery, radioiodine ablation, and thyroid-stimulating hormone suppressive therapy [4] due
to cellular dedifferentiation which is accompanied by more aggressive growth, metastatic
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spread, and loss of iodide uptake ability, making the tumor resistant to the traditional
therapeutic modalities and radioiodine [5]. Knowledge of genetic alterations occurring in
thyroid cancer has rapidly expanded in the past decade. This improved knowledge has
provided new insights into thyroid cancer etiology and has offered novel diagnostic tools and
prognostic markers that enable improved and personalized management of patients with
thyroid nodules [6].

TC is the most common malignancy of the endocrine system. It accounts for approximately
2% of all newly diagnosed cancer cases and majority of endocrine cancer related deaths each
year [7, 8]. An estimated 12.66 million people were diagnosed with cancer across the world in
2008, and 7.56 million people died from the disease. This equates to around 188 cases for every
100,000 people (using the crude rate). Among the 20 most commonly diagnosed cancers
worldwide, thyroid cancer figures on 17th (2% of all cancers) number (2008 estimates) [9].
There were 213,179 new thyroid cancer cases and 163,000 cases among females worldwide by
the year 2008 [10]. Its prevalence continues to rise; in 2008, it became the sixth most diagnosed
cancer among women in United States Around 56,460 cases (men — 13,250, women — 43,210)
and 1780 deaths (men - 780, women — 1000) from thyroid cancer occurred in 2012 [11]. The
data indicated that there were 60,220 new cases in 2013, accounting for 3.6% of all new cancer
cases. There were 1850 thyroid cancer-related deaths in 2013, accounting for 0.3% of all cancer
deaths. There are currently ~534,973 TC patients in USA. The reasons for increased incidence
are unclear, with potential explanations including increased screening, more widespread
diagnostic testing of asymptomatic thyroid nodules, changing demographics, and environ-
mental risk factor. TC accounts for approximately 10% of malignancies diagnosed in persons
aged 15-29 years. Follicular cancers include papillary thyroid cancer (PTC, 80%), follicular
thyroid cancer (FTC, up to 11%), Hiirthle cell cancer (3%), and anaplastic thyroid cancer (ATC,
2%). Medullary thyroid cancer (MTC) accounts for about 4% of thyroid cancers [12]. As
expected from the size of Asia’s population, the majority of cancer cases occurred there.
Between 1984 and 1993, over 5614 thyroid cancer cases were recorded in India which included
2007 males and 3617 females and the age standardized rate (ASR) in 1993 was 1.0/year/10° and
1.9/year/10° for males and females, respectively [13]. The age-adjusted incidence rates of
thyroid cancer per 100,000 are about 1 for males and 1.8 for females as per the Mumbai Cancer
Registry, which covered a population of 9.81 million subjects. The commonest cancer type was
papillary, followed by follicular cancer. TC is the 8th most common cancer in the valley of
Kashmir and 7th most common cancer among women of Kashmir valley. Among all types of
cancers in the Kashmir valley, the frequency of TC has increased from 2.3% in 1995 to 5.4% in
2010, keeping overall frequency of 3.2% [14].

2. Classification of thyroid tumors

The classification of thyroid tumors is given by the World Health Organization (WHO) and
Armed Forces Institute of Pathology (AFIP) with slight difference [15]. According to AFIP,
priority is given to the cell of origin and incorporating, in each cell type, special tumor types
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and subtypes designated as “variants”. Classification scheme adopted by the Armed Forces
Institute of Pathology (AFIP) is depicted in Figure 2.

Figure 2. Classification of thyroid tumors as per Armed Forces Institute of Pathology (AFIP).

3. Staging of thyroid carcinoma

There are different stages of TC as designated by the American Joint Committee on Cancer
(AJCC) [15]. The SEER modified 7th edition AJCC staging is given in Tables 1 and 2.
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Primary tumor (T)

TX  Primary tumor cannot be assessed

T0  No evidence of primary tumor is found

T1  Tumor size <2 cm in greatest dimension and is limited to the thyroid
Tla Tumor <1 cm, limited to the thyroid

Tlb Tumor > 1 cm but <2 cm in greatest dimension, limited to the thyroid
T2 Tumor size >2 cm but <4 c¢m, limited to the thyroid

T3  Tumor size >4 cm, limited to the thyroid or any tumor with minimal extrathyroidal extension (e.g., extension to
sternothyroid muscle or perithyroid soft tissues)

T4a Moderately advanced disease; tumor of any size extending beyond the thyroid capsule to invade subcutaneous
soft tissues, larynx, trachea, esophagus, or recurrent laryngeal nerve

T4b Very advanced disease; tumor invades prevertebral fascia or encases carotid artery or mediastinal vessel
All anaplastic carcinomas are considered stage IV:

T4a Intrathyroidal anaplastic carcinoma

T4b Anaplastic carcinoma with gross extrathyroid extension

Regional lymph nodes (N)
Regional lymph nodes are the central compartment, lateral cervical, and upper mediastinal lymph nodes:

NX  Regional nodes cannot be assessed

NO  No regional lymph node metastasis

N1 Regional lymph node metastasis

Nla Metastases to level VI (pretracheal, paratracheal, and prelaryngeal/Delphian lymph nodes)

N1b Metastases to unilateral, bilateral, or contralateral cervical (levels I, II, III, IV, or V) or retropharyngeal or
superior mediastinal lymph nodes (level VII)

Distant metastasis (M)
MO No distant metastasis is found

M1 Distant metastasis is present

Table 1. TNM classification for thyroid cancer (SEER modified 7th edition AJCC staging).

Stage grouping

Separate stage groupings are recommended for papillary or follicular (differentiated), medullary, and anaplastic

(undifferentiated) carcinoma

Papillary and follicular thyroid cancer (age < 45y):

Stage T N M
I Any T Any N MO
II Any T Any N M1

Papillary and follicular; differentiated (age > 45y):

Stage T N M
I T1 NO MO
II T2 NO MO
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Stage grouping

Separate stage groupings are recommended for papillary or follicular (differentiated), medullary, and anaplastic

(undifferentiated) carcinoma

11 T3 NO MO
IVA T1-3 Nla MO

T4a Nib MO
VB T4b Any N MO
vC Any T Any N M1

Anaplastic carcinoma (all anaplastic carcinomas are considered stage IV):

Stage T N M

IVA T4a Any N MO
IVB T4b Any N MO
IvC Any T Any N M1

Medullary carcinoma (all age groups):

Stage T N M
I T1 NO MO
I T2, T3 NO MO
111 T1-T3 Nla MO
IVA T4a NO MO
T4a Nla MO
T1 Ni1b MO
T2 Ni1b MO
T3 Ni1b MO
T4a Ni1b MO
T4a NO, N1b MO
T1-T4a Ni1b MO
IVB T4b Any N MO
IvC Any T Any N M1

Table 2. Stage grouping of thyroid cancer (SEER modified 7th edition AJCC staging).

4. Risk factors of thyroid cancer

4.1. Gender and age

Females exhibit a better prognosis than men. TC is 2—4 times more frequent in women. It is
rare in patients aged <16 years, presenting an annual incidence of 0.02-0.3/100.000 [16, 17].
Its incidence increases with ageing, and the average age at diagnosis is 45-50 years.
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4.2. Ethnic differences

TC incidence has a geographic and ethnic variability. The incidence of TC in areas such as
Iceland, Hawaii, the Philippines, Japan, and Israel is higher than in North America, Canada,
and US. In US, the TC is more frequent in Caucasian descent subjects. All these findings suggest
that such differences may be attributable to both environmental (e.g., dietary habits) and
genetic factors [18].

4.3. Previous exposure to ionizing radiation

Previous exposure to ionizing radiation for external irradiation of the neck increases the
incidence of thyroid nodules, either benign or malignant. Palpable nodules are detected in
20-30% of people exposed to radiation and in pediatric patients undergoing radiation ther-
apy for oncological and hematological malignancies such as lymphoma or leukemia [19,
20].

4.4. Age at the time of irradiation

Irradiation is no longer an increased risk after 15-20 years of age. In children exposed to
doses of 1 Gy, the excess risk for TC is equal to 7.7 [21]. Several studies have shown an
increased risk of TC in children aged between 5 months and 10 years after the Chernobyl
nuclear disaster [22].

4.5. Previous history of benign thyroid disease (BTD)

People with benign thyroid conditions like an enlarged thyroid (goiter), thyroid nodules
(adenomas), and inflammation of the thyroid (thyroiditis) are more likely to develop thyroid
cancer. Approximately 1 in 5 thyroid cancers (20%) occur in people who have had a BTD in
the past [23].

4.6. Contribution of iodine in the food

In areas of sufficient iodine intake, PTC is more prevalent (80% of TCs), whereas in iodine-
deficient areas, FTCs and ATCs are 2-3 times more frequently reported as compared to areas
with adequate iodine intake [24].

4.7. Body mass index

High body mass index (BMI) has been shown as a risk factor for TC according to several case-
control studies. There is a fivefold risk in obese men and 2 times in obese women. In postme-
nopausal women, weight gain of >14% positively correlates with the onset of TC [25].

4.8. Hormonal factors

According to the period of life in which thyroid cancer occurs, the female:male incidence ratio
is different. In women of child bearing age, this ratio is about 4:1 and 1.5:1 in older, prepuberal,
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and menopause individuals [26]. TSH regulates the growth and function of the thyroid gland
[27]. Growth of some thyroid cancers is dependent on TSH secretion and suppression of TSH
release by administration of thyroxin is often an effective treatment for thyroid carcinomas.
The thyroxine-binding globulin level in normal females is 10-20% higher than in males and in
pregnancy, a 50% increase in the level of thyroxine-binding globulin results in a similar
magnitude increase in TSH level [28]. It therefore appears likely that TSH levels of non
pregnant normal females will be elevated above the level in males at some point in the
menstrual cycle although not necessarily throughout the cycle. An elevated risk was also
reported in women who used estrogens for gynecological problems. In some studies, higher
levels of estrogen receptors (ERs) were found in neoplastic than in normal thyroid tissues [29].
The ligand-bound dimer ER can interact with an estrogen-responsive element, resulting in
transcriptional activation of the target gene [30]. 17 B-estradiol stimulates cell cycle progression
early in G1 phase by induction of cyclin D1 gene expression. In different cell lines, the induction
of cell growth was found to correlate with increased expression of cyclin D1 protein levels [31].

4.9. Smoking status

Although relatively little is known about the etiology of thyroid cancer beyond its association
with radiation exposure and some previous thyroid disorders [32], data are slowly accumu-
lating as to the protective effect of cigarette smoking on this disease. Thyroid cancer has been
negatively associated with cigarette smoking in a number of studies, possibly consistent with
the greater occurrence of the disease in women than in men [33]. There are at least five distinct
proposed mechanisms for the effect of tobacco smoke on thyroid function. The first one relates
to a smoking-related reduction in TSH secretion, as it has long been hypothesized that elevated
levels of TSH may increase the risk of thyroid cancer. The lower body weight among smokers
compared to nonsmokers is a second proposed explanation, as increased body weight was
associated with a slightly increased thyroid cancer risk in the above-mentioned pooled
analysis. A third possible biological pathway lies in the potential anti-estrogenic effect of
cigarette smoke; a role for estrogen in the etiology of thyroid cancer is hypothesized because
of the higher incidence of this cancer in females relative to males [34]. The fourth is higher levels
of thyroxine-binding globulin and testosterone among smokers compared to nonsmokers and
the fifth is the higher levels of thyrotoxins in tobacco smoke in heavy smokers compared to
light and moderate smokers [35].

4.10. Oxidative stress

Oxidative stress (OS) is a state of excessive free radicals and reactive metabolites. In es-
sence, OS represents an imbalance between the production of oxidants and their elimina-
tion by anti oxidative systems in the body. Many studies have linked OS to thyroid cancer
by showing its association with abnormally regulated oxidative or antioxidative molecules
[36].

23
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5. Molecular biology of thyroid cancer

Thyroid tumors represent an appropriate model for the study of epithelial neoplastic trans-
formation. The roles of somatic mutations, gene rearrangement (s), and level of gene expression
in carcinogenesis are now well established. The application of molecular techniques to thyroid
tumors has focused particular attention on the role of point mutations activating (or inhibiting)
the genes for the TSH receptor (TSHR), RAS, BRAF, Gsp, P53, etc, specific rearrangements of
the oncogenes RET and TRK and alterations in the pattern of expression of the oncogene BRAF,
MET, etc [37]. The theory of sequential progression of well-differentiated thyroid carcinoma
to poorly differentiated and undifferentiated thyroid carcinoma is because of genetic imbal-
ances [38]. Figure 3 depicts the model of multi-step carcinogenesis of thyroid neoplasms.
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Figure 3. Model of multi-step carcinogenesis of thyroid neoplasms. The proposed model of thyroid carcinogenesis is
based on general concepts and specific pathways. (a) Risk factors, such as exposure to radiation, induce genomic insta-
bility through direct and indirect mechanisms, resulting in early genetic alterations. (b) Scheme of step-wise dediffer-
entiation of follicular cell-derived thyroid cancer along with genetic alterations.
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Biomarkers, also known as molecular markers, biological markers, or tumor markers have become
useful not only for detecting thyroid cancer early, but also for detecting recurrent and
persistent disease and for predicting the effectiveness of surgical removal, radioiodine
ablation, and chemotherapy since the past 40 years, and they include genetic mutations and
molecular changes. Nowadays, high-throughput genomic and proteomic assays are being
used to identify a multitude of biomarker signature for each tumor type at any given stage [39,
40]. These biomarkers are discussed in detail as under.

5.1. Serum-based biomarkers

Serum biomarkers represent the first generation of thyroid biomarkers. Ideally, a serum
biomarker is one that is highly sensitive and specific, can establish diagnostic certainty and
can be easily measured.

5.1.1. Calcitonin

Para follicular C cells secrete calcitonin, which is a serum-based marker for MTC [41]. Overall,
calcitonin is more sensitive for documenting recurrent tumor but CEA levels are better
predictors of tumor aggressiveness. RET mutations have replaced calcitonin to a greater
because it is more sensitive and specific [42].

5.1.2. Thyroglobulin

Tg is a valuable serum marker for detecting recurrent or persistent well-differentiated thyroid
cancer of follicular cell origin, as there should be no Tg present after a total thyroidectomy
unless residual thyroid tissue is present. More recently, molecular studies using reverse
transcriptase-polymerase chain reaction (RT-PCR) have been used to measure tissue-tumor-
specific messenger RNA levels of Tg in the circulation [43].

5.2. Mutation-based biomarkers

Genetic alterations in thyroid tumors can be divided into two categories: inheritable (germline)
mutations and sporadic (somatic) mutations. Investigations into the inheritable and sporadic
mutations in thyroid cancer have proceeded in parallel with one another. The single known
inheritable gene mutation associated with thyroid cancer is a point mutation in the RET proto-
oncogene that causes medullary thyroid cancer [44]. The first sporadic mutation identified in
thyroid cancer was described in 1987 and involved a genetic defect in the RAS protein family
[45] followed by somatic RET/PTC translocations in 1990 and P53/NTRK1 mutations in 1992.
In the year 2000, PAX8/PPARgamma translocations were found in follicular thyroid cancers
[46] followed by the discovery of BRAF mutations, first in melanoma, then in PTC in 2003 [47].
The mutation-based biomarkers are discussed below in detail.

5.2.1. Chromosomal rearrangements

RET/PTC is a chromosomal rearrangement found in PTC. These chimeric genes contain the
portion of RET encoding intact tyrosine kinase domain fused to an active promoter of another
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gene that drives the expression and ligand-independent dimerization of the RET/PTC protein,
leading tumorigenesis in thyroid cells [48]. RET/PTC1 and RET/PTC3 are the most common
rearrangement types in which RET is fused to either CCDC6 (also known as H4) or NCOA4
(also known as ELE1 or RFG), respectively [49]. Both of these rearrangement types are
paracentric, intrachromosomal inversions. RET/PTC2 and nine more recently discovered types
of RET/PTC rearrangements are all interchromosomal rearrangements formed by RET fusion
to genes located on different chromosomes [50]. RET/PTC rearrangement occurs in 10-20% of
PTC. Thyroid adenomas and other benign nodules and nonneoplastic thyroid lesions have 10—
45% of RET/PTC rearrangements [51]. Chromosomal rearrangements involving another
receptor tyrosine kinase gene, NTRK1 have been reported to occur in up to 10-15% of PTC in
some series of patients although the prevalence of this rearrangement in papillary carcinomas
from many geographical areas is probably <2-5% [52]. PAX8/PPARy rearrangement leads to
the fusion between a portion of the paired-box gene 8 gene (PAX8) and peroxisome prolifer-
ator-activated receptor gamma gene (PPARYy). The fusion oncoprotein contributes to malig-
nant transformation by targeting several cellular pathways. The PPARy rearrangements are
found in follicular thyroid adenomas (0-31%) and follicular thyroid carcinomas (25-63%) [53].

5.2.2. RET point mutations (familial medullary thyroid cancer)

The RET gene encodes the RET receptor expressed in neuroendocrine and neural cells.
The nucleotide sequence of the RET gene was determined and in 1989 and was mapped to
chromosome 10q11.2 [54, 55]. In 1993, the specific germline mutations of the RET gene
were found to develop MTC [56]. Point mutations of the RET gene that causes MTC result
in a gain of function of the RET receptor. The hereditary RET point mutations are the
most specific biomarkers in clinical use today for diagnosing patients who will develop
MTC. No other currently used thyroid cancer biomarker is as sensitive or specific.

5.2.3. RAS mutations

The beginning of RAS research can be traced back to 1964 when Jennifer Harvey observed that
a preparation of a murine leukemia virus, taken from aleukemic rat, induced sarcomas in new-
born rodents [57]. The nucleotide sequences of the v-h-ras and v-k-ras oncogenes were not
published until the autumn of 1982, a time when the excitement in the RAS field was shifting
towards the recently isolated human oncogenes. By 1983, a new human transforming gene
was identified and found to be a third member of the RAS gene family. This gene was
designated NRAS [58]

5.2.3.1. RAS signaling

RAS proteins are signal switch molecules that regulate cell fates by coupling receptor acti-
vation to downstream effector pathways that control diverse cellular responses including
proliferation, differentiation, and survival [59]. Human cancers frequently express mutant
RAS proteins, termed ‘oncogenic RAS’. RAS proteins are GDP/GTP binding proteins that
functions as a molecular switches to mediate downstream signaling from a variety of ex-
tracellular stimuli. The RAS proteins are activated when the protein binds GTP and be-
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comes inactive upon GTP hydrolysis to GDP by RAS proteins. The action of RAS proteins
is regulated by several guanine-nucleotide exchange factor (GNEFs) and GTPase-activating
proteins (GAPS). RAS proteins regulate cellular responses to many extracellular stimuli,
including soluble growth factors. GTP-bound RAS can interact productively with more
than 20 effectors, including Raf, phosphatidylinositol 3-kinase (PI3K) and Ral guanine nu-
cleotide-dissociation stimulator (RALGDS), to regulate various cellular responses including
proliferation, survival, and differentiation [60]. RAS-GTP also binds the catalytic subunit of
type I PI3Ks causing translocation of PI3K to the plasma membrane and subsequent activa-
tion. PI3K phosphorylates phosphatidyl inositol-4,5-bisphosphate (PIP2) to generate phos-
phatidylinositol-3,4, 5-triphosphate, which activates downstream kinases such as Akt [61]
(Figure 4).
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Figure 4. Overview of known RAS effectors and their corresponding biological responses. Active RAS-GTP induces a
wide variety of cellular processes, such as transcription, translation, cell-cycle progression, apoptosis or cell survival,
through direct interaction with various effectors. GAP proteins also interact with RAS-GTP and might also act as effec-
tors. Modulators of some of these pathways are also indicated. The blue boxes represent adaptor complexes.

5.2.3.2. Oncogenic RAS mutations and abnormal signaling

Somatic missense RAS mutations found in cancer cells involve amino acid substitutions at
positions 12, 13, and 61 impairing the intrinsic GTPase activity and conferring resistance to
GAPs, thereby causing active, GTP-bound conformation to accumulate [62]. Glutamine 61 is
essential for GTP hydrolysis, and substituting any amino acid at this position except glutamic
acid blocks hydrolysis. Replacing glycine 12 of RAS with any other amino acid except proline
also biochemically activates RAS. Substituting proline for glycine 12 renders RAS resistant to
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GAPs but has increased intrinsic GTP hydrolysis. Consistent with this idea, the transforming
potential of HRAS proteins with different codon 61 substitutions is inversely related to intrinsic
GTPase activities [63]. Oncogenic RAS proteins deregulate downstream effector pathways to
confer the abnormal functional properties of cancer cells: deregulated cell growth, survival,
and differentiation.

5.2.3.3. Role of oncogenic RAS gene in thyroid cancer

Activating RAS mutations occur in ~30% of human cancers. Activated oncogenes of the RAS
family have been identified in a wide range of solid and hematological malignancies. Muta-
tions that cause activation of the RAS proto-oncogene have been well defined, and several
groups have studied the occurrence of different mutations in thyroid neoplasia. The RAS
mutations generally occur in up to 20-50% of thyroid neoplasms. However, the prevalence of
mutations in specific histological classes varies widely. In papillary carcinomas, RAS muta-
tions are relatively infrequent, as they occur in 10-20% of tumors. In FTC, RAS mutations are
found in 40-50% of tumors and may also correlate with tumor dedifferentiation and less
favorable prognosis [64]. RAS mutations are found in 20-40% of poorly differentiated and
anaplastic carcinomas, 20-40% of benign follicular adenomas [65]. RAS mutations may
predispose well-differentiated cancers to de differentiation and anaplastic transformation.
Because RAS mutations are found in the entire spectrum of thyroid cancers, and with increas-
ing frequency as tumors become more undifferentiated, RAS mutations have been suggested
to be a biomarker for a more aggressive form of thyroid cancer [64]. In Thyroid cancer, NRAS
codon 61 and HRAS codon 61 mutations are most common.

5.2.4. BRAF mutations

Point mutations, small in-frame deletions/insertions, and/or chromosomal rearrangement are
the events by which BRAF can be activated. The most common BRAF activation is due to a
point mutation involving substitution of thymine by adenine at nucleotide position 1799,
resulting in a valine-to-glutamate replacement at residue 600 [66]. This BRAF V600E mutation
constitutes 98-99% of all BRAF mutations found in thyroid cancer. Lys601Glu point mutation
and small, in-frame insertions or deletions and AKAP9/BRAF rearrangement are other
alterations in BRAF [67]. The BRAF V600E mutation is found in 40-45% PTCs. The mutation
also occurs in 20-40% of poorly differentiated thyroid carcinomas and 30-40% of ATCs [68].

ARAF, BRAF, and CRAF are three RAF paralogs. These are downstream molecules of the
membrane-bound RAS [69]. RAS stimulates RAF activation, which in turn activates MEK
and ERK. ERK regulates cell proliferation, differentiation, senescence, and apoptosis. This
pathway is hyper-activated in 30% of cancers with activating mutations in RAS occurring
in approximately 15-30% of cancers, and recent data have shown that BRAF is mutated in
about 7% of cancers [70], identifying it as another important oncogene on this pathway.
The BRAF gene is located on the long (q) arm of chromosome 7 at position 34. More pre-
cisely, the BRAF gene is located from base pair 140,433,811 to base pair 140,624,563 on
chromosome 7.
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5.2.4.1. BRAF mutations from A to Z

BRAF mutations are found in 27-70% of malignant melanomas, 36-53% of PTC, 5-22% of
colorectal cancers, and <30% of serous ovarian cancer, but they also occur at a low frequency
of 1-3% in a wide variety of other cancers [70, 71]. There are more than 40 mutations identified
in the BRAF gene so far, among which BRAF V600E mutation accounts for more than 90% [72,
73]. A few other activated BRAF mutants are only rarely found in thyroid cancer, such as the
BRAF K601E, AKAP9-BRAF [74], BRAF V599ins [75], K601del, and a recently characterized
novel BRAF mutant, V600D, FGLAT 601-605ins, resulting from an insertion of 18 nucleotides
at nucleotide T1799 of the BRAF gene [76].

5.2.4.2. BRAF mutation in thyroid cancer

Although there are lots of alterations in BRAF gene in thyroid cancer, the most important
mutation found in TC is BRAF V600E. This mutation is exclusive to PTC and PTC-derived ATC
(44% and 24%, respectively), as it does not occur in any other type of TC.

5.2.4.2.1. Association of BRAF mutation with high-risk clinicopathological characteristics of PTC

Many studies have investigated the relationship of BRAF mutation with clinicopathological
characteristics of PTC. Although the results are not entirely consistent, most of the studies from
various ethnic and geographical backgrounds demonstrate a significant association of BRAF
mutation with one or more conventional high-risk clinicopathological characteristics of PTC
[77]. Among the various clinicopathological risk factors, extrathyroidal invasion, lymph node
metastasis, and advanced clinicopathological stages III and IV most reliably predict thyroid
cancer progression, recurrence, aggressiveness, and ultimately, higher morbidity and mortal-
ity [78]. Interestingly, among the various clinicopathological characteristics of PTC, many
studies have found that BRAF mutation is also most commonly associated with these three
risk predictors. This suggests that BRAF mutation may play a role in promoting the progression
of PTC to ATC. Thus, BRAF mutation is a driving force behind the aggressive pathological
characteristics of PTC and predicts a poorer prognosis for patients with PTC

5.2.4.2.2. Association of BRAF mutation with recurrence of PTC and loss of radioiodine avidity in
recurrent tumors

Many studies have investigated the predictive value of the BRAF mutation for PTC recurrence
and have shown the association of BRAF mutation in the primary PTC with loss of radioiodine
avidity in the recurrent tumors [79].

5.2.4.2.3. Molecular bases for BRAF mutation-promoted invasiveness and progression of PTC

The oncogenic strength of BRAF mutation and the molecular events coupled to them in the
cell cause genetic instability [80]. BRAF mutation has a close association with aberrant
methylation of several important tumor suppressor genes in PTC including tissue inhibitor of
matrix metalloproteinase-3 (TIMP3), death-associated protein kinase (DAPK), SLC5AS, and
retinoic acid receptor 2 (RAR2) [81] which can further promote invasiveness and progression
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of PTC. Interestingly, a recent study demonstrated overexpression of VEGF in association with
BRAF mutation in PTC [82]. Therefore, adding to the mutation-induced progression and
invasiveness of PTC, the authors also showed that BRAF V600E promoted activation of the
nuclear transcription factor NF kappaB-coupled signaling, which in turn promoted matrigel
invasion of thyroid cancer cells. The efficacy of radioiodine treatment for thyroid cancer
depends on the integrity of the iodide-metabolizing system of the thyroid cell [83]. Interest-
ingly, BRAF mutation was found to be associated with decreased expression of thyroperoxi-
dase (TPO) [84], Na*/I" symporter (NIS) [85], Tg [86], and pendrin [87] in primary or recurrent
PTC tumors. Conditional expression of BRAF V600E in rat thyroid cell lines led to silencing of
all these thyroid-specific iodide metabolizing genes [88]. Methylation was shown to be a
mechanism mediating the silencing of some of these thyroid genes.

5.2.4.2.4. Testing of BRAF mutation as new dimension to risk stratification and clinical management
of PTC

BRAF mutation may represent a novel and useful prognostic molecular marker for PTC. Like
several conventional clinicopathological factors, particularly extrathyroidal invasion, lymph
node metastasis, and diseases stages Il and IV. BRAF mutation similarly has a high predictive
value for PTC recurrence [85]. This novel prognostic factor may assist in deciding how
aggressive the initial treatment of the patient should be and in deciding how vigilantly and
aggressively patients should be managed after the initial treatment. PTC patients with BRAF
mutation may need to be more closely monitored by a more liberal battery of diagnostic tests,
such as more aggressive use of imaging methods.

5.2.5. P53 inactivation

P53 is known as “policeman of the genome” [89]. Alterations in the P53 tumor suppressor gene
by inactivating point mutations, usually involving exons 5-8, or by deletion result in progres-
sive genome destabilization, additional mutations, and propagation of malignant clones.
Among thyroid tumors, P53 mutations are generally restricted to poorly differentiated thyroid
cancer (PDTC) and ATC. Point mutations of P53 occur in approximately 60% of ATC and in
25% of PDTC [90]. Because of their high incidence in undifferentiated thyroid cancer, the
presence of P53 mutations may be predictive of a highly aggressive thyroid cancer.

5.3. DNA mutation panels

Mutations of the RET/RAS/BRAF/MAPK pathway gladiators are responsible for more than 70%
of PTCs and 80% of FTCs, but the sensitivity and specificity of these mutations are too low to
be clinically relevant. But, because almost 70-80% of thyroid cancers should have at least one
of these mutations, a panel of all the mutations may be able to improve the diagnostic accuracy
of thyroid tumor FNA cytology. Signatures from gene expression profiles will eventually be
used to construct new DNA mutation panels for FNA-based diagnosis of thyroid nodules [91].
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5.4. Epigenetic biomarkers

Currently, epigenetic refers to the study of heritable changes in gene expression that occurs
without any alteration in the primary DNA sequence [92]. Epigenetic information that fulfills
the requirement of heritability can be classified into three distinct types: DNA methylation,
histone modifications, and noncoding RNAs. In thyroid cancer, DNA methylation, histone
modifications, and microRNA silencing have all been studied, but there is minimal data on
nucleosome positioning.

Aberrant methylation, or hypermethylation, of tumor suppressor genes has been identified in
many human tumors including thyroid tumors [93]. Hypermethylation of multiple genes has
been identified in association with the PIK3/AKT pathway in FTC and of the MAPK pathway
in PTC. Hypermethylation has also been identified in benign thyroid tumors, though to alesser
extent than in thyroid carcinomas. A close association between BRAF mutation and aberrant
methylation of several tumor-suppressor genes in PTC has been reported [81]. Aberrant
methylation also involves thyroid-specific genes such as the NIS, the promoter of the TSH
receptor, the genes for the putative thyroid follicular cell apical iodide transport (pendrin and
SCL5AS8) [93]. Suppression of these thyroid iodide-metabolizing molecules results in the loss
of cancer cells ability to concentrate iodine, rendering tumors insensitive to radioiodine
therapy.

5.4.1. TSHR function and signaling

TSH is the main regulator of thyroid gland growth and development. Binding of TSH to TSHR
stimulates thyroid epithelial cell proliferation and regulates the expression of differentiation
markers such as Tg, TPO, and the NIS, necessary for the synthesis of thyroid hormones. Two
G protein-dependent pathways are activated by TSHR: (i) Gas-adenylate-cAMP activates
protein kinase A (PKA)—phosphorylates the transcription factor CREB, thereby increasing its
transcriptional activity and (ii) Gag-phospholipase C-releasing inositoltriphosphate (IP3) and
diacylglycerol (DAG)—activates protein kinase C, which promotes proliferation via the RAF/
MEK/ERK pathway. Complex cross-talk occurs between these pathways and other signaling
pathways including the PI3/Akt, PKC/NFkB, and JAK/STAT pathways [94, 95].

5.4.2. TSHR alterations related to thyroid cancer

Excesses or defaults in TSHR activity may play a role in thyroid disease and cancer. Both can
be achieved by a number of mechanisms including mutations in critical domains, improper
epigenetic marking of the gene, or incorrect transcriptional regulation.

5.4.3. Altered levels of TSHR expression

Quantitative analysis of promoter hypermethylation in thyroid cancer has involved RASSF1A,
TSHR, RARB2, DAPK, 5100, p16, CDH1, CALCA, TIMP3, TGF-g, and GSTpi [81]. The TSHR
gene promoter is frequently hypermethylated in thyroid carcinoma, with preferential meth-
ylation in undifferentiated carcinoma. In contrast, TSHR gene promoter is unmethylated in
the normal thyroid and in benign tumors (thyroid adenoma). TSHR stimulates several key
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steps in thyrocyte concentration of iodine, including uptake by NIS and oxidation before
incorporation into Tg by thyroid peroxidase [96]. Promoter hypermethylation resulting in
decreased expression of TSHR and NIS may result in a decreased ability to concentrate iodine,
rendering ablative doses of 1311 ineffective. Promoter hypermethylation of TSHR is reported
in 34-59% of patients with PTC [97]. NIS expression and iodide uptake requires functional
TSHR. Low or absent TSHR expression correlates with worse prognosis in thyroid carcinomas
[98].

5.4.4. BRAF mutational status and silencing of TSHR gene

It is thought that the loss of responsiveness to 1311 is because of the loss of function of iodine-
metabolizing proteins, such as NIS and TSHR. Tumor cells harboring BRAF V600E mutation
have decreased NIS and TSHR gene expression compared with similar cells without the
mutation. Several recent in vitro and in vivo mouse studies have demonstrated that BRAF
inhibition with small-molecule MAPK pathway inhibitors restores the expression of iodine-
metabolizing proteins and increases susceptibility to radioiodine ablation [99]. BRAF muta-
tions are associated with decreased expression of mRNAs for the NIS and the TSH receptors
that are considered markers of thyroid differentiation [100] (Figure 5).

The molecular mechanism involved in this V600E BRAF-induced silencing of thyroid genes is
also unclear. Liu et al. showed the restorability of the expression of several key thyroid iodide-
metabolizing genes by suppressing BRAF/MEK/MAP kinase pathway in thyroid cells ex-
pressing the V600E BRAF mutant. Using TSHR gene as a model, they showed that the effect
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Figure 5. Classical TSHR signaling pathway and the framing network in thyrocyte proliferation. The bold arrows rep-
resent the classical TSHR signaling pathway towards proliferation. Normal arrows integrate cross talking molecules
from other signaling pathways. Dashed lines represent other targets that may or may not be related to this pathway.
Commonly altered molecules in thyroid cancer that may alter the integrity of the signaling network are enclosed in a
square. Examples of integration between the classical TSHR/PKA and the MAPK/ERK, PI3K/Akt and Wnt/f-catenin
pathways are provided.
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of the BRAF/MEK/MAP kinase pathway on thyroid gene expression occurred through
alteration of gene promoter activity, which may involve methylation [101].

5.5. Genomics

It includes the mapping and sequencing of the genome, as well as the analysis of the infor-
mation gained from mapping and sequencing in the context of their biological significance and
biomedical application. cDNA microarrays, oligonucleotide arrays, and serial analysis of gene
expression (SAGE) are the various gene expression profiling technologies currently in use
[102] which allow the study and comparison of the expression of thousands of genes simul-
taneously in varying conditions and will someday lead to the development of DNA signatures
unique to each patient leading to patient specific treatment. In 2001, the first gene expression
profile in thyroid cancer was done [103].

5.6. Proteomics

Proteomics is defined as the study of protein structure and function. The term was first
introduced as an analogy to “genomics”, but in this case referring to the entire protein spectrum
[104]. Several immunohistochemical markers representing different components of the cell,
such as the membrane, the cytoplasm, or the nucleus, have been studied in thyroid neoplasms
[105]. The proteomic information also takes into account post-translational changes that are
not detected at the mRNA level, as well as protein expression. The advantage of proteomics
is the ability to detect biomarkers leaked into circulation from the patient’s serum or plasma.
Proteomics combines multidimensional separation systems based on mass spectrometry
analysis and protein chip technology to detect complex mixture of proteins and peptides from
either tissue or serum with high sensitivity and specificity [106]. The first study that established
a proteomic profile of benign and malignant human thyroid tissue was reported in 2002 [107].

5.6.1. BRAF protein overexpression in thyroid cancer

The BRAF copy number gain, which results from either numerical changes of chromosome 7
or gene amplification, occurs in a significant portion of benign and malignant follicular thyroid
tumors, including those of conventional and oncocytic types. This abnormality is associated
with overexpression of BRAF protein and did not coincide with the presence of other mutations
leading to activation of the MAPK pathway, suggesting that BRAF copy number gain may
represent another mechanism of BRAF activation in thyroid tumors. It has been known for a
long time that clonal numerical changes of chromosome 7 are common in benign and malig-
nant thyroid tumors, and most of them are chromosome gains, particularly trisomy 7 [108].
Although gains of chromosome 7 lead to the increase in copy number of many genes located
on this chromosome, data suggest that BRAF may represent an important target for the
selection and clonal progression. The numerical changes of BRAF include gains of one to three
extra copies of the gene and result in the modest overexpression (near to double) of the protein.
This increased protein expression leads to additional stimulation of the MAPK pathway,
although significantly lower as compared to more than 400-fold increase of BRAF kinase
activity imposed by V600E point mutation [109]. A study by Kondo et al. revealed focal
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expression of wild-type BRAF in nonneoplastic thyroids and diffuse expression in benign
adenomas and well-differentiated carcinomas regardless of their BRAF gene mutational status.
Increased expression of wild-type BRAF may play important roles in the proliferation of
transformed follicular cells [1].

6. Molecular analysis of BRAF and RAS genes

The study was aimed and designed to analyze the mutations, if any, in the coding exons (1
and 2) of RAS gene family (NRAS, HRAS and KRAS) and exon 15 of BRAF gene along with the
analysis of BRAF protein expression and to establish the correlation of RAS and BRAF gene
mutation and BRAF expression with clinicopathological variables of thyroid cancer patients.
A total of 60 consecutive thyroid tumors and their adjacent normal tissues surgically resected
either by total thyroidectomy/hemi-thyroidectomy or lobectomy over a period of 3 years were
included in the study for sequence analysis of RAS gene family (HRAS, NRAS, and KRAS) and
BRAF gene. By histopathological conformation, all the resected samples were established as
thyroid cancer. Majority of the patients had attended the hospital with a clinical presentation
of alump or nodule. In this study, 80% (48 of 60) of cases were females and 20% (12 of 60) were
males with a male: female ratio of 1:4. The cases in the age group of <45 were 60% (36 of 60)
and exceeded than >45 years which were 40% (24 of 60). Only 10% (6 of 60) of patients were
smokers who were all males and 90% (46 of 60) were nonsmokers. Benign thyroid diseases
were found in 80% (48 of 60) patients. Tumor samples were histologically confirmed as
differentiated thyroid carcinomas [PTC—70% (42 of 60) and FTC —13.4% (8 of 60), respectively]
except few cases of MTC—6.6% (04 of 60) and Hiirthle cell cancer—10% (6 of 60). Well-
differentiated cancer grade was present in 95% (57 of 60) thyroid cancer patients. The clini-
coepidemiological and pathological characteristics of these patients are listed in Table 3.

DNA isolated from the samples (tumor tissues and corresponding normal tissues) (Figure 6)
was subjected to PCR to amplify the hot spot coding exon 15 of BRAF gene. Besides these,
six other coding exons of RAS family of genes were amplified (1 and 2 exons of HRAS,
NRAS and KRAS). The representative pictures of each exon of both the genes are given in
Figure 7. After PCR amplification, the PCR products were subjected to DNA sequence anal-
ysis.

To identify the sequence variations, the electrophoregram obtained after sequencing of the
PCR products was compared manually with the reference sequence of the BRAF and RAS
genes deposited in the NCBI gene bank database. In addition, the electrophoregrams of both
the genes were compared with the corresponding reference sequence of BRAF and RAS
gene by aligning in “Cluster X software” to find somatic aberrations like insertions, dele-
tions, or substitutions.
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Variable Parameter Cases (n =60)
n % n
Sex Female 48 80
Male 12 20
Age, years <45 36 60
>45 24 40
Dwelling Rural 51 85
Urban 09 15
Smoking status Nonsmoker 54 90
Smoker 06 10
Benign thyroid disease Yes 48 80
No 12 20
TSH levels Elevated 25 41.6
Normal 35 58.4
Histological types Papillary 42 70
Follicular 08 13.4
Others 10 16.6
Grade Well differentiated 57 95
Poorly differentiated 03 05
Stage, <45 years Stage I 34 56.6
Stage II 02 3.4
Stage, 245 years Stages I and II 15 25
Stage III and above 09 15
Lymph node metastasis Yes 15 25
No 45 75
Vascular/capsular invasion Yes 26 43
No 34 67

TSH = Thyroid-stimulating hormone, n = Number.

Table 3. Clinicoepidemiological and clinicopathological variables of thyroid cancer patients used for mutational

analysis in our center (SKIMS, India).

Figure 6. 1% Agarose gel electrophoresis of DNA isolated from blood, tumor tissue, and adjacent normal tissue of thy-
roid cancer patient. Lane M consists of lambda DNA-EcoRI digest. Lanes 1-3: DNA derived from thyroid tumor tissue.
Lane 4: DNA derived from adjacent normal tissue. Lane 5: DNA derived from blood of thyroid cancer patient.
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Figure 7. PCR amplification of different exons of BRAF and RAS genes. Lane M: molecular size marker 100 bp. Lanes
1-5, 6 and 7: amplified product from DNA of patient samples.
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6.1. Mutational spectrum of BRAF gene

Total mutations of BRAF in this study were found to be 25% (15 of 60). All of them were
transversions (T > A) at nucleotide position 1799 in exon 15. This mutation affects codon 600
of BRAF gene. This V600E mutation was further confirmed by reverse sequence of the same
samples (Figures 8 and 9). The matched constitutional DNA contained the wild-type sequence
in every case, demonstrating the somatic nature of these mutations in thyroid cancer.

CTACAGTGAAATC CTACAGTGAAATC

-l

Figure 8. Partial electropherograms (forward) of the adjacent normal (left) and mutants (right) in exon 15 of the BRAF
gene codon 600 (TGA—CGA).

GATTTCACTG TAG AGATTTCACTGTAGCT

I Mmﬂ

Figure 9. Partial electropherograms (reverse) of the adjacent normal (left) and mutants (right) in exon 15 of the BRAF
gene codon 600 (TGA—CGA).

Among 25% (15/60) mutations of BRAF gene found in this study, 40% (10 of 25) of cases hav-
ing elevated TSH levels were harboring mutation compared to 14.2% (05 of 35) cases having
normal TSH levels and this difference showed a strong statistical significance (P < 0.05) (Ta-
ble 4). Among the various histological types of thyroid cancer, mutations were restricted on-
ly to PTC. So, 35.7% (15 of 42) of PTC patients were having mutation in codon 600 of BRAF
gene compared to follicular and other types of thyroid cancer which did not contain any
mutation and this difference in mutation frequency between different histological types of
tumors was statistically significant (P < 0.05). All the mutations were found in well-differen-
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tiated thyroid carcinomas (26.3% — 15 of 57) when compared to poorly differentiated thyroid
carcinomas (P < 0.05). In thyroid cancer patients having <45 years of age, 23.5% (8 of 34) of
patients with stage I disease had mutation compared to 100% (02 of 02) in stage II patients.
Similarly, thyroid cancer patients having >45 years of age, 33.3% (05 of 15) of patients with
stage I disease have mutation compared to stage II patients who were free from mutation (P
< 0.05). In this study, 34.6% (9 of 26) patients having vascular and capsular invasion were
having mutation compared to only 17.6% (06 of 34) of mutation positive patients free from
invasion (P < 0.05). No significant association of this mutation was found in this report with
any other clinicoepidemiological characteristics of thyroid cancer patients (Table 4) [110].

Characteristics Cases Mutants Wild type P-Value
(n=60) n =15 (25%) n =45 (75%)
n %n n % n n % n
Sex
Female 48 80 12 25 36 75 >0.05
Male 1220 03 25 09 75
Age, years
<45 36 60 10 27.7 26 72.3 >0.05
245 24 40 05 20.8 19 79.2
Dwelling
Rural 51 85 13 25.4 38 74.6 >0.05
Urban 09 15 02 222 07 77.8

Smoking status

Nonsmoker 54 90 13 241 41 75.9 >0.05
Smoker 06 10 02 33.3 04 66.7

Benign thyroid disease

Yes 48 80 13 27.1 35 729 >0.05
No 12 20 02 16.7 10 83.3

TSH levels

Elevated 25 416 10 40 15 60 <0.05
Normal 35 584 05 14.2 30 85.8

Histological types

Papillary 42 70 15 35.7 27 64.3 <0.05
Follicular 08 134 00 00 08 100

Others 10 166 00 00 10 100

Grade

Well differentiated 57 95 15 26.3 42 73.7 <0.05

Poorly differentiated 03 05 00 00 03 100
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Characteristics Cases Mutants Wild type P-Value
(n =60) n =15 (25%) n =45 (75%)
n %n n % n n % n

Stage, <45 years

Stage I 34 566 08 23.5 26 76.5 <0.05
Stage 11 02 34 02 100 00 00

Stage, >45 years

Stages I and II 15 25 05 33.3 10 66.7 <0.05
Stage III and above 09 15 00 00 09 100

Lymph node metastasis

Yes 15 25 07 46.6 08 53.4 <0.05
No 45 75 08 17.7 37 82.3

Vascular/capsular invasion

Yes 26 43 09 34.6 17 65.4 >0.05
No 34 67 06 17.6 28 82.4

TSH = Thyroid-stimulating hormone, n = number.

Table 4. Clinicoepidemiological and clinicopathological variables of thyroid cancer patients versus the mutant
phenotypes of the BRAF gene.

The substitution of the negatively charged glutamic acid for an uncharged valine at position
600 may mimic the normal physiological phosphorylation of T599 and S602 resulting in a
constitutively activated BRAF kinase [71] and stimulating BRAF activity up to 700-fold [111].
Studies along with an updated meta-analysis continue to show a strong relationship of BRAF
mutation with aggressive clinicopathological characteristics of PTC [112, 113]. In conclusion,
our study shows that the BRAF mutations characterize the aggressive pathway of thyroid
tumorigenesis.

6.2. Mutational spectrum of RAS genes

Exons 1 and 2 each of NRAS, HRAS, and KRAS genes were screened for mutations in 60 tissue
samples of thyroid cancer cases. Total six exons of RAS gene family were screened for
mutations especially in codons 12, 13, and 61. No mutations were observed in any of the six
exons studied, particularly in codons 12, 13, and 61 (Figure 10). Studies on a variety of tumors
have demonstrated some “hot spots” in RAS gene family that are susceptible to point muta-
tions. Many studies have detected different types of RAS mutations in human thyroid tumors
[114, 115], but RAS gene family members have not been screened for mutation in the same
sample series in thyroid tumors in Kashmiri patients. Activating RAS mutations have been
reported to occur in ~30% of human cancers [116]. Our study was limited to screening of two
hot spot exons of each RAS family of genes but in contrast to most of the studies showed no
activating mutations in the thyroid tumors [117, 118]. Furthermore, many studies have
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CT GGT GGl GG CTGGACAAGAAGA

NRAS Exon 1 NRAS Exon 2
GCGCCGGCGGTGTG CCGGCOCAGGAGGA

A

oWl

HRAS Exon I HRAS Exon 2
T T GO G A CAGGT CAA GAGGA

KRAS Exon 1 KRAS Exon 2

Figure 10. Partial electropherograms (forward) of exons 1 and 2 of the NRAS, HRAS, and KRAS genes.

reported mutual exclusiveness of BRAF, RAS as well as RET/PTC rearrangements in papillary
thyroid cancers [1, 119]. As PTC is more prevalent in our region BRAF mutations predominate;
hence, RAS mutations were not found in our study due to their mutual exclusiveness. In
conclusion, it is evident from our study that although thyroid cancer is highly prevalent in this
region, the mutational events for RAS genes do not seem to be involved in the thyroid
carcinogenesis.

6.3. Polymorphic study of HRAS T81C SNP

DNA sequencing of HRAS exon 1 showed frequent T to C substitution in codon 27 of exon 1
at cDNA position 81, which is located in a wobble base position (Figure 11). The substitution
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GAACCATTTTGTG GAACCATTTTGTG

Narmal Tumaor

Figure 11. Partial electropherograms (forward) of the adjacent normal (left) and mutants (right) in exon 1 of the HRAS
gene codon 27 (CAT—CAC).

(T81C) in codon 27 was found in 16 of 60 (26.6%) tumor tissue samples. HRAS 81 T > C
substitution was found in 12 of 42 (28.5%) PTC tissues and 04 of 08 (50%) FTC tissues. HRAS
T81C was frequently observed and was considered to be an informative SNP. Since this
polymorphism has been reported only once in thyroid cancer; further, evaluation was
imperative, to elucidate the conformity of the results in the backdrop of different ethnic
backgrounds; thus, we conducted a case-control polymorphic study of HRAS T81C to assess
the role of this SNP in thyroid cancer in Kashmiri population (North India). A total of 140
peripheral blood samples from confirmed thyroid cancer patients were collected from the
department of Nuclear Medicine, SKIMS over a period of two years. Also 170 blood samples
were collected from control subjects who were not having any sort of malignancy from the
same hospital and belonging to the same geographical area, ethnic background for polymor-
phic analysis of HRAS T81C SNP. The cases included 19% (26 of 140) males and 81% (114 of
140) female patients (1:4.4), and the controls consisted of 82.4% (140 of 170) males and 17.6%
(30 of 170) females. Of the total number of cases, 89% (124 of 140) were nonsmokers and 11%
(16 of 140) were smokers. The subjects were considered nonsmokers only if until the day of
sample collection they had not consumed tobacco and subjects were considered smokers if
they are smoking presently or had quit smoking since last 6 months or less before sample
collection. Only 29% (40 of 140) patients were above 45 years of age, and 71% (100 of 140)
patients were below 45 years of age. Table 5 shows demographic information and other
parameter of cases and controls. The representative pictures of the amplicons and the RFLP
are shown in Figure 12. The distribution of HRAS T81C allele frequency, its genotypes in cases
and controls are shown in Tables 6 and 7. Due to the very low frequency of the ‘CC’ genotype
and an increased risk associated with TC and CC genotypes, TC + CC was compared against
TT. Frequencies of TT, TC, and CC genotypes among cases were 41.4%, 38.6%, and 20%, while
in controls 84.1%, 11.7%, and 4.2%, respectively, with odds ratio (OR) of 7.4; 95% confidence
interval (CI) = 4.3-12.7. The cases had a higher frequency of the rare allele (TC + CC) (58.6%)
than the controls (15.9%), and this pattern of distribution of rare alleles among two groups
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showed statistical significance (P < 0.05). This finding shows an increased risk with TC + CC
combination of genotypes against TT genotype. The frequency of mutant C allele was 39.3%
in cases and 10% in controls. This observation showed a highly statistical significance of rare
allele (C) between cases and controls (P < 0.05) with an O.R (95% C.I) of 5.8 (3.7-8.7). When
classified further into groups, our study interestingly found higher percentage of rare allele
(TC + CC) in FTC (82%, 18 of 22) compared to PTC (54%, 64 of 118) (P < 0.05). Association of
variant allele with other clinicopathological characteristics is given in Table 7. While age,
dwelling, gender, smoking status, and genotype (TC + CC) were associated with thyroid cancer
in odds adjusted univariate analysis, the same parameters were associated with this disease

in multivariate logistic regression analysis [120].

Characteristics Cases Controls x>-Value P-Value
n =140 (%) n =170 (%)

Age group

<45 100 (71) 60 (35) 40.14 <0.05

245 40 (29) 110 (65)

Sex

Female 114 (81) 30 (17.6) 125.56 <0.05

Male 26 (19) 140 (82.4)

Dwelling

Rural 112 (80) 50 (29.4) 78.75 <0.05

Urban 28 (20) 120 (70.6)

Smoking

Never 124 (89) 50(29.4) 109.12 <0.05

Ever 16 (11) 120 (70.6)

Benign thyroid disease

Yes 84 (60)
No 56 (40)
TSH levels

Elevated 100 (71)
Normal 40 (29)
Histological types

Papillary 118 (84)
Follicular 22 (16)

Tumor grade

WD 134 (96)
PD 06 (04)
Stage, <45 years

Stage I 94 (67)

Stage II 06 (4.3)
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Characteristics Cases Controls x>-Value P-Value
n =140 (%) n =170 (%)

Stage, 245 years

Stages I and II 36 (25.7)

Stage III and above 04 (03)

Vascular/capsular invasion

Yes 68 (48.5)

No 72 (51.5)

Lymph node metastasis

Yes 52 (37)

No 88 (63)

TSH = thyroid-stimulating hormone, WD = well-differentiated thyroid cancer, PD = poorly differentiated thyroid cancer.

Table 5. Frequency distribution analysis of selected demographic and risk factors in thyroid cancer cases and controls

taken for HRAS T81C polymorphic study.

fA)

4—186bp

4—11E bp
+—58bp

4— 185 bp

(B

Figure 12. (A) PCR-amplified product of HRAS exon 1 (186 bp). (B): fragment digestion of PCR product by Dralll. TT
allele (186 bp) shown in lanes 1 and 6; the TC heterozygous (186 bp, 128 bp and 58 bp) in lane 4; and homozygous CC
variant (128 bp and 58 bp) in well 2, 3, 5, 7-9; M = 100 bp ladder.

Cases Controls OR (95% CI) P-Value
n =140 (%) n =170 (%)
Genotype
TT 58 (41.4) 143 (84.1) 6.6 (3.6-12.0) <0.05
TC 54 (38.6) 20 (11.7) 9.8 (4.0-23.6) <0.05
CC 28 (20) 07 (4.2)
Allele type
T 170 (60.7) 306 (90) 5.8 (3.7-8.7) <0.05
C 110 (39.3) 34 (10)

Table 6. Distribution of HRAS T81C genotypes and its allele frequency in cases and controls.
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Cases TT TC+CC Controls TT TC+CC OR(95%CI) Adjusted OR P-

n (%) n (%) (95% CI) value
Overall genotype n=140 58 82 n=170 143 27 74 (4.3-12.7) 7.4 (4.3-12.7) <0.05
Age group
<45 100 (71) 40 60 6035 49 11 6.7 (3-14.4) 3.9(1.7-9.2)  <0.05
245 40(29) 18 22 110 (65) 94 16 7.1(3.1-15.6) 6.9(2.6-17.7) <0.05
Sex
Female 114 (81) 50 64 30(17.6) 26 04 8.3 (2.6-25.3) 7.6(2.0-28.8) <0.05
Male 26(19) 08 18 140 (82.4) 117 23 11.4(43-29.2) 11.5(3.6-36.9) <0.05
Dwelling
Rural 112 (80) 40 72 50(29.4) 34 16 3.8 (1.8-7.7) 3.7(1.5-9.1) <0.05
Urban 28(20) 18 10 120 (70.6) 109 11 55(2.0-148) 52(14-9.1) <0.05
Smoking
Never 124 (89) 48 76 5029.4) 33 17 03(15-59)  3.1(1.3-74) <0.05
Ever 16 (11) 10 06 120 (70.6) 110 10 6.6 (1.98-21.7) 7.2(1.2-42.0) <0.05
Benign thyroid disease
Yes 84(60) 34 50 1.1 (0.5-2.42) >0.05
No 56 (40) 24 32
TSH levels
Elevated 100 (71) 44 56 0.7 (0.3-1.6) >0.05
Normal 40(29) 14 26
Histological types
Papillary 118 (84) 54 64 0.26 (0.06-1.0) <0.05
Follicular 22 (16) 04 18
Tumor
Grade 134 (96) 56 78 0.7 (0.05-8.6) >0.05
WD 06(04) 02 04
PD
Stage, < 5 years
Stage I 94 (67) 38 56 0.7 (0.06-8.7) >0.05
Stage II 06(4.3) 02 04
Stage, 245 years
Stages I and II 36 (25.7)16 20 1.25(0.15-9.8) >0.05
Stages III and above 043) 02 02
Vascular/capsular invasion
Yes 68 (48.5)32 36 0.63 (0.32-1.2) >0.05
No 72(51.5)26 46
Lymph node metastasis
Yes 52(37) 22 30 0.9 (0.39-2) >0.05
No 88(63) 36 52

TSH = thyroid-stimulating hormone, WD = well-differentiated thyroid cancer, PD = poorly differentiated thyroid cancer.

Table 7. Association between HRAS T81C phenotypes and clinicopathologic characteristics of thyroid cancer patients.



Molecular Alterations and Expression Dynamics in the Etiopathogenesis of Thyroid Cancer
http://dx.doi.org/10.5772/63740

In thyroid cases, however, we found higher frequency of variant genotypes as compared to
other studies conducted on various cancers [121]. Our study revealed a sevenfold increased
risk of thyroid cancer in carriers of the variant genotype (TC + CC) in cases. Therefore, our
report reveals a significant risk for thyroid cancer, both either when stratified with C allele or
in combination of the variant genotypes TC + CC compared with the TT genotype. Consistent
with the tissue specificity hypothesis and various studies that had confirmed that the HRAS
gene plays a more important role in bladder cancer acquired amino acid mutations in the
hotspot codons 12, 13, and 61, which prolong the GTP-bound activated state of the HRAS
product [122]. This polymorphism does not lead to the alteration of RAS protein structure, and
it affects the cancer susceptibility possibly through linkage disequilibrium with other potential
functional variants of HRAS. One of the linkage candidates is a region of variable tandem
repeats about 1 kb downstream exon 4, with a possible transcriptional enhancer activity [123].
Another associated polymorphic site is hexanucleotide repeat located about 80 bp upstream
of the 5"-end of exon 1 [124]. Yet another report has shown that HRAS T81C might be serving
as a marker of other polymorphisms in intron D2 of HRAS that would act as regulators of IDX
inclusion [125]. In conclusion, HRAS T81C SNP has been found to moderately increase thyroid
cancer risk with variant alleles implicated more in follicular thyroid tumors.

6.4. Analysis of protein expression of BRAF

In this part of study, a total of 60 previously analyzed TC and their adjacent normal tissues
were further analyzed for BRAF protein expression. Table 3 depicts the clinicopathological
characteristics of the studied subjects. Figure 13 shows the representative picture of the
extracted proteins run on SDS PAGE. Out of 60 cases of thyroid cancer, 90% (54 of 60) showed
overexpression of BRAF protein (Figure 14) and the rest 10% (6 of 60) of the cases showed
normal protein (BRAF) expression. Overexpression of BRAF protein in males was observed to
be 84% (10 of 12) and in females as 91.6% (44 of 48). Among nonsmokers 96.3% (52 of 54) showed
overexpression compared to smokers who showed only 33.4% (2 of 6) overexpression in BRAF
protein and the difference is statistically significant (P > 0.05). BRAF protein overexpression
was found to be in 97.7% (41 of 42) of PTC, 75% (6 of 8) of FTC, and 70% (07 of 10) of medullary/

11 2 IS 15 I 6 LY 1B

Figure 13. Representative gel picture of 10% SDS-PAGE. In each case 24 pl sample (20ul of the crude protein extract + 4
ul sample buffer) from tumor tissue and adjacent normal was loaded.
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Figure 14. Western blot analysis of BRAF protein in thyroid tumor and adjacent normal tissues. Representative immu-
noblot showing the expression of BRAF protein in thyroid tumor tissue as compared to their adjacent normals. Extracts
from samples were separately run for B-actin protein expression as loading control. Lanes T: protein extracted from
tumor tissue. Lanes N: protein extracted from normal tissues. Membrane was probed with a polyclonal antibody spe-

cific for BRAF protein.

Hiirthle cell carcinomas with a statistically significant association (P > 0.05). When we com-
pared BRAF gene mutational status with BRAF protein expression, 86.7% (13 of 15) of BRAF
mutation positive patients were having overexpression of BRAF protein, whereas 91.2% (41
of 45) of patients having wild-type BRAF status were having overexpressed BRAF protein (P
>0.05). No significant association of BRAF overexpression with any other clinicopathological
characteristics was found (Table 8) [110].

Normal expression Over OR (95% CI) P-Value
n (%) expression
n (%)
Clinico Overall cases 06 (10%) 54 (90%) - -
pathological n =60 (%)
variables
Sex
Female 48 (80%) 04 (8.4%) 44 (91.6%) Reference >0.05
Male 12 (20%) 02 (16%) 10 (84%) 2.2 (0.35-13.6)
Age, years
<45 36 (60%) 02 (5.5%) 34 (94.5%) Reference >0.05
245 24 (40%) 04 (16%) 20 (84%) 3.4 (0.54-20)
Dwelling
Rural 51 (85%) 04 (7.8%) 47 (92.2%) Reference >0.05
Urban 09 (15%) 02 (22.2%) 07 (77.8%) 3.3(0.5-21.4)
Smoking status
Nonsmoker 54 (90%) 02 (3.7%) 52 (96.3%) Reference <0.05
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Normal expression Over OR (95% CI) P-Value
n (%) expression
n (%)

Smoker 06 (10%) 04 (66.6%) 02 (33.4%) 52 (5.2-468)
Benign thyroid disease
Yes 48 (80%) 04 (8.3%) 44 (91.7%) Reference >0.05
No 12 (20%) 02 (16.6%) 10 (83.4%) 2.2 (0.35-13.7)
TSH levels
Elevated 25 (41.6%) 02 (8%) 23 (92%) Reference >0.05
Normal 35 (58.4%) 04 (11.5%) 31 (88.5%) 1.5 (0.24-8.9)
Histological types
Papillary 42 (70%) 01 (2.3%) 41 (97.7%) Reference <0.05
Follicular 08 (13.4%) 02 (25%) 06 (75%) 13.6 (1-174)
Others 10 (16.6%) 03 (30%) 07 (70%) 17.5 (1.6-192)
Tumor grade
WD 57 (95%) 05 (8.7%) 52 (91.3%) Reference >0.05
PD 03 (05%) 01 (33.3%) 02 (66.7%) 5.2 (0.36-67.6)
Stage, <45 years
Stage I 34 (56.6%) 03 (8.8%) 31 (91.2%) Reference >0.05
Stage 11 02 (3.4%) 01 (50%) 01 (50%) 10.3 (0.4-208)
Stage, >45 years
Stages I and II 15 (21.6%) 01 (6.6%) 14 (93.4%) Reference >0.05
Stages IIl and above 09 (15%) 01 (11.1%) 08 (88.9%) 1.75 (0.08-31.8)
Lymph node metastasis
Yes 15 (25%) 02 (13.3%) 13 (86.7%) Reference >0.05
No 45 (75%) 04 (8.8%) 41 (91.2%) 0.63 (0.10-3.8)
Vascular/capsular
invasion
Yes 26 (43%) 03 (11.5%) 23 (88.5%) Reference >0.05
No 34 (67%) 03 (8.8%) 31 (91.2%) 0.75(0.13-4.1)
BRAF V600E Mutation
Positive 15 (25%) 02 (13.3%) 13 (86.7%) Reference >0.05
Negative 45 (75%) 04 (8.8%) 41 (91.2%) 0.63 (0.4- 1.0)

TSH = Thyroid-stimulating hormone, WD = well-differentiated thyroid cancer, PD = poorly differentiated thyroid cancer.

Table 8. Association of clinicopathological and clinicoepidemiological characteristic with BRAF protein

overexpression.
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As an important positive regulator of the MAP kinase signaling pathway, BRAF protein forms
a multiprotein complex with MEK (downstream regulatory molecule), hence keeping MAP
kinase pathways always on. Therefore, by positive regulation of the MAP kinase signaling
pathway, BRAF can accelerate the proliferation of tumor cells. As we could not identify a
distinct association between BRAF expression and BRAF mutation in thyroid tumors in
accordance with other studies, possibly there might be another potential mechanism of BRAF
activation other than mutational events. BRAF copy number gain in thyroid tumors has
recently been studied by fluorescence in situ hybridization (FISH) where trisomy, tetrasomy
for chromosome 7 was the most common alteration in tumors [108]. Although gains of
chromosome 7 lead to the increase in copy number of many genes located on this chromosome,
our data suggest that BRAF gene may represent an important target for the selection and clonal
progression. Furthermore, BRAF copy number is directly proportional to amount of BRAF
protein [1]. Therefore, it is tempting to speculate that weak stimulation of the MAPK pathway
may participate in thyroid carcinogenesis.

7. Analysis of promoter methylation of TSHR gene

This study was aimed and designed to analyze the promoter hypermethylation of TSHR gene
by methylation-specific PCR (MS-PCR) and to correlate it with clinicopathological character-
istics of thyroid cancer patients and BRAF mutation. For this study, sixty (60) thyroid cancer
tissues and their corresponding normal tissues were analyzed. The clinicopathological
characteristics of the studied subjects are given in Table 3. In case when promoter region was
highly methylated (both alleles) only the methylated band was detected and when promoter
was partially methylated both methylated and unmethylated bands were detected. The
representative picture of promoter hypermethylation of TSHR gene by methylation-specific
PCR (MSP) is given in Figure 15.

T T T T N P
M U MU MU MUMDU L U M

4 300 bp
4— 150 bp

4200 bp
#—150 bp

91 bp—» 4100 bps

BEbp—*
#—50bp

Figure 15. Representative picture of promoter hypermethylation of TSHR gene by MSP (4% agarose). L: 50 bp DNA
marker. U (91 bp) indicates presence of unmethylated TSHR. M (88 bp) indicates presence of methylated TSHR. P and
N indicate positive and negative controls, respectively. Distilled water was used as negative control in place of DNA.
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Variable Cases TSHR methylation OR (95% CI) P-Value
n=60(%) (n=60)

Positive Negative

n =15 (25%) n =45 (75%)
Gender
Female 48 (80) 12 (25) 36 (75) Reference >0.05
Male 12 (20) 03 (25) 09 (75) 1(0.23-4.3)
Age
<45 36 (60) 10 (27.7) 26 (72.3) Reference >0.05
245 24 (40) 05 (20.8) 19 (79.2) 1.5 (0.45-5.1)
Dwelling
Rural 51 (85) 13 (25.5) 38 (74.5) Reference >0.05
Urban 09 (15) 2(22.2) 07 (77.8) 1.2 (0.21-6.5)
Smoking status
Nonsmoker 54 (90) 13 (24) 41 (76) Reference >0.05
Smoker 06 (10) 02 (33.3) 04 (66.7) 0.63 (0.1-3.8)
Benign thyroid disease
Yes 48 (80) 13 (27) 35 (73) Reference >0.05
No 12 (20) 02 (16.6) 09 (83.4) 1.7 (0.32-8.8)
TSH levels
Elevated 25 (41.6) 10 (40) 15(60) Reference <0.05
Normal 35 (58.4) 5(14.2) 30(85.8) 4(1.1-13.8)
Histological types
Papillary 42 (70) 12 (28.5) 30 (71.5) Reference >0.05
Follicular 08 (13.4) 02 (25) 06 (75) 1.2 (0.2-6.8)
Others 10 (16.6) 01 (10) 09 (90) 3.6 (0.4-31.3)
Grade
WD 57 (95) 14 (24.5) 43 (75.5) Reference >0.05
PD 03 (05) 01 (33.3) 02 (66.7) 0.65 (0.05-7.6)
Stage, <45 years
Stage I 34 (56.6) 09 (26.4) 25 (73.6) Reference >0.05
Stage IT 02 (3.4) 01 (50) 01 (50) 0.36 (0.01-6.3)
Stage, > 45 years
Stages I and II 15 (25) 04 (26.6) 11 (734 Reference >0.05
Stages III and above 09 (15) 01 (11.1) 08 (88.9 2.9 (0.26-31)
Lymph node metastasis
Yes 15 (25) 06 (40) 09 (60) Reference >0.05
No 45 (75) 09 (20) 36 (80) 2.7 (0.75-9.4)
Vascular/capsular invasion
Yes 26 (43) 06 (23) 20 (77) Reference >0.05
No 34 (67) 09 (26.4) 25 (73.6) 0.83 (0.25-2.6)

TSH = thyroid-stimulating hormone, WD, PD = well and poorly differentiated thyroid cancer.

Table 9. Association of TSHR promoter methylation with different variables of thyroid cancer patients.
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The promoter region of TSHR gene was found to be methylated in 25% (15 of 60) of the thyroid
cancer patients studied. The promoter methylation was found to be 27.7% (10 of 36) in patients
<45 years of age compared to 20.8% (5 of 24) in patients >45 years of age. When methylation
was compared with smoking status of patients, 33.3% (2 of 6) of smokers had methylated
promoter region than 24% (13 of 54) of nonsmokers but the association was statistically
insignificant (P >0.05). When patients were grouped according to histological types, 28.5% (12
of 42) of PTC patients and 25% (2 of 8) of FTC patients had methylated promoter region, also
10% (01 of 10) of patients having other types of thyroid cancers were having methylation in
promoter region (P > 0.05). Patients having elevated TSH levels showed strong association
with methylation (OR = 4.0, P = 0.02) than patients having normal TSH levels. Association of
TSHR promoter methylation with other clinicopathological characteristics is given in Table
9 [126].

TSHR stimulates thyroid epithelial cell proliferation and several key steps in thyrocyte
concentration of iodine, including uptake by NIS and oxidation before incorporation into Tg
by thyroid peroxidase. Excesses or defaults in TSHR activity may play a role in thyroid disease
and cancer. Aberrant methylation of the TSHR gene leads to loss of TSHR gene expression [96].
Promoter hypermethylation resulting in decreased expression of TSHR and NIS may result in
a decreased ability to concentrate iodine, rendering ablative doses of 1311 ineffective [97]. To
summarize, our results showed a higher frequency of TSHR gene methylation in thyroid
tumors and demonstrated it as a molecular pathway underlying the silencing of this gene.
Moreover, the ability to achieve restoration of gene expression by nonnucleoside
demethylating agents (such as procainamide) and nucleoside-analogue demethylating agents
(such as azacitidine and decitabine) [96] suggests that DNA demethylating agents could be
used to improve the efficiency of TSH promoted radioiodine therapy in epithelial thyroid
cancers, particularly in those that have lost the response to TSH manipulation.

7.1. Association of TSHR promoter methylation with BRAF mutation spectrum

Now that we found BRAF and TSHR gene hypermethylation are highly implicated in thyroid
tumors, we explored their association in the same group of patients. For this part of study, 60
thyroid cancer tissues and their corresponding normal tissues were analyzed. These were the
same patients, wherein mutational analysis of BRAF gene and hyper methylation of TSHR was
carried out. Here, we compared the BRAF mutations with TSHR promoter methylation. Out
of 60 patients, TSHR methylation was found in 25% (15 of 60) patients and BRAF was found
in 25% (15 of 60) patients. Out of 15 patients wherein mutations of BRAF gene were found,
TSHR promoter was methylated in 73.3% (11 of 15) patients (Table 10). The presence of
methylation in TSHR gene was found to be significantly associated with the BRAF mutation
positive status (P < 0.05). Similarly, out of 45 patients, wherein mutations of BRAF gene were
absent, TSHR promoter was methylated in only 8.8% (4 of 45) patients and rest of 91.2% (41 of
45) patients showed absence of TSHR promoter methylation (Table 10). Among the thyroid
cancer patients studied, TSHR promoter methylation was significantly greater in patients with
BRAF mutated (73.3%) than those with wild-type BRAF (8.8%) [126].



Molecular Alterations and Expression Dynamics in the Etiopathogenesis of Thyroid Cancer
http://dx.doi.org/10.5772/63740

BRAF mutation No. of cases TSHR methylation P-Value
(n = 60) (n = 60)
Positive Negative
n=15 n=45
(25%) (75%)
Present 15 11(73.3%) 04(26.7%) 0.005
Absent 45 04(8.8%) 41(91.2%)

Table 10. Association of BRAF mutation with TSHR promoter methylation.

Several recent in vitro and in vivo mouse studies have demonstrated that BRAF inhibition with
small-molecule MAPK pathway inhibitors restores the expression of iodine-metabolizing
proteins and increases susceptibility to radioactive iodine (RAI) [99, 127]. Our finding is an
addition to the link of promoter methylation of TSHR gene with V600E BRAF and also
represents an interesting further step from previous studies showing promoter methylation
as a mechanism in silencing of this gene in thyroid cancer [96]. Our results also conclude that
TSHR methylation is significantly associated with BRAF mutation spectrum. These diagnostic
and therapeutic implications of TSHR gene methylation and its link with BRAF mutation in
thyroid tumor clearly deserve further clinical investigation in other ethnic populations as well
as our population of Kashmir and because of very few studies done, our results need to be
further verified in larger cohort of patients to confirm the link between BRAF mutations and
TSHR promoter methylation.

8. Conclusion

In conclusion, thyroid tumors represent an appropriate model for the study of epithelial
neoplastic transformation. Thyroid cancers accumulate a number of alterations at the genomic
level, and it has been proposed that genomic instability has a crucial role in the progression of
thyroid neoplasms. Recent advances have improved our understanding of its pathogenesis;
these include the identification of genetic alterations in RET, RAS, and BRAF that activate a
common effector pathway involving the MAP kinase signaling cascade. Several thyroid-
specific protein molecules play a key role in iodide-metabolizing process, including thyroid-
stimulating hormone receptor (TSHR), sodium iodide symporter (NIS), Tg, TPO, and the
thyroid gene transcription factors TTF-1 and Pax-8. Loss of expression of the genes for these
molecules is common in aggressive thyroid cancer and is a sufficient cause for the loss of
radioiodine avidity and failure of radioiodine therapy in this cancer.

Although TC is one of the least deadly forms of cancer, research in the field has remained on
the cutting edge of science and technology, but better diagnostic tests and predictors of tumor
aggressiveness are necessary. Nowadays, novel treatments are being designed based on our
enhanced understanding of this disease process. The use of sophisticated genetic tools is
generating a wealth of information for the better management of patients with TC.
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Our study shows that the BRAF mutations as well its protein overexpression characterize the
aggressive pathway of thyroid tumorigenesis. The high implication of this gene can thus be
exploited for diagnosis and follow-up of thyroid cancer patients. On the other hand, RAS genes
do not seem to be involved in the thyroid carcinogenesis in our series of patients with thyroid
tumors with an exception of a germ line alteration in HRAS T81C SNP that moderately increase
thyroid cancer risk. Moreover, the ability to achieve restoration of gene expression of thyroid
iodide metabolizing genes by demethylating agents (such as azacitidine and decitabine)
suggests that DNA demethylating agents could be used to improve the efficiency of radioio-
dine therapy in epithelial thyroid cancers. We found higher frequency of TSHR gene methyl-
ation in thyroid tumors, an event underlying the silencing of this gene supporting the above
hypothesis about the role of TSHR hypermethylation in aggressive thyroid tumors. BRAF
mutation is associated with silencing of various thyroid iodide-metabolizing genes including
TSHR and loss of radioiodine avidity, and this is supported by our results that conclude with
TSHR methylation being significantly associated with BRAF mutation spectrum. These
diagnostic and therapeutic implications of TSHR gene methylation and its link with BRAF
mutation in thyroid tumor clearly deserve further clinical investigation in other ethnic

populations as well as our population of Kashmir.

Because of very few studies done on thyroid cancer from this region and relatively lesser
sample size of our study the results need to be further verified in larger cohort of patients to
confirm the link between various molecular assaults and thyroid carcinogenesis.
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Abstract

The Bethesda System for Reporting Thyroid Cytology (TBSRTC) has proven to be an
effective and robust thyroid fine needle aspiration (FNA) classification scheme to guide
the clinical treatment of patients with thyroid nodules. However, a tendency of
increasing diagnosis of atypia of undetermined significance/follicular lesion of
undetermined significance (AUS/FLUS) is observed. This is commensurate with the
incorporation of new molecular tests for classifying indeterminate thyroid nodules.
Moreover, a sizable portion of AUS/FLUS is correlated with follicular variant papil-
lary carcinoma (FVPTC). A suggestion of reclassifying noninvasive FVPTC (NI-
FVPTC) or noninvasive follicular thyroid neoplasm with papillary-like nuclear features
(NIFTP) as a neoplasm rather than a carcinoma would significantly change the risk of
malignancy in AUS/FLUS category. We review the diagnostic criterion and subclassi-
fying suggestions of AUS/FLUS, features indicating follicular variant neoplasm in AUS/
FLUS category, and commercially available molecular tests for AUS/FLUS subgroup-
ing. We propose a multidisciplinary approach to AUS/FLUS follow-up.

Keywords: atypia of undetermined significance/follicular lesion of undetermined sig-
nificance (AUS/FLUS), diagnosis, risk of malignancy, follow-up

1. Introduction

Fine needle aspiration (FNA) is continuously and widely considered to be the most accurate
method for the evaluation of a thyroid nodule [1, 2]. To address a significant variability in the
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reporting of cytological findings in thyroid FNA samples, a consensus recommendation
known as the Bethesda System for Reporting Thyroid Cytology (TBSRTC) was provided in
2007. It includes six diagnostic categories, which are associated with varying risks of malig-
nancy: I = nondiagnostic (ND), II = benign, III = atypia/follicular lesion of undetermined
significance (AUS/FLUS), 1V = follicular neoplasm/suspicious for a follicular neoplasm (FN/
SEN), V = suspicious for malignancy, and VI = malignant [3]. This reporting system is
compatible with that recommended by the British Thyroid Association [4] (Table 1). The
BSRTC has proven to be an effective and robust thyroid FNA classification scheme to guide
the clinical treatment of patients with thyroid nodules [5-9]; it is endorsed as a standard
practice in reporting thyroid aspiration cytology by the 2015 American Thyroid Association
(ATA) guidelines [2]. The Bethesda reporting system for thyroid FNA was used in 90% of
practices in a recent survey [10].

Bethesda diagnostic category [3] British Thyroid Association [4] Cancer Management [3]
Risk [3]
I Nondiagnostic or Thyl Nondiagnostic 1-4%  Repeat FNA
unsatisfactory with U/S
I Benign Thy2 Nonneoplastic 1-3% Follow-up clinically
111 Atypia of undetermined Thy3a  Atypical features present ~5-15%" Repeat FNA

significance (AUS) or
follicular lesion of

undermined
significance (FLUS)

v Follicular neoplasm (FN) Thy3f  Follicular neoplasm 20-30%" Lobectomy
or suspicious for a suspected

follicular neoplasm (SFN)

\% Suspicious for Thy4 Suspicious of Malignancy 60-75%" Lobectomy or
malignancy (SM) total thyroidectomy
VI Malignant Thy5 Diagnostic of malignancy 97-99% Total thyroidectomy

* Reclassifying non-invasive follicular variant papillary thyroid carcinoma (NI-FVPTC) as neoplasm, and renaming it
as noninvasive follicular thyroid neoplasm with papillary-like nuclear features (NIFTP) would have most pronounced
effect on the indeterminate categories: a decrease of cancer risk 5.2-17.6% in AUS/FLUS, 8-15.1% in SF/FN and
17.6-41.5% in suspicious for malignancy [22, 23] (see 3.3).

Table 1. Thyroid fine needle aspiration diagnostic category.

However, with implementation of BSRTC there is a tendency of increasing diagnosis of AUS/
FLUS [6-12], and the risk of malignancy (ROM) associated with AUS/FLUS seems to be higher
than estimated before [6-17]. These trends are commensurate with the incorporation of new
molecular tests for classifying indeterminate thyroid nodules [16-20], and increased diagnosis
of follicular variant papillary thyroid carcinoma (FVPTC) by surgical pathology [21]. Of note,
a significant portion of AUS/FLUS has a histologic diagnosis of FVPTC [11, 12, 22]. If non-
invasive FVPTC (NI-FVPTC) is considered as a neoplasm rather than a carcinoma, e.g.
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noninvasive follicular thyroid neoplasm with papillary-like nuclear features (NIFTP) as
recently suggested, the risk of malignancy for AUS/FLUS would further change [16, 22, 23].

Although “indeterminate” thyroid nodules include AUS/FLUS (IlI), FN/SF (IV), and suspi-
cious for malignancy (V) categories, AUS/FLUS remains the most “undetermined” in terms of
management. The recommendations for FN/SF (IV) and suspicious for malignancy (V) are
lobectomy or total thyroidectomy [3] with 61.2 and 86.0% of them potentially referring to
surgery in practice [22], while the suggestion for AUS/FLUS cases is repeated FNA biopsy [3].
The risk of malignancy for AUS/FLUS diagnosed postoperatively ranges from 5 to 48% [24—
27]. The wide range has posed anxiety to patients and difficulty in reaching clinical decision.

Hiirthle cells are oncocytic cells, present in normal thyroid (increase with age), goiter, Hashi-
moto thyroiditis, Graves disease, radiation, chemotherapy, adenoma and carcinoma [29]. A
Hiirthle cell carcinoma is diagnosed if morphologic features indicative of malignancy are
obvious. Otherwise, it is categorized as SN/FSN if the nodule is composed exclusively of
Hiirthle cells. It is downgraded to AUS/FLUS in a background of Hashimoto thyroiditis [3, 28,
29]. Hiirthle cell lesions are considered “non-predictable” or “with higher malignant risk” [30],
despite the fact that the risk of malignancy diagnosed by FNA in Hiirthle cell lesions is similar
to non-Hiirthle cell lesions by other studies [28, 31].

We would discuss the scenarios triggering AUS/FLUS diagnosis, characters helpful for
subclassifying AUS/FLUS, cytological features of FVPTC, and Hiirthle cell lesion. An algo-
rithm with integrated approaches of clinical, radiologic, pathologic, and molecular findings
will be proposed for indeterminate thyroid nodules.

2. AUS/FLUS interpretation

2.1. Diagnosis of exclusion and incorporation of biomarkers

The AUS/FLUS thyroid nodules represent those not clearly benign or malignant [3]. The
cytologic findings are not convincingly benign, yet the degree of cellular or architectural atypia
is not sufficient for an interpretation of SF/FN, suspicious for malignancy, or malignancy [28].
It is a diagnosis of exclusion (Figure 1).

Case 1 (Figure 2): The aspiration of a 2.6 cm x 2.5 cm x 1.7-cm isthmus solid nodule is from a
46-year-old female. The smears are cellular with scant colloid, unlike a benign thyroid nodule.
Nuclear enlargement and overlapping resembling SF/FN are present, but are focal. Rare micro-
follicles are identified in cell-block section. There are no papillary carcinoma features such as
nuclear groove, pseudoinclusion, or papillae. This case was categorized cytologically as AUS
(case courtesy of Dr. Jaklyn McClendon, Anaheim Health Medical Center, CA).

The specimen was forwarded for ThyGenX Thyroid Oncogene Panel and ThyraMIR Thyroid
miRNA Classifier. ThyGenX™ Oncogene Panel detected one NRAS point mutation (Q61R).
The ThyraMIR™ microRNA Classifier was negative. Thyroid nodules with AUS diagnosis and
NRAS mutation are at increased risk for malignancy (42-65% compared to 7-37% in NRAS-
negative AUS, p = 0.038) [32]. However, RAS mutation has limited value-predicting malig-
nancy in the absence of BRAF mutation among thyroid nodules with AUS/FLUS cytology [33];
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Figure 1. AUS/FLUS in the Bethesda Thyroid Diagnostic Category. The cytological interpretation is on the left, the cor-
responding histological diagnosis is on the right. Category I nondiagnostic or unsatisfactory is not illustrated. Catego-
ry Il is a group of benign lesions including nodular goiter with abundant colloid and honeycomb sheets of follicular
cells (ITA), and Hashimoto thyroiditis characterized by follicular cells, Hiirthle cells, lymphocytes and plasmacytes
(IIB). Category IV indicates follicular lesions (SF/FN) featured by increased cellularity and microfollicles. Category V
applies to aspirations with some but not all features of malignancy. Category VI includes lesions meeting diagnostic
criteria of malignancy. AUS/FLUS: Atypia of undetermined significance/follicular lesion of undetermined significance
SF/FN: suspicious for follicular neoplasm/follicular neoplasm.
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RAS mutation has been detected in follicular adenoma (8-48%) and follicular carcinoma (0—
52%) [34]. The probability of malignancy is reduced to 50:50 in combination with the mild
atypia and negative ThyraMIR™ finding in this case.

Figure 2. Atypia of undetermined significance. Focal crowded follicular cell clusters with scant colloid. (Case courtesy
of Dr. Jaklyn McClendon, Anaheim Health Medical Center, CA.)

This case has also brought up a question of how ancillary studies would help subclassify AUS/
FLUS. The various performances in molecular tests could be due to the nature of AUS/FLUS,
which is a group of heterogeneous borderline lesions in transit from hyperplastic or
adenomatoid nodule to adenoma, adenoma with atypia, and carcinoma. There is no single
magic marker for subclassifying AUS/FLUS. Most tests use a panel of markers. New tests are
emerging and extensive validation is required. Therefore, the 2015 American Thyroid
Association (ATA) guidelines recommend ancillary studies but do not specify particular test(s)
for AUS/FLUS follow-up [2].

2.2. Reproducibility of AUS/FLUS

2.2.1. Adequacy check

Recognizing that some of the equivocal FNA cases are the result of inadequate number of cells
or poorly visualized cells, the Bethesda System for Reporting Thyroid Cytopathology
(TBSRTC) has recommended adequacy evaluation with category I being nondiagnostic [3].
Blood diluted and obscured specimen may push the follicular cells into microfollicle-like
structure, making the colloid imperceivable and masking the benign cytological details. A
sparse preparation or interpretation hindered by sampling preparation artifact may not be
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justified for a category of AUS/FLUS [3, 35]. It is important not to place those cases in AUS/
FLUS group for the reasons: although re-biopsy is the same immediate outcome for ND or
AUS/FLUS, the risk of malignancy for two AUS/FLUS diagnoses is higher than that for one
AUS/FLUS diagnosis [10, 36], and most cases with two AUS/FLUS diagnoses will go to surgery
[36].

2.2.2. Correlation with clinical and ultrasound findings

Clinical findings such as spiculated margin, microcalcification, hypoechogenicity of ultraso-
nography, larger size of mass, male gender, and increased thyroid-stimulating hormone (TSH)
level may be associated with increased risk of malignancy in AUS/FLUS diagnosis. On the
other hand, cystic or complex nodules have a lower risk of malignancy [37—42]. Considering
those features, a more definitive diagnosis could be reached [35].

2.2.3. Consensus diagnosis

Expert consultation and group consensus reviews have been reported to minimize the
diagnosis of FLUS [43]. A second opinion has an overall diagnostic resolution rate of 42.5% for
“indeterminate” thyroid nodules and 71.5% reclassification accuracy in AUS/FLUS category
[44].

2.2.4. Quality assessment

The use of the individual diagnostic categories within BSRTC varied up to 12.7-fold. The ratio
of "AUS/FLUS” (A) to "malignant” (M) diagnoses varied at a range of 0.5-4.9 with a median
ratio of 2.0. Based on this, an A:M ratio of 1.0-3.0 is proposed for the proper use of AUS/FLUS
diagnosis. AUS:M ratios of >3.0 are likely because of overdiagnosis of AUS or underdiagnosis
of M. AUS:M ratios of <1.0 are mostly due to low AUS rates, at the likely expense of sensitivity
[45]. Some study supports this quality measure, but disputes exist [46].

3. Cytology hints for subgrouping AUS/FLUS

3.1. Reactive change and benign cellular components mimicking atypia

3.1.1. Reactive atypia

Reactive atypia in thyroid are associated with cystic degeneration, thyroiditis (inflammation),
physical or chemical trauma, radiation, and other nonspecific causes, in a very similar way to
cervical cytology [28, 29]. They present as metaplastic Hiirthle cells, squamous cells, degen-
erative/regenerative follicular cells, or proliferative fibroblasts. Cells can be alarmingly bizarre
with nuclear grooves or nucleoli but never have high N:C ratio, crowded nuclei, papillae, or
microfollicle [47].

Case 2 (Figure 3): The smear is prepared from a 4-cm left-neck complex lesion on a 65-year-
old female. The significant finding is a cluster of hemosiderin-associated cells with large elon-
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gated or polygonal nuclei in contrast to a background of honeycomb-round follicular cells.
Despite the presence of nuclear groove, no intranuclear pseudoinclusion or architectural disor-
der such as crowded nuclei or papillae is identified to further suggest malignancy. Concurrent
Afirma gene expression classifier result is benign, and medullary thyroid cancer classifier is
negative (Veracyte, Inc., San Francisco, CA).

Figure 3. Atypical cells suggestive of benign cystic lining. The cells (upper) are larger compared to the rest of the follic-
ular cells (lower), showing partially streaming appearance, irregular nuclear membrane and nuclear groove, pale chro-
matin, and small nucleoli. No nuclear overlapping or inclusion is present.

Atypical cystic lining cells need to be distinguished from cystic papillary carcinoma, which
constitutes 10% of papillary carcinoma. The former does not have nuclear overlapping and
inclusion [47].

Epithelioid cells in Hashimoto thyroiditis (Figure 4) or reparative fibroblasts can have atypical
features such as large nuclei, taking an appearance of ugly ducklings among benign follicular
cells. The low N:C ratio and non-clumping chromatin distinguish them from malignancy.
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Figure 4. Granulomatous inflammation. (A) Epithelioid cells (left) in contrast to sheets of bland-appearing follicular
cells mixed with several plasmacytes (arrow), Diff Quick stain. (B) Epithelioid cells in spindle-shaped and multi-
nucleated form, Pap stain. (C) Resection shows Hashimoto thyroiditis with diffuse inflammation.

3.1.2. Perifollicular fibrosis

Perifollicular fibrosis refers to basement membrane-like material outlining follicles. Perifollic-
ular fibrosis has been described in sporadic colloid nodule, adenomatoid hyperplasia, and in
pediatric thyroid cancer following the Chernobyl disaster [24, 28, 48-50]. It is associated with
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benign or low-grade thyroid lesions. The incidence of perifollicular fibrosis seems to be higher
in elderly people (>60) than in other age population (5-10 vs 2%) ([51] and unpublished data).
In the elderly, it is often linked to a paucicellular aspiration with fibrosis.

Cases 3 and 4 (Figure 5): Perifollicular fibrosis is illustrated in two cases with Bethesda catego-
ry of atypia and benign, respectively. The first case (A) is a 38-year-old male with a left thyroid
nodule status post chemoradiation for Hodgkin disease. Surgical resection shows an atypical
adenomatoid hyperplasia. The second case (B) is a 61-year-old female with a benign 1.3-cm
complex thyroid nodule.

Figure 5. Perifollicular fibrosis (A) in a cellular specimen with atypical cells. Follicular cells are expelled off a balloon-
like fibrous rind (perifollicular fibrosis, left, Diff Quick stain). The follicular cells are atypical with slightly larger,
crowded nuclei and rare nuclear groove and inclusion (right, Pap stain). (B) In a benign thyroid nodule with sparser
cells. A glassy hyaline rind is partially peeled off a follicle with hemosiderin macrophages (upper, Pap stain) and scat-
tered benign follicular cells (lower, Diff-Quik stain) are seen in the background.
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Perifollicular fibrosis was first described in post-Chernobyl nonneoplastic thyroid tissue [50].
The basement membrane-like structure surrounding follicles may inhibit tumor genesis and
progression, although the mechanism underlying perifollicular fibrosis in radiation exposure
might be different from that in natural aging.

3.1.3. Benign cellular components mimicking AUS/FLUS

Parathyroid gland is occasionally aspirated during thyroid nodule workup. In one molecular
study for indeterminate thyroid nodules, three patients out of 441 who had a diagnosis of AUS/
FLUS were found to have parathyroid rather than thyroidal origin after biochemical study and
surgery [19].

Figure 6. Parathyroid gland mimicking thyroid nodule. (A) An elongated nodule in the left posterior “thyroid” close to
vessels. (B) Aggregates of structureless uniform cells with no colloid. (C) Immunohistochemistry performed on cell
block confirmed parathyroid origin. PTH: parathyroid hormone; TG: thyroglobulin; CD45: white blood cell common
antigen.



Atypia of Undetermined Significance/Follicular Lesion of Undetermined Significance (AUS/FLUS): Interpretationand 73
Algorithm for Follow-Up
http://dx.doi.org/10.5772/64155

Case 5 (Figure 6): A 65-year-old female complained of “a lump in the throat.” Ultrasonography
identified a right isthmus movable 1.9-cm nodule and a left posterior 2-cm nodule. Image and
cytological features of the left posterior nodule are shown in A and B. The monomorphic small
cells are bland appearing with scant cytoplasm and no identifiable colloid. The immunohisto-
chemistry (IHC) confirms parathyroid origin.

If IHC information is not available, this case may be mistaken for FLUS in the absence of colloid
or benign thyroid nodule if colloid from adjacent thyroid is mixed up.

Ultimobranchial body or solid cell nest is a developmental remnant derived from fourth to
fifth pharyngeal pouch, considered as a normal component of thyroid. It is found in about 60%
of serially sectioned thyroid with a male predominance [52-54]. Incidental aspiration of them
may lead to AUS diagnosis [55].

Figure 7. Ultimobranchial body. The aspiration shows cohesive polygonal cells. Histologic section shows a nest com-
posed predominantly of similar polygonal or oval to spindle cells (main cells) mixed with a minor population of small
cells with compact nuclei and clear cytoplasm.
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Case 6 (Figure 7): The illustrated cell cluster is from a thyroid aspiration of a 46-year-old male.
Cytological features distinguishing from malignancy include the absence of hyperchromatic nu-
clei or prominent nucleoli in tightly cohesive squamoid cells. Those cells are positive for Galec-
tin-3, but negative for HMBE-1 [55].

3.2. Cytologic characters suggestive of malignancy

3.2.1. Nuclear atypia

It seems that nuclear atypia (a subgroup of AUS) is more predictive of malignancy than
microfollicle (a subgroup of FLUS) [56]. Nuclear atypia suggestive of papillary carcinoma carry
a higher risk of malignancy than AUS/FLUS interpretations made for other reasons, such as
microfollicles, Hiirthle cells, and suboptimal specimens [57]. This might be due to higher
incidence of papillary carcinoma or follicular variant papillary carcinoma than follicular
carcinoma, and incapability of cytology to distinguish adenoma from follicular carcinoma.

Figure 8. AUS upgraded to papillary carcinoma follicular pattern. (A) A combination of nuclear overlapping, groove,
and pale chromatin indicates AUS, suspicious for malignancy. (B) A follow-up core biopsy confirmed papillary carci-
noma follicular pattern with invasion.

Nuclear pseudoinclusion and papillae are diagnostic of papillary carcinoma. Other nuclear
features such as enlarged nuclei, pale chromatin, nuclear groove, and crowded nuclei are more
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commonly seen in AUS/FLUS category. More prominence of these findings or a great of them
should increase the suspicion of malignancy [57].

Case 7 (Figure 8): This is a case of AUS upgraded to malignancy in a 32-year-old female. The
initial aspiration of a thyroid nodule demonstrates groups of follicular cells with various features
of nuclear atypia including pale chromatin, nuclear groove, and nuclear overlapping. A core-
needle biopsy (CNB) 1 month later confirmed papillary carcinoma of follicular pattern with inva-
sion.

3.3. Follicular variant papillary thyroid carcinoma (FVPTC) and noninvasive follicular
thyroid neoplasm with papillary-like nuclear features (NIFTP)

FVPTC is defined by histology as a tumor with PTC-type nuclei and follicular rather than
papillary pattern (papillary architecture of <1%) [21]. Based on the presence or absence of
invasion of capsule or parenchyma, it is subgrouped as invasive FVPTC (I-FVPTC) and
noninvasive FVPTC. The NI-FVPTC is clinically indolent similar to adenoma [22, 58]. It is
recently renamed as noninvasive follicular thyroid neoplasm with papillary-like nuclear
features to avoid overtreatment [22, 23, 58]. The impact of reclassifying NI-FVPTC on the risk
of malignancy would be most pronounced in the indeterminate categories: a decrease of ROM,
5.2-17.6%, in AUS/FLUS, 8-15.1% in SF/FN, and 17.6-41.5% in suspicious for malignancy [16,
22].

Figure 9. NIFNP/NI-FVPTC. NI-FVPTC characterized by pale nuclei with marginated chromatin (yellow arrow), nu-
clear groove (black arrow), and microfollicle (orange circle) in an encapsulated nodule (left-upper corner) without cap-
sule or parenchyma invasion.

NIFTP or NI-FVPTC has a molecular file of RAS mutation and PAX8/PPARr translocation but
lacking BRAF V600E mutation in keeping with follicular adenoma. I-FVPTC has an opposite

molecular profile closer to classical papillary carcinoma than to follicular adenoma or NIFTP/
NI-FVPTC (BRAFV600E > RAS mutations) [58].
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Most NIFTP or NI-FVPTC are categorized as AUS/FLUS, SF/EN, or suspicious for malignancy
in Bethesda system. The NIFTP/NI-FVPTC in AUS/FLUS category shows atypical PTC-type
nuclear feature and microfollicles (Figure 9). However, I-FVPTC versus NIFTP/NI-FVPTC is
a histologic diagnosis, not a cytology stratification. Whether the degree of nuclear atypia in
FVPTC is predictive of invasion is unclear.

3.4. Hiirthle cell lesion

Hiirthle cell tumor of thyroid is a group of neoplasm with distinct biology, morphology, and
natural history. However, itis not an independent entity in World Health Organization (WHO)
category and therefore has been diagnosed as either benign adenoma, or papillary carcinoma
or follicular carcinoma or poorly differentiated based on cytomorphology, architecture of
papillae, follicle and solid/trabeculae, and evaluation of mitosis and necrosis [59]. Capsule
invasion or vascular invasion is the criterion for malignancy, while pleomorphism by itself is
not a feature of malignancy [28, 59]. Cytomorphological criteria have been shown to be helpful
in distinguishing Hiirthle cell neoplasm from Hiirthle cell metaplasia (in nodular goiter or
Hashimoto thyroiditis), but not Hiirthle cell carcinoma from adenoma [60].

Figure 10. Hiirthle cell lesion. (A) Predominant oncocytic cells on thyroid aspiration (left) and well-circumscribed nod-
ule in the background of lymphocytic thyroiditis (Hashimoto disease) (right). (B) Loosely cohesive eosinophilic cells
with binucleation on thyroid smears (left) and metastatic disease to the lung composed of the same cells (right) (case
courtesy of Dr. Terry Welsh, Anaheim Health Medical Center, CA).

Lymphocytic thyroiditis is diagnosed based on a mixed cell population of lymphocytes,
plasma cells, and follicular cells with Hiirthle cell metaplasia. However, the differentiation of
benign hyperplastic Hiirthle cell nodule (or Hiirthle cell adenoma) from Hiirthle cell carcinoma
can be very difficult based on cytology alone.
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Case 8 (A and B) (Figure 10): A is a 56-year-old female presented with bilateral thyroid nod-
ules. Surgical resection revealed hyperplastic oncocytic nodules in the background of lympho-
cytic thyroiditis. B is an 85-year-old female with one left thyroid nodule. Left lung wedge
resection demonstrates metastatic lesion from thyroid (case courtesy of Dr. Terry Welsh, Ana-
heim Health Medical Center, CA). The smear preparations from A and B show similar oncocytic
cells with the same cytological diagnosis of AUS/FLUS, Hiirthle cell lesion.

After the lung lesion is diagnosed as thyroid metastasis (case B), a retrospective comparison
of these two cytology cases was done. Hiirthle cells in case B seem to be more loosely cohesive
and have more binucleation. These architectural differences and cytological atypia are very
subtle, requiring high grade of alert. Moreover, Hiirthle cell metaplasia shows more pleomor-
phism than Hiirthle cell carcinoma [27].

Retrospectively, the Hiirthle cells in case A is positive for p27, but negative for HBME-1 and
Galectin-3, in support of benign [54]. The triple immunostaining is not available for case B.
The application of p27/HBME-1/Galectin-3 immunostaining in distinguishing benign Hiirthle
cell from Hiirthle cell carcinoma needs to be studied.

A suspicious result from Afirma gene expression classifier does not increase the probability
of malignancy in the Hiirthle cell nodules. Patient should be counseled for the high possibility
of unnecessary surgery based on suspicious interpretation of Afirma test for a Hiirthle cell
nodule [61, 62]. Molecular tests with both high sensitivity and specificity are needed for
Hiirthle cell nodules.

4. Algorithm for AUS/FLUS follow-up

4.1. Repeat FNA

Repeat FNA is the recommendation for AUS/FLUS in TBSRTC [3]. For an initial aspirate
diagnosed as AUS/FLUS, repeat FNA is specifically endorsed by the American Thyroid
Association as a suitable follow-up option, perhaps proving especially useful when limited
cellularity contributes to the initial AUS/FLUS interpretation [2, 63].

For initial AUS/FLUS diagnosis, reclassification rate with repeat FNA is 56 and 69% [11, 64].
Most of the repeat FNA diagnoses are benign (69%, 47/74) [64]. The malignancy rate after
surgery with or without repeat FNA for initial AUS/FLUS is 38.6 versus 15.6% [42, 65]. Repeat
FNA helps the selection of patients with AUS/FLUS to triage to surgery, significantly reducing
unnecessary surgery. Therefore, repeat FNA for nodules with AUS/FLUS on initial FNA is
suggested.

Two consecutive AUS/FLUS diagnoses have higher malignancy risk of at least 31.0% than one
AUS/FLUS diagnosis and a higher proportion of FVPTC [11, 36, 65]. Solid structure, increased
nodular size (>2 cm), and irregular/microlobulated margins are found to be risk factors in two
studies [42, 66] but not in the other [36]. Most cases with repeated AUS/FLUS will require
surgery [11, 36, 42, 65].
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For benign aspirates following initial AUS/FLUS, the malignancy risk is low (2 and 2.8%) so
that clinical follow-up instead of surgical excision or continuous repeat FNA may be enough
[64, 67], although one study has suggested a still higher risk of malignancy with one AUS/
FLUS diagnosis compared to none [11]. The ultrasound features might be insignificant in
predicting malignancy in this scenario [67].

A meta-analysis study has suggested that a core-needle biopsy has a higher conclusive rate
than repeat FNA when the initial FNA produced inconclusive results [68]. This might be due
to reduction in nondiagnostic category. Further prospective studies are necessary before
follow-up CNB can be applied in daily practice.

4.2. Emerging molecular tests

Currently available commercial molecular tests for indeterminate (AUS/FLUS) thyroid
nodules on fine needle aspiration have different strengths (Table 2). The Afirma gene expres-
sion classifier developed by Veracyte, Inc., is a “rule-out malignancy” test for the preoperative
identification of benign thyroid nodules with indeterminate cytology. The Afirma test assesses
gene expression from mRNA isolated from thyroid FNA samples by comparing the mRNA
expression detected in a thyroid FNA against a panel of 167 molecular genes [17]. The other
three later-developed assays test for 17 known thyroid cancer-related mutations and translo-
cations [18], combined with miRNA, mRNA, and DNA mutation [19] or 14 thyroid cancer-
related genes and 42 types of gene fusion related to thyroid cancer [20], aiming to increase
diagnostic yields on positive-predictive value.

Sensitivity Specificity Positive-predictive = Negative-predictive

(%) (%) value (%) value (%)
Afirma gene expression classifier 90 53 377 95
(Veracyte, Inc.) [17]
miRInform™ (Asuragen Inc.) [18] 63 99 94 88
Multi-Gene ThyroSeq 90.9 92.1 76.9 97.2
Next-Generation Sequencing Assay
(ThyroSeq®) [19]
ThyGenX and ThyraMIR™ [20] 94 80 68 97

Table 2. Commercial molecular tests for indeterminate (AUS/FLUS) thyroid nodules on fine needle aspiration.

The test performance may change when applied to individual clinics. One independent study
has reported lower than previously reported negative- and positive-predictive value (75
compared to 95%, and 16 compared to 38%) for cytology diagnosis of AUS/FLUS and SN/FN
combined [62]. One reason might be due to the lower malignancy rate for indeterminate
thyroid nodules in the specialized academic center compared to the validation settings from
Afirma (17 vs 24%). Adjusting the malignancy rate on Bethesda categories Il and IV, another
study from the same institution demonstrated still lower actual performance of Afirma™,
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miRInform™, and ThyroSeq™ v2 tests compared to published sensitivity and specificity [69].
Assessing the institutional performance of each test is necessary along with the prevalence of

malignancy. This has called for attention that customization is needed for the application of
the molecular tests.

4.3. Clinical cytological rescore prior to surgery

Diagnostic excision has been performed for high-risk thyroid nodules, and surgery is an
indication for large goiter with symptoms. The synthesis of cytological interpretation, clinical
factors including age, gender, nodular size, results of molecular testing, ultrasound findings,
personal and family history, and the presence of additional nodules will impact the determi-
nation of the appropriate extent of initial surgical management [2, 42, 63, 70].

Quantitative methods are available to assemble clinical, ultrasonographic, and cytological
findings into a scoring system to evaluate the malignant risk of thyroid nodules, especially in
cases with indeterminate or repeated nondiagnostic FNA [70]. A similar scoring system
integrating molecular test results would be desirable.
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Abstract

Elastography is a new technique for evaluating the stiffness of nodules. It is generally
recognised that malignant thyroid lesions are harder than benign lesions. Different
elastographic techniques are presented, with characteristics, advantages and limita-
tions. Qualitative and semiquantitative methods are described. Comparison of the main
existing techniques, static and dynamic elastographies, is presented in this chapter.
Strain elastography seems to have a better diagnostic quality than shear wave
elastography in the diagnosis of thyroid cancer disease. A positive elastogram,
suggestive for malignancy is more useful in diagnosis than a positive grey-scale
ultrasound evaluation. Elastography increases the specificity of grey scale ultrasound
(US), it should be always integrated with its information and should be considered as
a complement of conventional US.

Keywords: thyroid cancer, elastography, strain, shear wave, cutoff values

1. Introduction

Thyroid nodular disease is one of the most frequent endocrine pathologies in everyday practice.
Epidemiologic studies have shown a prevalence of palpable thyroid nodules of 4-8% in iodine
deficient areas [1], and up to 5% in women and 1% in men living in iodine sufficient areas [2].
The ultrasound (US) studies have revealed a much higher prevalence, up to 68% [3, 4]. The most

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
open science | open minds and reproduction in any medium, provided the original work is properly cited. (e NN



88 Thyroid Cancer - Advances in Diagnosis and Therapy

important challengein thyroid nodular diseaseis the correctidentification of cancer cases, which
occur in 7-15% of all thyroid nodules [5, 6].

The incidence of thyroid nodules has increased due to exposure to medical radiation, iodine
intake, obesity and insulin resistance, genetics and inorganic phosphates [7, 8] with a 300%
increase in the annual thyroid cancer rate [9].

Not only has the incidence of thyroid cancer significantly increased, but also there is an increase
in demand for precise detection techniques, capable of dealing with small, incidentally
discovered nodules: over 39% of all recently diagnosed thyroid cancers were below 1 cm [9].
High-resolution ultrasound evaluation is considered the most sensitive diagnostic modality
for the detection and evaluation of thyroid nodules [10] being the first evaluation that is
recommended in patients with suspect thyroid lesions.

There is a general consensus in all major guidelines [11-14] that fine needle ultrasound guided
aspiration (FNAB) is the diagnostic of choice in order to establish the proper therapeutic
option: refer to surgery or reevaluation. All guidelines recommend FNAB evaluation in cases
of suspicious ultrasound characteristics, but these characteristics are not 100% superimposa-
ble: the American Thyroid Association (ATA) has stated that FNAB is the procedure of choice
for the evaluation of thyroid nodules. FNAB should be performed in the presence of thyroid
nodules >5 mm with suspicious US findings, hypoechoic solid nodules >1 ¢cm, mixed cystic-
solid nodules >1.5-2 cm with suspicious US findings, nodules with microcalcifications or
abnormal cervical lymph nodes. The American Association of Clinical Endocrinology (AACE)
recommends FNAB for hypoechoic solid nodules >1 cm, nodules with malignant US findings,
regardless of size, and in patients with a special malignancy history. The Korean Guideline
recommends FNAB in all suspicious nodules (taller than wide shape, irregular margins,
marked hypoechoic texture, micro and macro-calcifications, speculated margins, extracapsu-
lar invasion) regardless of size and selective biopsy in probably benign nodules larger than 2
cm. The British Guidelines do not make any recommendation but suggest universal FNAB in
cases with U3 (intermediate), U4 (suspicious) and U5 (malignant) nodules on ultrasound. Not
only is it unclear which nodules should be referred to FNAB and which to follow up, but also
there are a lot of data regarding the reluctance of the population to the FNAB procedure per
se. FNAB results are not 100% accurate, with sensitivity and specificity up to 80% in very good
centres [15]. They are considered a prediagnostic method and not a golden standard diagnostic
method [16] due to the sensitivity achieved of 70 [17] to 85% [16] and also an application rate
of 66% [17] use and accuracy of fine-needle aspiration cytology in histologically proven thyroid
carcinoma according to an audit using a national anthology database [Cancer 2000; 90(6): 330
334]. The FNAB findings reported only 47 [17] to 55.3% [18] of proven cancers. The rate of false
negative and false positive results of FNAB remains a challenge for this diagnostic method [16].

Elastography is anew method that evaluates the stiffness of the tissue since all thyroid nodules
that are firm on palpation are suspicious for malignancy, which adds diagnostic value in
respect of malignancy prediction [19, 20]. However, elastography is not widely used in clinical
practice and not included in the major endocrine guidelines, but brings important information
regarding the inelasticity of thyroid nodular lesions [21].
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2. Elastography

Changes in tissue stiffness are present in cancerous disease, fibrotic changes or atherosclerosis.
The vast majority of imaging techniques, such as computer tomography, magnetic resonance
imaging and positron emission tomography, are focused on morphologic or functional
characteristics; elastography assesses the stiffness of the tissue. Elastography is an application
of the ultrasound technique, with specialised software that allows the measurement of
different tissue stiffness [22].

The stiffness of the biological structures, viscous, anisotropic and non-linear is dependent on
the degree of deformation. This deformation is obtained by external pressure, internal
transversal deformation of tissue, induced by focused ultrasound beams called acoustic
radiation force impulse (ARFI) excitation [23] or by inducing short duration focused acoustic
beams, which generate shear waves that propagate transversally in the examined tissue.

These techniques bring qualitative information, imaging in colour maps with colour codes
proportional to the tissue stiffness, or numerical evaluation of the stiffness, and are almost
always a part of the ultrasound evaluation. The final diagnostic decision is a combination of
conventional ultrasound and elastography [24]. There are important differences between
manufactures, machines and techniques, and not all the results are comparable and therefore
cannot be judged as a head-to-head comparison [25].

2.1. Elastography methods - strain elastography

Strain elastography requires an external palpation that induces a deformation of the subjacent
tissue, parallel to the direction of the deformation force or endogenous stress such as vascular
beam movements [26]. Repeated movements are registered. The stiff tissue moves less and
shows lower deformation compared with the elastic tissue. The elastic images are added on
the conventional 2B mode and displayed in a colour map from red (soft tissue) to blue (hard

Figure 1. Hitachi device.Image on the left: strain elastography, red-green-blue colour map convention, soft nodule:
green nodule. Image in the right: grey scale US: solid thyroid nodule, transversal section.
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tissue). This qualitative evaluation is different in different manufacturers: in parallel with 2B
images, superimposed to the grey scale images, at a refresh rate equal to that of grey scale=real-
time elastography (RTE), offered by Hitachi Systems [27] or is displayed as a single image,
representing the mean relative anelasticity strain over a time loop, predefined by the examiner,
in the Toshiba machines.

Figures 1-3 show examples of solid thyroid nodules evaluated by strain elastography with
different devices.

Figure 2. Siemens machine.Image on the left: grey scale US: solid thyroid nodule, longitudinal section. Image on the
right: strain elastography, blue-green-red convention map: hard thyroid nodule: red colour.

Figure 3. Phillips machine. Image in the left: grey scale US: solid thyroid nodule, transversal section. Image on the
right: strain elastography, red — green — blue color map convention, hard nodule: blue nodule.
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Also it allows a semiquantitative measurement, with the comparison of tissue strain in the
Region of interest (ROI), the nodule, compared with healthy surrounding tissue, with auto-
matic computing of the strain ratio (SR). Figures 4 and 5 show the way of computer-assisted
strain ratio evaluation. Internal pulsation of the carotid artery used in thyroid elastography
allows both qualitative images (RTE) and also a semiquantitative evaluation, computing the
strain ratio (SR) and the elasticity contrast index, in Samsung devices [28]. The higher the SR,
the higher the likelihood of malignancy [29].

Figure 4. Hitachi device.Image on the left: strain elastography, soft nodule, low strain ratio: average = 3.57. Image on
the right: grey scale US: solid thyroid nodule, transversal section.

Figure 5. Philips device.Image on the left: grey scale US: solid thyroid nodule, transversal section. Image on the right:
strain elastography, hard nodule: red colour (blue-green-red convention map), increased strain ratio: average = 3.84,
maximum = 5.87.
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The parameters used in strain elastography are strain (colour map), strain ratio geometric
measures and elastography to B-mode size ratio (EI/B) ratio [30].

Strain elastography can be performed also by internal force, using transversal displacement
of the tissue, without any external compression, secondary to the acoustic radiation force
impulse imaging, used by Siemens devices, using the analysis of single images or a predefined
time loop but not a real-time evaluation [27].

The following devices using strain elastography: ElaXto (Esaote), RTE (Hitachi Aloka),
elastography (General Electric, Philips, Toshiba, Ultrasonix), eSieTocuh: (Samsung, Siemens),
respectively, ARFI: VirtualTouch Imaging: (Siemens) are currently present on the commercial
ultrasound machine market [30].

Vs=1.36 mi/s
Depth=1.6 cm

13fps 4cm

Figure 6. ARFI technique in a solid thyroid nodule: grey scale only evaluation, automatic ROI (1 mm), evaluation of
SWE speed (m/s) in the nodule = median value of 10 serial measurements.

It is worth mentioning that the amount of external applied pressure has to be medium and is
quantified for each device: for Hitachi machines, the compression scale is displayed always,
and the pressure should be between 3 and 4 [31, 32]; in Siemens machines, it should be re-
spectively a quality factor about 50 [33] and for Philips devices, it should maintain a steady
pressure level displayed on the screen [34].
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2.2. Elastography methods — shear wave elastography

Shear wave elastography assesses the elasticity of the tissues by evaluating the attenuation of
the shear waves, which are transverse components of particle displacements, and they move
in the tissue, with a speed that is dependent on the stiffness of the tissue [27]. There are two
applicable methods: the supersonic shear wave and the acoustic radiation force impulse (ARFI)
[35].

Focused ultrasound-induced waves are used in thyroid imaging, the supersonic shear waves,
with a measurement of wave velocity (m/s) as the wave attenuates along a perpendicular
direction to the transducer, or measuring directly the elasticity of ROI (kilopascals). The colour
map displays the soft tissues as blue and hard tissues as red [36].

ARFI uses short-duration acoustic pulses that excite the tissue within the ROI and measures
only the speed (m/sec) in these lesions, without any colour-coded images [37]. Figures 6 and
7 represent ARFI evaluation for solid and cystic thyroid lesion.

Depth=1.4 cm

Figure 7. ARFI technique in a solid thyroid nodule: grey scale only evaluation, automatic ROI (1 mm), evaluation of
SWE speed (m/s) in the cystic lesion = median value of 10 serial measurements.

The following devices using shear wave elastography are currently present on the market:
Virtual Touch (Siemens and Philips) and speed imaging (SuperSonic Image) [30]. Supersonic
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devices offer, as in strain elastography, both qualitative images: colour map images related
to strain of the nodules, respectively, qualitative evaluation, with measurement of the elas-
ticity of the lesion. Table 1 summaries the qualitative and quantitative SWE information
(Figure 8).

Colour kPa Type

Dark blue >0-36 Benign

! - >36_72

Green >72-108
Orange >108-144
Red >144-180 Malignant

Table 1. Qualitative (colour map) and quantitative (kPa) results in SWE—SuperSonic Aixplorer Machine.
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Figure 8. SuperSonic machine.Image below: conventional grey scale evaluation, solid thyroid nodule. Image above:
SWE elastography: soft thyroid nodule, 12.2 kPA elasticity = benign lesion. Score 1: even soft elasticity in the whole
nodule; Score 2: elasticity in a large part of the nodule; Score 3: elasticity in the peripheral part of the nodule; Score 4:
no elasticity in the whole nodule; Score 5: no elasticity in the nodule and the area surrounding the nodule.

2.3. Elastography techniques

2.3.1. Strain elastography

The first information regarding elastography in thyroid nodular pathology came from the
Rago group [22] which used the Ueno scale for breast lesions, adapted for thyroid, describing
qualitative strain elastography evaluation: score 1 elasticity in the whole lesion, score 2 mostly
soft, score 3 soft periphery, score 4 entire hard nodule and score 5 an elasticity beyond the 2B
margins of the nodule = infiltration of the surrounding tissue initial described and used by
Hitachi Machines (Figure 9). Other common colour schemes for thyroid RTE is the Asteria’s
4-point scale based on Itoh scale for breast [38]: score 1 = entirely elastic, score 2 = mostly soft
nodule, score 3= mostly hard nodule, score 4= entirely hard nodule initial described and used
by Hitachi Machines (Figure 10). Generally, in RTE elastography, nodules with Rago scores 4
and 5, or Asteria scores 3 or 4 are considered highly suspicious for malignancy [24]. The initial
result of the second evaluation showed a sensitivity of 97% and specificity of 100% for Rago’s
criteria [22], respectively, 94.1 and 81% for Asteria’s criteria. Since these first reports, there has
been much data describing the quality of RTE, with excellent meta-analysis: Moon [39], Sun
[40], Dudea [21] and Wuguo [41] and also suggesting that the elastography evaluation is
always made after the grey scale ultrasound and the observer integrates the 2B ultrasound
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information with the RTE information, for a better diagnostic performance of thyroid cancer
[24].

Figure 9. Rago criteria for qualitative strain elastography images. Score 1: even soft elasticity in the whole nodule;
Score 2: elasticity in a large part of the nodule; Score 3: elasticity in the peripheral part of the nodule; Score 4: no elastic-
ity in whole nodule; Score 5: no elasticity in the nodule and the area surrounding the nodule.

Figure 10. Asteria criteria for qualitative strain elastography images. Score 1: Elasticity in the whole nodule; Score 2:
Elasticity in the large part of the nodule; Score 3: Stiffness in the large part of the nodule; Score 4: Nodule without
elasticity.

When using the ES system, the diagnostic capacity of differentiating malignant lesions was
high, calculated for a group of 4668 patients with 5481 nodules [40] with a pooled sensitivity
of 0.79 (95% CI 0.77-0.81) of colour map elastography, confirmed by other more recent meta-
analysis: sensitivity of 0.787% (95% CI: 0.793-0.861) and specificity of 0.812 (95% CI: 0.736-
0.852) on 10.001 thyroid nodules [41]. The diagnostic results are good also for the ARFI strain
elastography devices [20]

The semiquantitative approach of strain elastography was reported from the beginning of the
use of this type of elastography in thyroid diseases [42]. The technique uses a comparison of
the nodules with the surrounding non-nodular thyroid tissue, similar in depth (difference of
depth less than 1 cm) [32]. The strain ratio evaluation, the semiquantitative approach, asso-
ciates higher diagnostic values compared with qualitative elastography, with a pooled
sensitivity of 0.85 (95% CI 0.81-0.89), respectively, a pooled specificity of 0.80 (95% CI 0.77-
0.83) [40]. The only problem of the strain approach is the absence of a consensus: the threshold
value should be used for the diagnostic.

In the EFSUMB guidelines, different articles are cited with different strain ratio values: 2.0 [43]
sensitivity, specificity, positive predictive value (PPV) and NPV of 97.3, 91.7, 87.8 and 98.2%,
respectively, value of 0.31 [44] that assures a NPV of 100% and a PPV of 42% using a cutoff of
<0.15, respectively, a 2.05 value [31], with the mention that these studies used Q elastography/
ARFI strain technique. The most published articles use strain ratio values between 2.5 and 4.5:
3.79 [45]; 2.73 [46]; 3.85 [47]; 4.225 [48]; 4.0 [49]; 4.0 [41], 3.75 [50]. The same values are seen in
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a recent meta-analysis [40, 41], where the quantitative elastographic approach was better in
the cancer risk evaluation than the qualitative color map evaluation. There are some differences
when comparing the strain ratio values in different studies: retrospective analysis of confirmed
cancer cases of FNAB or pathology reports [40] or previous calculated strain ratio value,
specific for each center [51]. There are no specific values for different types of thyroid carci-
noma: 5.02 +2.07 for papillary carcinoma, 4.95 +2.12 for follicular carcinoma, respectively, 6.54
+ 0.55 for undifferentiated carcinoma [52]. But there are correlations between the SR and
Bethesda score on FNAB evaluation: mean SR = 1.94 + 2.12 for Bethesda I + II, versus 7.07 +
5.46 for Bethesda V + VI [53].

The WFUMB recommendations are yet to be published, but the breast guidelines have not
recommended any clear value for strain ratio [30], so it would be difficult to give a universal
recommendation.

There are also some other parameters used in strain elastography:

* Arearatio (AR) used in VTI devices, where the area of the nodule is measured and compared
with the area of a surrounding thyroid tissue, three different measurements, and the mean
value is considered [54]. The described threshold value for AR suggestive for malignancy
is a ratio of 1.08 with a sensibility, specificity, PPV and NPV of 91.3, 86.6, 82.3 and 93.4%,
respectively [54].

* Hard area ratio measures the ratio of the hard area within the nodule versus the whole
nodule area, with a cutoff value of 0.6 suggestive for malignancy: 92.9% sensibility, 91.3%
specificity and 92% accuracy [55], with difficulties when the hard area is not compact [46].

* Strain ratio nodule to sternocleidomastoid muscle: the muscle is considered the reference
area for strain calculation and not the healthy thyroid tissue, with reasonable results: 90%
sensitivity and 50% specificity for a cutoff value of 1.5 [56].

* Strain index is a ratio between the strain from the whole nodule divided with the strain of
the soft part of the nodule, with a cutoff value of 2.05 [57].

* Stiffness ratio is a special ratio calculated by the Philips devices by comparing the stiffness
of the nodule versus the surrounding apparent healthy tissue, with a described cutoff value
of 3.16 [32].

* Systolic thyroid strain index = compares the highest strain near the carotid artery versus the
lowest strain in the thyroid nodule, on a special fixed ROI of 2 mm x 2 mm [58]. No clear
cut values are described.

* Elasticity contrast index = the technique is specific for Samsung machines—obtains a strain
oscillation map, with malignant lesions showing a higher contrast versus a benign lesion
[28]. The measurement should be done at least twice, in transverse section, with consider-
ation of the greatest value [20, 28]. The cutoff value described in the literature is between 3,
5 and 4 [20, 59, 60]. It should be considered that the results are influenced by age, athero-
sclerosis, hypertension and conditions associated with tachycardia [61].

97
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There are some limitations when observing RTE results: calcification, cyst and position of
nodules [62], but the data are not clear, since there are other studies describing the excellent
value of RTE in nodules with calcifications [20].

The main described limitations/special situations are the following:

Nodule size: there are some studies suggesting that large nodules, over 3 cm maximum
diameter can underestimate the stiffness of the nodule [63]. This aspect is not recognised
universally, since there are studies saying that the diagnostic quality of RTE is unaffected
by the nodule size [29].

Position of nodule: profound nodules, especially in overweight patients, are sometimes
difficult to be evaluated by strain elastography if the signal is not deep enough because
stress transmission is reduced as the distance increases, with false positive hardening of the
nodule [63]. Isthmic nodules should be explored with caution, since they are between hard
surfaces and longitudinal scans should be used in order to have also healthy thyroid tissue
for semiquantitative evaluation [21]. When evaluating thyroid nodules, especially anterior
ones, they should be compared with thyroidal tissue and not with surrounding muscles
because they can be false negative evaluated as soft [64].

Compression intensity per se can change the appearance of the nodules. Strain elastography
is dependent on the experience of the examiner. The operator has to perform compression
that should not only be reliable but also reproducible. Non-uniform compression produces
variability [55]. Several compression cycles are required for a stable and reliable result [55,
65, 66].

Pre-stress compression can change the displayed stiffness of the nodule by a false increase
in stiffness [67] so that the operator should not perform any precompression or palpation
before RTE examination [67].

Bull’s eye effect is a typical appearance of the cystic lesion (simple or complex), which has
been described in breast elastography, but can be seen in large cystic lesions and also in
thyroid.

The healthy thyroid parenchyma, which is used for a comparison of the stiffness of the
lesion, should be at least in more than a half with “green colour” in order not to influence
the strain ratio. Thyroid atrophy, diffuse fibrotic changes can affect the relative stiffness of
the nodule when compared with the surrounding tissue [21].

Calcifications inside the nodule are associated with increased stiffness. This is considered
the rule, regardless whether there are micro calcifications or rim calcifications [22, 66, 68,
69]. Even if this is generally accepted [61] there are some studies that have demonstrated
the contrary: elastography is a helpful differential diagnostic tool in calcified thyroid
nodules [20].

Condition associated with tachycardia—in techniques that use internal compression
induced by carotid pulsation, the lesion stiffness is changed.
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Observer experience: after all the previous cited data, experience is required in order to reach
the correct degree of external compression, to choose the right position and dimension of
ROI, although some authors say [33] that the learning curve is not influenced by the
diagnostic performance of RTE.

2.3.2. Shear wave elastography

There are two major types of this elastography, with totally different diagnostic characteristics
[24]. They use different ways of generation transversally propagating waves that propagate
with different speed in the thyroid tissue, proportionally to the stiffness of the tissues: acoustic
radiation force impulse quantification techniques and real-time shear wave elastography.

ARFI quantification estimates the stiffness of the tissue by measuring the speed of ultrasound-
generated waves [70]. During a pause in breathing, the ARFI option of the device is turned on,
the standard ROI (5 mm diameter or 2 cm diameter) is positioned on the nodule in the solid
part and the device registers the speed [35]. Five to ten successive measurements are recom-
mended for each nodule in order to obtain a valid evaluation [29, 71]. The normal interval of
speed is between 0 and 9 m/sec [35], the higher the speed, the higher the tissue stiffness.

There are some studies evaluating the ARFI diagnostic quality in the differential diagnosis of
thyroid nodules. The differences suggested by ARFI between benign and malignant thyroid
is the value of speed, with different cutoff described values with a different sensitivity and
specificity: 2.75 m/s [72] 2.9 m/s, sensibility of 91.3% and specificity of 85.10% [54], 2.85 m/s
sensibility of 94.4% and specificity of 85.3% [72], 2.55 m/s, sensibility of 86.36% and specificity
of 94.42 [73] 2.87 with 75% sensibility and 82.2% specificity [35], or 3.1 m/s with a specific of
91% [70]. All the values were retrospectively calculated with no clear recommendation of a
used value [61] not even with a recommendation regarding values on the normal population
[61]. The European guideline concluded that there was not sufficient data for reaching any
conclusion at this time.

The method has some significant technical limitations:

The dimensions of ROI are fixed, with two options: 5 mm/2cm large window. The majority
of the studies are performed in nodules that are larger than 2 cm in diameter [70, 73]. In
smaller nodules, not only is the measurement inaccurate [21] but also the velocity of the US
wave is not stable [74].

Nodule composition: inhomogeneity due to calcifications or cystic degenerescense makes
the placement of ROI inside the nodule impossible [75].

The penetration depth of ARFI is a maximum of 5.5 cm or so? Deeper lesion; big goitres or
overweight patients are not suitable for ARFI evaluation [76].

The devices measure speeds with values between 0 and 9 m/s [35]. Higher speed cannot be
measured so very stiff nodules cannot be evaluated [29, 35, 77].

Experienced operators are needed for the evaluation to avoid pressure on the evaluated skin
in order not to influence the measurement [24].
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ARFI evaluation is a simple evaluation, but further studies are required before considering it
a valuable stiffness evaluation tool in nodular thyroid disease.

2.3.3. Real-time shear wave elastography (supersonic elastography SSE)

The SSE is performed like a conventional ultrasound, with a linear probe at the end of the
conventional US evaluation, with the patient in apnoea [24]. The procedure was first used in
2010 [78], since then numerous papers have evaluated the diagnostic performance of SSE. The
evaluation is operator independent, requires no external compression or no?, generating
qualitative information: colour maps with following colour code: blue = soft tissue, red = hard
tissue, respectively, quantitative information evaluated by elasticity index (EI) expressed in
kilopascal [24, 78]. As strain elastography, SSE is displayed in parallel with grey scale US, with
placement of ROI on the nodular lesion. For quantitative evaluation at least three loops should
be recorded [79] with no movements of the transducer.

The diagnostic qualities of the qualitative, colour map SSE are fair, with a sensibility of 95.5%
and specificity of 45.7% for elasticity Il score (predominantly soft), 72.7 and 84.5% for elasticity
I score (elastic on edges and rigid middle, respectively, 54.5 and 97.4% for elasticity IV score
(markedly increased stiffness) [80].

Most of the studies report different threshold values for El as a cutoff for differentiating benign
versus malignant lesions.

The described cutoff values are comprised between 34.6 and 90.34 kPa without being able to
identify a unique cutoff value [81]: 65.0 kPa (sensitivity = 85.20%, specificity of 93.90% [78],
6.00 kPa (sensitivity =80.0%, specificity =90.50% [82], 34.50, sensitivity of 76.90% and specificity
of 71.10% [78], 90.34 kPa (sensitivity of 90.34% and specificity of 86.89% [80], 45 kPa (sensitivity
of 83.30% and specificity of 91.40% [83].

Interestingly enough, one study [80] evaluated the different diagnostic values of SSE using
different cutoff values for the same group of cases (cancer prevalence of 21.35%): sensitivity
of 95.2%/specificity of 67.1% for hardness >50 kPa, sensitivity of 90.5% and specificity of 72.2%
for hardness =59 kPa, sensitivity of 81.0% and specificity of 77.3% for hardness 265 kPa,
sensitivity of 85.7 % and specificity of 81.3 % for hardness >49 kPa, sensitivity of 90.5% and
specificity of 73.5% for hardness >42 kPa, respectively, 95.2% sensitivity and 70.3% specificity
for a threshold for hardness of 238 kPa. This is the best example that there is still a lot to do in
respect of unifying the SSE information. Still, increased hardness values are considered
independent predictors of thyroid malignancy with high sensitivity (95.0-95.5%) [84]. The
European guideline does not offer any clear information regarding SSE [61], only the comment
that the higher the EI, the higher the probability of malignancy. There is still no standardised
method for measurement of thyroid lesions; no clear EI cutoff value is described, not even for
the same machine [78-80].

However, the method can guide the FNAB, avoiding the puncture of benign nodules [85]
independent of the coexistence of autoimmune thyroid disease.

There are some limitations described for the SSE technique:
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* If external pressure is used, it produces a false positive increase in elasticity with false
positive results [79, 86];

* The presence of fluid does not permit the propagation of the shear wave with no information
beyond the liquid zone;

* The presence of calcifications alters the accuracy of SSE especially in small nodules [82, 87].
¢ Vertical artefacts;

* Structure of the neck per se can affect the quality of the shear weave; the presence of trachea,
carotid artery and surrounding tissue can affect the SSE diagnostic performance [80]
especially in deeply located nodules.

More data are still required in order to find the correct location of SSE in nodular thyroid
disease evaluation.

2.4. Comparison of strain and shear wave elastography

Regardless of the type of elastography, the used principle and the evaluated parameters, the
evaluation of the hardness of lesions is an important aspect that adds diagnostic information
and value compared with classical sonography. There are some studies that have attempted
to answer the direct question: which elastography technique should be used for a better
differential diagnosis of thyroid cancer [41, 72, 88, 89]?

A recent meta-analysis [89] evaluation of 10.001 thyroid nodules showed better diagnostic
sensitivity (0.830, 95% CI: 0.793-0.861 versus 0.787, 95% CI: 0.727-0.847) and specificity (0.812,
95% CI: 0.763-0.852 versus 0.805, CI 95%: 0.712-0.873) with better area under receiver operator
curve (AUROC) of 0.885 for RTE compared with AUROC of 0.842 for SWE [41].

Another comparative analysis [88] evaluated the diagnostic performance of RTE versus SSE,
comparing a Hitachi Ascendus device, with a 5-13 MHz linear probe versus an Aixplorer
Device, with a 4-15 MHz linear probe, on the same 49 consecutive patients with thyroid
nodular disease. After analysis of the pathology report, the two diagnostic approaches were
compared, with similar results for sensitivity, specificity positive and negative predictive
value, regardless of the nodule size: below 1 cm, between 1 and 3 cm or bigger. Sensitivity was
higher for RTE than for SWE (79.0% versus 68.4%) with better accuracy (82.8% versus 81.3%)
and Negative predictive value (90.5% versus 86.7%), but the differences were not statistically
significant. Moreover, coarse calcified nodules were false-positive results in RTE and true-
negative results in SWE. The limitation of the study was the low number of the cases, the
authors recognising that the studied population may not be representative of a screening
population [88]. Another head-to-head comparative study, comprised 30 consecutive patients,
with the pathology report as the golden standard diagnostic [72], comparing the RTE technique
with the ARFI evaluation, using the same machine, Acusson Siemens 2000 device, concluding
that the AUROC of ARFI (0.94) was higher than that of RTE (0.78). However, the number of
cases was very small, the heterogeneity of the nodules high, uninodular and polynodular
goitre were included, with exclusion of nodules smaller than 1 cm, and the results of this study
were not confirmed by other studies. The performance of two of the above-mentioned devices,
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Hitachi machine and Siemens S 2000, were also compared on a head-to-head evaluation,
performed in 80 consecutive patients, also with a pathology report as the golden standard [90].
Elastographic patterns demonstrated a moderate and high degree of consistency for compres-
sion elastography (RTE) and VTI (ARFI); there was no conclusive result by measuring absolute
velocities (ARFI) with an overlapping of shear wave velocity for malignant nodules with the
velocities for benign nodules; shear wave techniques were inferior to strain elastography.

Without being conclusive, till now, evidence suggests that strain elastography seems to be
better in the diagnostic of thyroid nodular disease.

3. Conclusion

The estimation for 2019 is that PTC will be the third most common cancer in women [90]; the
correct identification of suspect cases and targeted diagnostic for high-risk lesions is still the
challenge in thyroid nodular disease. There is substantial evidence showing that elastography
indicators are more predictive for malignancy than conventional grey-scale patterns, such as
hypoechogeneity, inhomogeneity, microcalcifications, irregular margins, no halo sign, taller
than wide or intranodular vascularisation [91]. A positive elastogram, suggestive of malig-
nancy is more useful in the diagnostic than a positive grey-scale ultrasound evaluation [91].

The association of grey scale US and elastography facilitates the evaluation of nodules with
intermediate cytology [92]. The appearance of the nodules of elastography can change the
attitude towards FNAB. In the cases of soft nodules, without any grey-scale suspicious
characteristics, the FNAB can be delayed or postponed [93]. Authors [94] consider that nodules
classified as Asteria 1 and Asteria 2 should not undergo FNAB because of the high NPV of
elastography. Presence of a hard nodule on an elastogram should indicate the need for FNAB,
regardless of the aspect in grey scale US [93].

Thyroid elastography should be considered in conjunction with other ultrasound character-
istics, such as in breast cancer. Low risk nodules with increased stiffness should be referred
to FNAB, regardless of dimensions or conventional ultrasound characteristics; medium risk
nodules with low stiffness should be followed up instead of FNAB, and medium and high
risk nodules with increased stiffness should be recommended for FNAB. Elastography in-
creases the specificity of grey scale US; it should be always integrated with its information
and should be considered as complementary to conventional US.
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Abstract

Thyroid nodules have high prevalence in the general population. Only minorities of
thyroid nodules are malignant; nevertheless, still biopsies are performed in differen-
tial diagnosis of malignant and benign thyroid nodules. Conventional ultrasound is
widely used in diagnosis and characterization of thyroid nodules. There are several
suspicious ultrasound features that predict thyroid cancer, such as solid consistence,
marked hypoechogenicity, taller-than-wide shape, irregular or microlobulated or
spiculated margins, no peripheral hypoechoic halo, and micro- or macrocalcifications.
However, none of these signs have high sensitivity or specificity nor high degree of
confidence for diagnosis or exclusion of thyroid carcinoma. Ultrasound elastography,
recently developed, promising, noninvasive technique that evaluates tissue stiffness,
has become one of the main focuses in thyroid imaging. There are two ultrasound
elastography methods: strain ultrasound elastography (also known as real-time
elastography or qualitative elastography) and shear wave elastography (quantitative
elastography and acoustic radiation force impulse imaging). The purpose of this chapter
is to present the principles of thyroid application, advantages, and limitations of both
ultrasound elastography techniques.

Keywords: malignant thyroid nodules, ultrasound elastography, shear wave elastog-
raphy, strain ultrasound elastography, acoustic radiation force impulse imaging
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1. Introduction

Thyroid nodules are a common medical problem. Although the majority of the thyroid nodules
are benign, malignancy has a prevalence of 5-15% [1, 2]. Conventional ultrasound is accurate
inthe detection of thyroid nodules. There are several suspicious ultrasound features that predict
a malignant thyroid nodule, such as hypoechogenicity, marked hypoechogenicity, a microlo-
bulated or spiculated margin, punctate micro- or macrocalcifications, a taller-than-wide shape,
and intranodular vascularization [3, 4]. Although conventional ultrasound is an excellent tool
for detecting thyroid nodules, it has a relatively low diagnostic performance for the differen-
tiation between benign and malignant nodules [5-7]. For this reason, ultrasound-guided fine-
needle aspiration (FNA)is required for the nodules greater than 10 mm or those with suspicious
ultrasound signs that have a high specificity for malignancy (60-98%), but FNA cannot be
performed for all thyroid nodules because they are extremely common and approximately 5%
of them are malignant [8, 9]. Furthermore, even for nodules undergoing ultrasound-guided
FNA, the sensitivity for malignancy may be suboptimal (54-90%) because the specimens may
be inadequate, nonrepresentative, or indeterminate for histopathologic examination especial-
ly in the case of follicular lesions [10-13]. As a result, a significant number of patients eventu-
ally receive unnecessary thyroid surgery. Therefore, improvement of a noninvasive diagnostic
method for malignant nodules diagnosis is needed.

As the malignancies change, the mechanical properties of the soft tissue, such as tissue
hardness and tissue stiffness evaluation, have become a part of nodular characterization.
Ultrasound elastography, which was introduced in the 1990s, provides real-time informa-
tion regarding the tissue elasticity and allows in vivo assessment of the tissue’s mechanical
properties, mapping of tissue stiffness, and characterization of soft tissue lesions [14].
Ultrasound elastography has become a promising, noninvasive technique to depict malig-
nant nodules. Ultrasound elastography is based on the principle that, under compression,
the softer parts of tissues deform easier than the harder parts [15]. The American Thyroid
Association guidelines in 2009 stated that ultrasound elastography is an emerging and
promising technique that requires additional validation with prospective studies [16]. Real-
time strain ultrasound elastography was the first technique used, based on the measure-
ment of the degree of tissue deformation as a response to an external force with a compression
induced by the ultrasound probe that was then replaced by carotid internal excitation
allowing improvement in sensitivity. Calculated tissue elasticity is displayed as a color map
(elastogram) overlay of the conventional B-mode image. Elastograms allow qualitative
analysis of the nodule. As a semiquantitative parameter, the strain index or the strain value
ratio is calculated from the comparison between the tissue elasticities in the regions of interest
(ROI) within a lesion and the surrounding reference tissue therefore providing useful analytic
information. However, real-time strain ultrasound elastography has some limitations such as
high operator skill dependence, inevitable intra- or inter-observer variability, and the
impossibility of quantitative analysis. To overcome these limitations, a new ultrasound
elastography technique based on shear wave has been developed. In comparison to the above
technique shear wave elastography is a quantitative, operator-independent and reproduci-
ble technique. Shear wave ultrasound elastography is based on the propagation of acoustic
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force impulse induced by ultrasound beams through soft tissue to displace tissue and create
shear waves that represent the local viscoelastic properties of the tissue and is displayed as
Young’s modulus (kPa) [18, 19]. Stiffer tissue exhibits a higher Young’s modulus. Shear wave
elastography allows quantitative nodules stiffness analysis in kilopascals to reinforce the
predictive value of malignancy.

2. Physical principles and technique of ultrasound elastography

2.1. Real-time strain ultrasound elastography

Real-time strain ultrasound elastography is the most widely available type of ultrasound
elastography. This is a dynamic imaging technique that reveals the physical properties of soft
tissue by characterizing the differences in stiffness between the region of interest and the
surrounding tissue through measuring the degree of tissue deformation under the application
of external force applied by ultrasound probe or by physiological movements (e.g., carotid
pulsation) (Figure 1). Tissue deformation occurring after compression and decompression
period is calculated semiquantitatively via the Young’s modulus and displayed graphically in
color code or gray scale in the elastograms. The degree of deformation of the underlying soft
tissue is calculated to estimate tissue stiffness with both the strain ratio/strain index values and
elastographic maps (elastograms). In this technique, a vertical force should be performed
uniformly and repeatedly in a vertical direction with a light pressure, and compression periods
are followed by decompression resulting in changes in dimensions and shape, which are then
used to calculate the stiffness of the tissue. The quality of the operator’s free-hand pressure is

Dynamic
Compression

Frecompression FPostcompression

Figure 1. A diagram of the static ultrasound elastography.
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visualized on the screen as a sine-wave or displayed with a numerical scale, allowing the
operator to assess the validity of the compression cycles in real-time. For computing strain
images without noise, a light and cyclic probe pressure must be performed [2, 17]. Stiff, rigid
nodules exhibit less displacement compared with elastic, soft ones. An elliptic, or rounded
region of interest (ROI), is used, large enough to include the entire nodule as well as a large
portion of the surrounding thyroid and perithyroid tissue. This technique allows a qualitative
and a semiquantitative assessment of nodule elasticity. Qualitative analysis of a nodule based
on the prevalent color in the nodule can be obtained from visual scoring of colors within the
color-coded elastographic map (elastogram) [17, 18]. Elastograms may be presented in gray
scale or in color by different manufacturers. The hard tissue may be coded in light or red or
blue code depending on the manufacturer.

'DODO
0 M

Score 1 Scare 3
B

Figure 2. (A) Strain elastographic scores by Asteria et al. [19]. A score of 1 indicated elasticity in the entire examined
area. A score of 2 indicated elasticity in a large part of the examined area. A score of 3 indicated stiffness in a large part
of the examined area. A score of 4 indicated a nodule without elasticity. (B) Strain elastographic scores by Rago et al.
[20]. A score of 1 indicated even elasticity in the whole nodule. A score of 2 indicated elasticity in a large part of the
nodule. A score of 3 indicated elasticity only at the peripheral part of the nodule. A score of 4 indicated no elasticity in
the nodule. A score of 5 indicated no elasticity in the nodule or in the area showing posterior shadowing. (C) Strain
elastographic scores by Ueno et al. [21]. A score of 1 indicated even strain for the entire hypoechoic lesion (i.e., the
entire lesion was evenly shaded in green). A score of 2 indicated strain in most of the hypoechoic lesion, with some
areas of no strain (i.e., the hypoechoic lesion had a mosaic pattern of green and blue). A score of 3 indicated strain at
the periphery of the hypoechoic lesion, with sparing of the center of the lesion (i.e., the peripheral part of lesion was
green, and the central part was blue). A score of 4 indicated no strain in the entire hypoechoic lesion (i.e., the entire
lesion was blue, but its surrounding area was not included). A score of 5 indicated no strain in the entire hypoechoic
lesion or in the surrounding area (i.e., both the entire hypoechoic lesion and its surrounding area were blue).

The three principal scoring systems are those classified by Asteria et al. [19], Rago et al. [19],
and Itoh et al. [21] (Figure 2). The first scoring system, based on the breast strain real-time
ultrasound elastography scale of Itoh et al. [21], includes four different patterns [19]. Asteria’s
criteria defined a score of 1 as elasticity that is entirely soft in the nodule, 2 as mostly soft in
thenodule, 3 as mostly hard in the nodule, and 4 as entirely hard in the nodule [19]. The thyroid
nodules with scores 1 and 2 are considered benign and those with scores 3 and 4 are classified
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as suspicious for malignancy [19]. However, some authors have found that assigning benignity
to score 3 further increases the specificity of the method for cancer detection [22].

In Ueno’s classification, color coding of elastograms was in five groups [21]. The score 1
indicated strain for the entire lesion (the entire lesion was evenly shaded in soft color code).
The score 2 indicated strain in most of the lesion with some areas of no strain (a mosaic color
pattern). The score 3 indicated strain at the periphery of the lesion, with sparing of the center
of the lesion (the peripheral part of the lesion was soft, and the central part was harder). The
score 4 indicated no strain in the entire lesion (the entire lesion was in hard color code, but its
surrounding area was not included). The score 5 indicated no strain in the entire lesion or in
the surrounding area (both the entire lesion and its surrounding area were in hard color code).
Scores of 4 and 5 are classified as suspicious for malignancy.

Rago et al. used five-point scales based on Itoh et al.’s [21] study using strain elastography. A
score of 1 defined elasticity that is entirely soft in the nodule, 2 as mostly soft in the nodule, 3
as peripherally soft, 4 as entirely hard in the nodule, and 5 as hard in the area under consid-
eration as well as the entire nodule [20]. The first three scores are considered as suggestive of
being benign and scores of 4 and 5 are classified as suspicious for malignancy.

Rubaltelli et al. used a modified Asteria scale for thyroid nodules [23]. It consists of a five-step
system that divides Asteria score 3 into patterns 3A and 3B, with a scale description as follows.
Pattern 1: the entire nodule section is diffusely elastic. Pattern 2: the formation appears to be
largely elastic with the inconstant appearance of inelastic areas during the real-time imaging.
Pattern 3: constant presence of large inelastic areas is seen at the periphery (Pattern 3A) or
center (Pattern 3B) of the formation. Pattern 4: uniformly displayed inelasticity throughout the
whole nodule. Lesions that present Pattern 1 or 2 are classified as probably benign, while
Patterns 3 and 4 are indicative of probable malignancy.

For semiquantitative analysis of the elasticity (the strain ratio or strain index), two similar sized
regions of interest (ROI) at similar depth from the transducer (depth difference should be less
than 10 mm) are drawn over the target region (nodule strain) and the adjacent reference normal
parenchyma (the strain of the softest part of the surrounding normal tissue), respectively, then
the strain ratio is automatically calculated through the machine. Three different measurements
should be undertaken, and their average should be considered as the final value [24].

Main causes of false positive results of strain ratio measurement are transverse scans of the
thyroid lobe (due to the interference with carotid artery pulsations); the ROI including the
carotid artery or other neighboring tissues (therefore, it is difficult to apply in multinodular
goiter); nodules located in the lower pole or in the isthmus are difficult to compress and to
compare with normal parenchyma; irregular shaped, large nodules (due to the lack of
comparable size reference tissue, nonuniform nodule compression, areas with altering stiffness
may lead to false results); performing real-time strain ultrasound elastography with a high
pressure may alter results (during whole examination period, slight, constant pressure over
tissue should be applied [24]; microcalcifications in benign nodules; subacute thyroiditis;
fibrosis and atypical adenoma may induce false positive [25, 26]; microcarcinomas show lower
strain ratio values, between 1.74 and 2.96, and may be easily misdiagnosed [24].
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Among the cited causes for false negative results of strain ratio are the following: follicular
carcinoma, very well-differentiated carcinoma, carcinoma with central necrosis and degener-
ation, small papillary carcinoma in lymphoma, and microcarcinoma [27].

Lyshchik et al. reported the cutoff value >4 for malignancy yielded sensitivity of 82%, specif-
icity of 96%, and accuracy 92% [27]. Xing et al. reported the cutoff value >3.79 for malignancy
yielded sensitivity of 97.8%, specificity of 85.7%, positive predictive value of 88%, and negative
predictive value of 97.8% [25]. Ning et al. reported the cutoff value >4.25 for malignancy yielded
sensitivity of 81.8%, specificity of 82.9%, and accuracy 88% [25]. Cantisani et al. reported the
cutoff value >2.02 for malignancy yielded sensitivity of 93% and specificity of 92% [28].

An alternative approach for strain ratio evaluation of large nodules or thyroiditis cases (the
ones with the lack of adjacent reference normal thyroid parenchyma) is the use of nodule to
sternocleidomastoid muscle strain value assessment. In this approach, the adjacent muscle at
similar depth was used as a reference tissue, instead of the normal thyroid parenchyma.
Kagoya et al. [29] reported that, a value >1.5 showed 90% sensitivity and 50% specificity for
cancer. Ciledag et al. [30] reported a cutoff value >2.31 provided 85.7% sensitivity, 82.1%
specificity, and 82.4% accuracy .

2.2, Shear wave elastography

Shear wave ultrasound elastography is a recently developed imaging technique that is based
on the propagation of acoustic force impulse induced by ultrasound beams through soft tissue
to displace tissue and create shear waves (Figure 3) [31]. Shear waves are the transverse
components of particle displacement that are rapidly attenuated by the tissue. These acoustic
pulses can be focused at different depths in soft tissue at supersonic speed and enhanced by
forming a Mach cone, which increases the shear wave propagation to obtain the Young's
modulus. The Young’s modulus gives a local assessment of tissue elasticity at the point of
interest. It gives a local real-time measurement of tissue elasticity quantitatively in kilopascal
units (kPa) as measured in shear wave velocity units (m/sec) and qualitatively in real-time

Figure 3. A diagram of the physical interaction of shear wave ultrasound.
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color coded elastograms. On an elastogram within a given RO], a variety of stiffness parame-
ters can be measured, including the mean stiffness (E,..,), maximum stiffness (E,,,), and
standard deviation (SD). In both the shear wave imaging techniques, semiquantitative analysis
of the elasticity (the strain ratio or the strain index) may be measured.

2.3. Methodology of shear wave elastography

There are two methods for shear wave elastography of the clinical practice of thyroid nodules:
the supersonic shear wave and the acoustic radiation force impulse methods. Supersonic shear
wave ultrasound elastography uses focused ultrasonic beams that propagate through the
entire imaging area. The elasticity is expressed as in meters per second (m/s) and does not
display color-coded images for elastography.

The examination is performed with the patient placed in the same manner as for the conven-
tional ultrasound. The acoustic radiation force impulse imaging technique is integrated in a
conventional ultrasound system using a 9-12 MHz linear transducer. The shear wave elas-
tography (supersonic shear wave elastography) technique using a linear probe (4-15 MHz).
The probe is gently placed on the cervical skin surface with slight pressure on the thyroid. The
patient is asked to hold the breath and the quantitative evaluation is turned on. In acoustic
radiation force impulse imaging technique, the ROI, should be placed in thyroid tissue or
within the solid component of a nodule, avoiding cystic areas or those with calcifications. For
the assessment of anodule, it is recommended not to include the adjacent thyroid parenchyma.
The displayed color-coded image shows soft tissue in blue and rigid tissue in red. After acoustic
radiation force impulse activation, the velocity is displayed on the screen, with the depth
measurement. Five to ten valid measurements should be performed to obtain reliable values.
After activation of shear wave elastography, the quantitative information is assessed as the
elasticity index in kiloPascal. In shear wave elastography it is important to set the machine for
optimal image acquisition and set the elasticity index range on the thyroid preset protocol to
0-180 kPa. For shear wave elastography measurements, the whole nodule should be placed
within the Q box with a small amount of surrounding thyroid tissue. Due to the technical
limitations on cystic lesions, the shear wave velocity cannot be measured (shear waves do not
propagate in fluids). At least three cineloops, lasting 10 s each, for each lesion should be
obtained for a reliable evaluation.

The major advantages of this technique are operator independence, reproducibility, and the
ability of semiquantitative, quantitative, and qualitative evaluation of tissue elasticity without
manual compression artifacts.

Shear wave elastography has been used to evaluate the elasticity values of different tissues
such as breast, thyroid, lymph nodes, muscles, and the abdominal organs such as the liver and
pancreas.

Limitations and causes of false results of shear wave elastography are the contact and the
pressure applied on the neck of the patient via the operator’s hand that could alter the
measurements (a generous amount of ultrasound gel should be used to avoid this artifact); in
shear wave elastography technique, the elasticity of the structures is influenced by the external
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pressure applied, the stiffness rising with increasing pressure due to the nonlinear elastic effect
artifact (due to this artifact, in the isthmic nodule, the stiffness is increased because of the
neighboring trachea) [32]; in acoustic radiation force impulse imaging technique, the size of
the nodule is a limitation because the ROI size is standard (5 mm x 6 mm or 2 cm x 2 cm) and
cannot be changed (in acoustic radiation force impulse imaging technique, ROI contains both
nodule and surrounding thyroid parenchyma so that the value of the velocity of the nodule
will not be real); nodules with fluid areas or calcifications should be excluded due to the
impossibility to place the ROI inside the parenchyma of the nodule [33, 34]. In the acoustic
radiation force impulse imaging technique, penetration depth is limited to 5.5 cm, so large
thyroids or very large and deep located nodules cannot be properly assessed [35]; the impos-
sibility to measure velocities higher than 9 m/s is another limitation of acoustic radiation force
impulse imaging technique, thus very hard nodules will not be measured properly [28].

Zhang et al. showed that for differentiation between benign and malignant nodules, the
diagnostic performance of measured ultrasound (US) wave velocity is better for a nodule
diameter greater than 20 mm [36]. Zhang et al. [36] reported the cutoff value >2.87 for malig-
nancy yielded sensitivity of 75% and specificity of 82.2%. Han et al. [37] reported that the best
cutoff value of velocity for differentiation between benign and malignant is 2.75 m/s.

Veyrieres et al. [34] reported the cutoff value of >66 kPa for malignancy yielded sensitivity of
80%, specificity of 90.5%, positive predictive value of 52.8%, and negative predictive value of
99.3%.

3. Clinical application of elastography in thyroid nodules

In clinical practice, elastography is usually performed as an extension of conventional
ultrasound and not as an independent test. Therefore, a comparison of conventional ultra-
sound with elastography can be meaningless in view of its current clinical utility. The value
of elastography should be evaluated by comparing the conventional US with a combination
of conventional US and elastography.

4. Basic technique requirements for ultrasound elastography of thyroid
nodules

During real-time ultrasound elastography, breath holding and no swallowing are of para-
mount importance for correct evaluation. A generous amount of gel and slight skin contact
areneeded. The image focus should be placed at or below the level of the nodule. The examiner
applies slight and regular manual axial (anterior-posterior) vibration to the transducer. It is
impossible to measure and quantify exactly the initial compression as well as the compression
that induces repeated tissue strain.

For standardization of the compression and for the reproducibility, most manufacturers
provide a strain quality indicator, either numeric or graphic. On Hitachi machines, the
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compression quality scale should indicate levels 3—4. Only images obtained at these quality
levels are fit for assessment. On Siemens machines, a quality factor above 50 for 3—4 successive
frames has been recommended. Choosing the shortest, the exploratory ultrasound beam path
to the nodule is important for optimal ROI placement to avoid strain decay with distance. The
elastographic ROI should cover whole nodule. It is also important to exclude from the ROI, as
much as possible, the vessels (mainly carotid), the esophagus, trachea, bones, and muscles. It
is always important to keep in mind that real-time strain ultrasound elastography displays the
relative strain of the structures in the ROl The absolute value of the strain depends on the
initial compression applied by the transducer (variable and nonquantifiable) and on the
exploring repeated compression used to produce the images—again, variable. Strain values
do not represent the elasticity modulus. As strain changes with the applied compression, its
absolute (numeric) value (although measured and displayed by some machines) is completely
inappropriate to compare two lesions or two individuals. Quite often there is interference
between the pulsations induced by the hand or by the US beam and the ones coming from the
carotid artery, which leads to image degradation. On the other hand, lateral systolic expansion
of the carotid artery pulsation compresses the thyroid nodule against the trachea and induces
anterior-posterior expansion of the gland that may be detected as strain. At least one com-
mercially available application developed by Samsung Medison uses carotid artery pulsations
as the sole strain inductor for elastography.

Technical causes of limitations of real-time strain ultrasound elastography of thyroid appli-
cations are

Scanning plane and interference with carotid pulsation is one of the limitations of ultrasound
elastographic application of thyroid nodules. Transverse scans through the thyroid are more
susceptible to interferences from carotid pulsation, and therefore, less suitable for real time
strain ultrasound elastography. Longitudinal scans are less susceptible to carotid artery
pulsations and also offer larger thyroid reference tissue.

Scan slice thickness should be around 5 mm since a thicker sample volume induces averaging
the data of both small nodule and neighboring thyroid tissue, which lead to false elasticity
results. This limitation is not an issue for highly focused transducers. Having a ROI as large
as possible is important to include in much normal tissue, less than 50% green thyroid reference
parenchyma in the ROI may result in false results. On the other hand, if possible, avoiding the
inclusion of vessels, bones, and other nonthyroid tissues in ROI is important. Out-of-plane of
the nodule during compression and color loss artifact in the nodule are other limitations.

Nodule location is very important in elastographic evaluations. Anterior nodules, protruding
to the capsule, may be mislabeled as soft because strap muscles represent the reference tissue,
not the thyroid parenchyma. Isthmic nodules are also difficult to assess because of the nodule
compression difficulties between the hard planes (transducer and trachea) and lacking
reference tissue. Also deeply located nodules present difficulties due to the stress decay
phenomenon. Stress transmission is reduced as the distance from the transducer increases.
Less tissue dislocation in deep portions of the thyroid will induce a hardening artifact. The
nodules located in front of the common carotid artery are the most susceptible to pulsation
interferences. Nodules within residual parenchyma lack reference tissue for comparison.
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Elastography is not suited for nodules with a diameter less than 5 mm [38, 39], although the
exact lower limit of the diameter for real-time strain ultrasound elastography usability is not
known [40]. Elastography is also unsuitable for nodules larger than 3 cm or lobar size nodules
cannot be encompassed by the reference thyroid tissue and are not suitable for real-time strain
ultrasound elastography [40].

Intranodular calcification is associated with increased stiffness irrespective of underlying
pathology and results in false elasticity values.

Fibrosis associated with subacute thyroiditis or Hashimoto thyroiditis may increase nodule
stiffness [28, 41].

Necrosis, even without liquefaction, may induce soft areas. Intranodular colloid cystic
changes: the presence of fluid inside the nodule changes the real-time strain ultrasound
elastography appearance of the nodule [28, 38]. Only the solid component of the partially cystic
nodules can be assessed accurately with real-time strain ultrasound elastography.

Nodule pathology is highly correlated with real-time strain ultrasound elastographic appear-
ance of nodules. Of all thyroid cancers, mostly the papillary type is expected to appear hard,
providing only 7% false negative results [40]. Follicular cancer may appear elastic and as do
other types of malignancy. Contrarily, some benign nodules may be hard. Papillary carcinoma
is harder than follicular or medullary carcinoma; therefore, there is no optimal cutoff value for
predicting microcarcinoma. This leads to lower sensitivity but higher specificity [42]. Carneiro-
Pla [43] reported that the majority of microcarcinomas were missed by the shear wave
elastography examination.

Additional technical causes of limitations of real-time strain ultrasound elastography are [44]
the physicians’ skill and experiences, arbitrary selection of a color scale, neighbor arterial
pulsation artifacts, using different qualitative scoring systems with lack of standardization,
and manual, arbitrary selection of elastograms’ representative image leading to subjectivity
[28, 45].

In summary, the main causes for false-positive real-time strain ultrasound elastographic
diagnoses of thyroid cancer are calcification, fibrosis, thyroiditis (subacute/chronic/Hashimoto
thyroiditis), nodules larger than 3 cm or lobar size nodules, and deep location of nodules. Main
causes for false negative real-time strain ultrasound elastographic diagnoses of thyroid cancer
are follicular/medullary/nondifferentiated/metastatic cancer, anterior subcapsular/isthmic
location of nodule, nodules larger than 3 cm, lobar size nodules with the lack of reference
normal thyroid parenchyma around the nodule, or necrotic nodules [26].

5. Conclusion

Ultrasound elastography of thyroid nodules is an easy, completely painless, and rapid
technique that assesses hardness as an indicator of malignancy. Ultrasound elastography is
not an alternative imaging technique to conventional ultrasound, but it is an additional
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methodology that can be integrated into the conventional ultrasound examination to increase
the accuracy, the positive predictive value, and the negative predictive value of conventional
ultrasound. The addition of this methodology can reduce the number of patients pursuing
unnecessary biopsy. US elastography can also be considered as a reliable screening tool for
characterizing thyroid nodules. An elasticity score of 1 is indicative of benign pathology in
almost all cases and can be used to exclude many patients from further invasive assessments.
Ultrasound elastography has a considerable potential in diagnosis of thyroid malignancies,
especially in cytological indeterminate and nondiagnostic nodules.
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Abstract

Thyroid malignancies are relatively rare cancer types but have a substantially high
incidence in the group of all endocrine malignancies. Most thyroid cancer patients have
differentiated thyroid cancer and prognosis is generally favourable. Tumour growth
tends to be slow and radioiodine therapy is successful in differentiated cell tumour
type with the ability to accumulate iodine. So, where can "F-fluorodeoxyglucose
positron emission tomography (FDG PET) imaging be applied? The role of FDG PET
in differentiated thyroid cancer starts with the development of metastatic diseases,
which are not responsive to radioiodine therapy anymore. FDG accumulates in tumour
lesions that are missed by iodine scintigraphy. FDG PET is more sensitive in patients
with an aggressive histological subtype, including Hiirthle cell. Thyroid cancer is
definitely not the role model indication for FDG PET imaging, but for the manage-
ment of differentiated thyroid cancer with metastases and more aggressive types of
malignancies of the thyroid, FDG PET proves to be clinically useful. Incidental
detection of malignancy in FDG-avid thyroid nodules has to be taken into considera-
tion when FDG PET examinations have been conducted for reasons unrelated to the
thyroid.

Keywords: thyroid cancer, FDG PET, incidentaloma, iodine, DOPA PET

1. Introduction

1.1. Thyroid cancer

Thyroid malignancies are relatively rare cancer types but have a substantially high incidence
in the group of all endocrine malignancies [1]. Most thyroid cancer patients have differentiat-
ed thyroid cancer (i.e. the papillary and the follicular type), and prognosis is generally favour-
able [1]. Tumour growth tends to be slow and radioiodine therapy is successful in differentiated
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cell tumour type with the ability to accumulate iodine. Therefore, where can **F-fluorodeoxy-
glucose positron emission tomography (FDG PET) imaging be applied?

2. FDG PET in thyroid cancer

In the last two decades, PET and PET/CT have proven to show a substantial diagnostic role in
most human cancer entities. The development was related to FDG, a glucose derivate labelled
with F18, showing avidity in cancer types with high tumour-related metabolism and upregu-
lation of the glucose transporter system [2]. Imaging with positron emitting isotopes has the
advantage of higher spatial resolution compared to gamma cameras. That enables quantifica-
tion and hybrid imaging with CT, which provides precise morphological data. However, what
appears to be useful for patients with melanoma or high-grade lymphoma must not be useful
in the case of thyroid cancer. Here, nuclear medicine provides the possibility of specific gamma
camera imaging with iodine 131 (**'I) or 123 (**)I) and recently also by PET with iodine 124 ().

2.1. FDG PET in differentiated thyroid cancer

There exists a consensus that FDG PET has no objective in the primary evaluation of differen-
tiated thyroid cancer—routine preoperative FDG PET scanning is not recommended by the
American Thyroid Association (ATA) Management Guidelines [3]. A primary cancer lesion of
the thyroid can easily be missed by FDG PET [1, 4]. In general, the suspicion of thyroid
malignancy leads to thyroidectomy and by this to histologically based diagnosis, including
eventually some form of cervical lymph node surgery. If there is some indication, the next step
is to perform radioiodine ablation, which results additionally in providing post-therapeutic
iodine scan images. For the follow-up examinations, thyroglobulin (Tg) is considered a strong
marker of persistent or recurrent disease [5]. The role of FDG PET starts with the development
of metastatic diseases, which are not responsive to radioiodine therapy any more. FDG
accumulates in tumour lesions that are missed by iodine scintigraphy [1, 4]. A German group
of Tiibingen explained these findings as early as 1995 [6]. Highly differentiated thyroid cancer
(DTC) cells still express the sodium-iodide symporter (NIS), which enables iodine uptake in
the thyroid. This ability gets lost when cells become less differentiated. On the contrary, FDG
is internalised to the cell by a transporter protein (glut-1), which is overexpressed in malignant
cell types. Inverse alterations of either iodine or FDG uptake in metastases are called the flip-
flop phenomenon. Feine et al. presented a group of 34 patients showing FDG and/or "*I uptake,
30 of whom exhibited the flip-flop phenomenon. Five per cent of the metastases had both FDG
and ™I uptake [4]. Since then, there has been knowledge of the coexistence of functionally
more differentiated tumour cells with retained iodine trapping mechanism and low glucose
metabolism, and more undifferentiated carcinoma cells that have lost their iodine trapping
mechanism and have a high glucose uptake [7].

A meta-analysis by Dong et al. in 2009 covered 571 patients who had recurrent or metastatic
DTC and a radioiodine-negative whole-body scan (WBS) [8]. FDG-PET was proven to be
especially effective in detecting metastases in patients with elevated Tg levels and normal
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radioiodine WBS. A pooled patient-based sensitivity and specificity of about 84% each was
found for FDG PET.

Optimal initial therapy is mandatory for favourable patient outcome, but can only be per-
formed if all non-avid tumour lesions are known before treatment planning. Rosenbaum-
Krumme et al. found that the TNM stage was changed due to the FDG PET results in 21% of
the patients. The authors concluded that FDG PET in high-risk patients with DTC nowadays
has been established as an initial-staging modality [7] (Figure 1).
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Figure 1. A 47-year-old man presented with sensomotoric deficit of the left arm at the Neurological Clinic in Linz
(Austria). Further diagnosis revealed a thyroid malignoma infiltrating the cervical vertebral column and adjacent soft
tissue (as can be seen FDG-avid on FDG PET/CT images). The next step was a combined operation of the malignant
goiter and the tumour masses infiltrating to the bone. As histology still presented papillary differentiation (Ki-67 was
4%), the patient was sent to radioiodine therapy further on.

FDG PET has a high negative-predictive value (NPV) about 90% in DTC patients regarding
recurrence-free follow-up after 3 years. FDG PET should be performed in all high-risk DTC
patients—after the first radioiodine therapy—to improve patient management and risk
stratification [9]. A prognostic relevance of FDG imaging is therefore presumed. Also, the
volume of FDG-positive malignant tissue is of relevance, Wang et al. showed that volumes of
<125 ml were associated with a 3-year survival of 96% compared to 18% of patients with higher
volumes [10].

Elevated Tg levels are an indicator for FDG-positive lesions [11], but it has been demonstrated
that high Tg levels are not related to FDG positivity alone, but also to iodine positivity [7]. It
was recognised that about 10-15% of patients have elevated serum Tg levels despite negative
iodine WBS [12]. In respect to the clinical value of Tg measurement, it has to be considered
that Tg autoantibodies interfere with the measurement and may mask the presence of recurrent
or metastatic disease [13]. In this condition, patient surveillance is complicated and some of
the restrictions might be overcome with routinely practised FDG PET in this patient group,
additionally to neck ultrasound and other diagnostic modalities provided by nuclear medicine.

In total, ATA guidelines strongly recommend considering FDG PET scanning in high-risk DTC
patients with elevated serum Tg (generally >10 ng/ml) when negative radioiodine imaging is
expressed [3]. As the availability of PET/CT scanners and cyclotrons has become satisfactory
at least in central Europe, we advocate combined imaging with iodine and FDG whenever
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thyroid hormone withdrawal or stimulation with recombinant human thyroid stimulating
hormone (TSH) has been conducted. Although there have been conflicting reports regarding
the additional advantage for FDG PET imaging, a possible modest benefit due to TSH
stimulation can be assumed [11]. Such a procedure has been successfully introduced in our
institutions located in Austria.

2.2. FDG PET in subtypes of DTC and anaplastic thyroid cancer

Aggressive histologic subtypes of thyroid cancer carry a worse prognosis [14]. The clinical
usefulness for FDG-PET may be more robust for Hiirthle cell thyroid cancer (3—4% of DTC) as
opposed to papillary and follicular DTC [15]. Generally, FDG PET is more sensitive in patients
with an aggressive histological subtype, including Hiirthle cell, but also poorly differentiated
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Figure 2. This 72-year-old woman originally presented with multiple lung metastases incidentally detected at the Hos-
pital of Wels (Austria). The primary tumour was localised in the thyroid gland and histology revealed poorly differen-
tiated thyroid carcinoma (Ki67 25%, TTF-1 and Tg positive). For post-operative restaging, FDG PET was arranged and
presented multiple metastases of lung, liver and bone.
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carcinoma, tall cell [3] and insular cell variants. Accurate localisation of disease is essential in
Hiirthle cell thyroid cancer because surgery and external beam radiation therapy may be
beneficial. Hiirthle cell thyroid cancer tends to be FDG-avid and all patients should undergo
FDG PET in the post-operative setting onwards [15].

Poorly differentiated thyroid carcinoma represents a distinct stage in the progression from
well-differentiated to anaplastic carcinoma [14]. When primary dedifferentiation with high
Ki67 values can be observed and especially in the case of anaplastic thyroid cancer (which
represents about 1.5% of all thyroid malignancies), the usefulness of iodine scanning tends to
be low. This emphasises the importance of FDG PET in this setting (Figure 2). Approximately
20-50% of patients with early tumour dissemination are positive for distant metastases [16].
Unfortunately, the relevance for monitoring the disease is limited because of the bad prognosis
of anaplastic thyroid cancer. Anaplastic carcinoma usually shows intense FDG uptake, and in
selected cases FDG PET may be helpful in directing or evaluating treatment [14]. Here, nuclear
medicine can provide somatostatin receptor imaging as well (to evaluate therapeutic options
as radiopeptide therapy [17]), but monitoring the disease would still be the task of FDG PET.

It is worth noting that the role for FDG PET in staging and restaging of primary lymphoma of
the thyroid gland is evidentially present [18].

2.3. FDG PET in medullary thyroid cancer

Medullary thyroid cancer (MTC) is a rare form of thyroid cancer (about 4-5%), descending
from calcitonin-producing C-cells not related to iodine-capture processes and thyroid hor-
mone production. Ultrasound, serum calcitonin screening, genetics of multiple endocrine
neoplasia (MEN) syndromes, cytology and histology with immunohistochemistry for calcito-
nin, and various diagnostic tools of radiology play an important role for diagnosis and disease
monitoring.

In regard to nuclear medicine, the impact of FDG and DOPA PET as well as somatostatin
receptor imaging —and the order in which those methods should be applied —is still a matter
of debate.

A PET study may be requested in patients with high serum calcitonin and/or carcinoembryonic
antigen (CEA) levels after surgery. FDG PET is not a meaningful test in patients with low to
moderate calcitonin levels and can occasionally be negative even at very high calcitonin levels
of >1000 pg/ml [14]. Archier et al. recently reported experiences with a relatively large group
of 86 MTC patients. DOPA PET/CT was positive in 65 patients (sensitivity of 76%), and distant
metastatic disease was observed in 29 patients [19]. Beheshti et al. compared FDG and DOPA
PET in the same patients with MTC and showed superiority of DOPA to detect metastases.
However, lymph node metastases, which were only seen on FDG PET, were also described
[20]. We suggest to use DOPA PET on the first run and to save FDG PET imaging for incon-
clusive or DOPA PET-negative cases. An illustrative case can be seen in Figure 3.

131



132 Thyroid Cancer - Advances in Diagnosis and Therapy

Figure 3. Medullary thyroid carcinoma was identified in 2008 at a metastatic stage yet. In 2015, the 74-year-old patient
was sent to the University Hospital St. Pélten (Austria) for restaging by L-3,4-Dihydroxyphenylalanin (is an amino
acid) (DOPA) PET (serum calcitonin of >3000 ng/dl). She also presented with diarrhoea as an associated endocrine
symptom. The DOPA PET images revealed inoperability with cervical tumour masses and extensive thoracic lymph
node metastases. The endocrine clinic ameliorated by the use of somatostatin analogues.

3. FDG PET in thyroid incidentalomas

Meanwhile, there are abundant data consisting of patients who underwent FDG PET/CT for
(mostly oncological) reasons unrelated to pathologies. Then, the finding of a focal FDG uptake
ina thyroid nodule generally merits further examination, and thyroid surgery with histological
verification is necessary in many cases. The intensity of FDG uptake measured by SUV
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(standard uptake value) cannot discriminate with certainty benign and malignant thyroid
nodules. The risk to find a malignant entity can be estimated at 25-50%. Of course, these data
depend upon the characteristics of the patient group as age and iodine supply of the home
country are contributing factors. Diffuse-elevated FDG uptake in the thyroid can be found
when Hashimoto’s thyroiditis is present. Focal uptake is limited to nodules of the thyroid. A
prevalence of 1.5-3% for FDG-avid incidentaloma can be expected [21-23].

4. Conclusion

Thyroid cancer is definitely not the role model indication for FDG PET imaging, but for the
management of differentiated thyroid cancer with metastases and more aggressive types of
malignancies of the thyroid, FDG PET proves to be clinically useful. Incidental detection of
malignancy in FDG-avid thyroid nodules has to be taken into consideration when FDG PET
examinations have been conducted for reasons unrelated to the thyroid.
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Abstract

Radioiodine therapy (RIT) is an integral component in the treatment of differentiated
thyroid cancer (DTC). Patients usually undergo RIT as initial therapy or later in the case
of recurrent or persistent disease. The most important requirement for a successful RIT
is the ability of metastases and thyroid (remnant) tissue to accumulate radioiodine. In
order to calculate the achievable absorbed radiation dose for a lesion, volume and iodine
kinetics in the lesion need to be determined. Pretherapeuticimaging and dosimetry with
2] PET provide the methodology to answer these questions.

Keywords: 1241 PET/CT, thyroid cancer, staging, recurrence, dosimetry

1. Introduction

Thyroid cancer is divided into differentiated thyroid cancer (DTC) and undifferentiated
thyroid cancer. In contrast to the undifferentiated thyroid cancer, the vast majority of the
DTC accumulates iodine in the tumour cells. Utilizing this characteristic, DTC patients can
undergo radioiodine therapy (RIT). RIT of DTC patients provides a very effective therapy
with only minimal side effects using standard activities, which is established for more than
half a century. Patients are treated according to their tumour stage. Low-risk patients usually
undergo a single RIT with activities up to 4 GBq "*'I. High-risk patients undergo at least one
or several RIT with higher activities [1, 2]. While performing RIT with high activities of I,
the organs at risk need specific attention. These are the bone marrow and the lung, especial-
ly in case of multiple metastases. The amount of "I activity and the number of RIT depend
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on the results of the first RIT: if metastases were detected in the posttherapeutic scan, further
RIT may be necessary for an effective treatment of metastases. Therefore, a pretherapeutic
diagnostic, which detects iodine avid metastases, is desirable. The same holds for the first
RIT for patients with a high likelihood for metastases. The pretherapeutic risk stratification
is one of the greatest challenges in treating DTC patients. Although the overall prognosis for
the most DTC patients is excellent [3], unfortunately, some DTC patients suffer from
recurrences or persistent disease. These patients have already undergone RIT. In cases of
recurrent or persistent disease, the cancer cells often show less up to none radioiodine uptake.
Patients with low or missing radioiodine uptake would not or would only slightly benefit
from an additional RIT [4]. Therefore, the knowledge of the localization and the radioio-
dine uptake level of lesions have great influence on therapy decision and the amount of
therapeutic activity.

Pretherapeutic imaging of DTC patients can be performed with different radioiodine isotopes
and the corresponding imaging modalities. '*'I as diagnostic isotope is used since decades.
Usually, activities up to 185 MBq "*'I are administered [5]. Another radioiodine isotope for
pretherapeutic imaging is I, which is hardly used due to its lower imaging sensitivity and
higher costs [5]. Both isotopes can be visualized by planar scintigraphies with a gamma camera
or as 3D imaging with a single photon emission tomography (SPECT) camera. Compared to
positron emission tomography (PET), the spatial resolution of gamma cameras is lower.
However, radioiodine diagnostics using '*'I prior to intended RIT is not advisable mainly for
two reasons. First, until today it is not possible to derive reliable lesion dosimetry data from
BI] scans. Second, ' imaging needs relative high activities resulting in high radiation doses.
It is well known, that this leads to a so called stunning and, thus, reduces the response of
subsequent RIT [6].

2] PET in combination with computed tomography (CT) overcomes both problems. It offers
optimal imaging to detect radioiodine uptake in tumour cells before patients undergo RIT,
while only low '*I activities are required compared to "*'I imaging [7-11]. Stunning is unlikely
and was not reported yet [5]. In addition, pretherapeutic '*I diagnostic provides, in compari-
son with ®'Tand I, a higher quantitative capacity to perform a reliable lesion dosimetry. This
enables a tailor-made RIT with optimized absorbed tumour doses and an *'I activity, which
is considered to be safe for the patient, based on the blood dosimetry.

2. Patient preparation, I application and PET(/CT) imaging

There are two important requirements for a successful performance of "I PET(/CT) diagnostics
or RIT: First, all patients are put on a low iodine diet. This is important to increase the
radioiodine uptake of the tumour cells. After performing a CT scan with contrast agents
containing iodine, for example, the tumour cells are saturated with iodine and would show
only alow radioiodine uptake. Therefore, any iodine contamination has to be avoided to ensure
a good radioiodine uptake during diagnostic imaging or therapy. Second, the tumour cells
have to be stimulated to achieve a high radioiodine uptake. The increase of the thyroid
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stimulating hormone (TSH) can be reached on two ways: endogenous or exogenous stimula-
tion. The endogenous stimulation is usually chosen after initial thyroidectomy. Patients have
to stay on hormone withdrawal for about 4 weeks, until the TSH serum concentration exceeds
30 mU/1 [2, 5]. During this time, patients may experience hypothyroid symptoms such as
fatigue, listlessness, depression and concentration disorders. The other way is an exogenous
stimulation with recombinant human TSH (rhTSH). The rhTSH is administered via an
intramuscular injection two and one day before diagnostic imaging or treatment. The exoge-
nous stimulation spares patients having the hypothyroid symptoms. Moreover, a lower blood
dose was reported in rhTSH stimulated patients [12, 13] compared to endogenous stimulation.
However, the equivalence of therapeutic efficiency concerning tumour elimination under
rhTSH stimulation is not proven.

124 is a positron emitting nuclide with a half-life of 4.2 days. Like many other positron emitting
nuclides, I is produced in a cyclotron. Under endogenous or exogenous TSH stimulation,
1] can be administered in two different ways: orally or intravenously. The amount of admin-
istered "I activities reported in the literature is between 25 MBq and 74 MBq [7, 14, 15].

In the time of combined PET/CT scanners, it is much easier to locate focal radioiodine uptake
for example in the neck [16]. The new scanner generation provides fast scans with an acquis-
ition time of e.g. 15 min for a scan from thigh to head. Besides the scan parameters and the
scanner properties, the time point of scan is very important. In the beginning of '*I PET(/CT)
imaging, multiple scans were performed at 4, 24, 48, 72, and 296 h after '*I application. This
time and resource consuming approach has been optimized and the necessary scans could be
reduced to 2 time points: 24 and 96 h after I application [14]. The first scan 24 h after '*I
application enables the detection of focal pathological iodine uptake as correlate for metastases
or local relapse. This scan is sufficient for diagnostic purpose. The first and second scans are
mainly needed for lesion dosimetry to estimate the lesion absorbed (radiation) dose during
RIT (details see below). However, occasionally, weakly radioiodine accumulating metastases
only show uptake in the late scan.

3. I PET(/CT) in initial DTC staging

The RIT is crucial for an effective treatment of DTC [17, 18]. Patients with higher initial tumour
stage or advanced disease with lymph node or distant metastases routinely undergo RIT with
higher '*'I activities or several RIT. The knowledge of metastases prior to first RIT would be
beneficial for therapy planning. If no metastases are present, lower activities of **'I would be
reasonable. Patients with many metastases, especially bone or pulmonary metastases, should
be treated carefully because of bone marrow toxicity and the risk of radiation-related pneu-
monitis or lung fibrosis [19, 20].

Another advantage of pretherapeutic '*I PET is the re-staging and especially up-staging in
patients with suspect findings in sonography. Shortly before RIT (about three weeks after
thyroidectomy) patients should undergo sonography of the neck. If conspicuous lymph nodes
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are present, additional clarification is necessary to adapt therapy management. In this process,
2] PET offers the possibility to detect focal iodine uptake in case of lymph node metastases
and therapy activity of '*'I can be adapted. If no radioiodine uptake was found in conspicuous
lymph nodes, it might be a reactive lymph node or a radioiodine negative lymph node
metastasis; both will not be affected by the RIT.

During the first RIT, there is usually focal radioiodine uptake in the thyroid bed in
accordance with thyroid remnant tissues. Other focal radioiodine uptake located beyond the
thyroid bed is suspicious for malignancy, for example in the neck is typical for lymph node
metastases.

4. "] PET(/CT) in patients with persisting or recurrent thyroid cancer

In the clinical course of patients with DTC, some patients suffer from tumour persistence after
initial RIT or experience a relapse of DTC at a later stage. These patients mostly present an
elevated and/or increasing serum level of thyroglobulin. Sometimes new tissue in the thyroid
bed or suspect lymph nodes can be detected in sonography of the neck as a correlate. The most
preferable therapy option would be an additional RIT in these cases. Unfortunately, thyroid
cancer cells can dedifferentiate and partially or completely lose the ability to accumulate
iodine. These patients with the so-called radioiodine negative metastases do not or only
slightly profit from additional RIT. Other therapies such as surgery or external beam radio-
therapy would be the therapy of choice in radioiodine negative metastases. But not all patients
are radioiodine negative in case of recurrent disease. Therefore, a selection must be performed
prior to futile RIT.

After injtial RIT and thyroid remnant ablation, no pathological focal iodine uptake should be
visible. Therefore, every focal uptake, for example in the neck or lung, is highly suspect for
metastases or local relapse (except physiological uptake, e.g. in the salivary glands).

5. ] PET/MRI

Within the last years, simultaneous PET/MRI (PET/magnetic resonance imaging) has been
successfully implemented into scientific and clinical imaging, demonstrating its excellent
diagnostic potential, mainly in oncologic imaging. Based on its excellent soft tissue contrast,
MRI is known to provide superior assessment of head and neck tumours and with the
increasing implementation of integrated whole-body PET/MR devices, combining the strength
of PET as well as morphological and functional MRI. In this assessment, it could be of great
advantage in the localization of focal iodine uptake. The first publication about simultaneous
2] PET/MRI showed promising results [21].



124 PET: Pretherapeutic Staging, Detection of Recurrent Thyroid Cancer and Dosimetry
http://dx.doi.org/10.5772/63671

6. I Dosimetry

The I dosimetry deals with the determination of tumour lesion dose per administered *'I
activity (LDpA) and the estimation of the so-called maximum tolerable activity (MTA) of "'I.
The LDpA can help in the decision process if an additional RIT is a promising approach. If a
prescribed lesion dose seems to be reachable, the RIT is combined with a significant chance of
cure [22-24]. Due to the heterogeneity of metastases of a patient, there may be a significant
spread of LDpA in the different metastases. In consequence, RIT might be helpful in some
metastases and the other metastases need to be treated by surgery or external beam radio-
therapy.

The MTA derived from blood dosimetry is the ™I activity that results in 2 Gy blood dose,
which is used as a surrogate for the bone marrow dose. Blood doses below 2 Gy are expected
to be tolerable without relevant side effects [19]. Furthermore, it is possible to evaluate the risk
of radiation-related fibrosis in patients with or without disseminated lung metastases [19, 20].
The blood dosimetry is based on blood sample (BS) and whole-body counter (WC) measure-
ments (see Figures 1-3).

Figure 1. "I PET/CT in initial staging. A: axial PET. B: axial CT. C: axial PET/CT fusion. D: PET MIP (maximum inten-
sity projection). 19-year-old female patient with a papillary pT2 pN1 DTC, 4 weeks after thyroidectomy. The arrows
mark a radioiodine positive lymph node metastasis dorsal of the right clavicle. Moreover, another radioiodine positive
lymph node metastasis right cervical, thyroid remnant tissue in the thyroid bed and a lobus pyramidalis are visible.

Figure 2. '] PET/CT in recurrent DTC. A: axial PET. B: axial CT. C: axial PET/CT fusion. D: PET MIP. 22-year-old fe-
male patient with a papillary pT4 pN1 DTC, 5 years after thyroidectomy and RIT with 10.0 GBq "'I. The arrows mark a
radioiodine positive lymph node metastasis in the jugulum left. Moreover, further radioiodine positive lymph node
metastases right cervical are visible on image D.

Figure 3. '] PET/MRI of the neck in recurrent DTC. A: axial PET. B: axial T1-W TSE sequence after contrast agent. C:
axial PET/MR fusion. 71-year-old male patient with a follicular pT2 pNO DTC, 8 years after thyroidectomy and RIT
with 6.0 GBq **'I. The arrows mark a lymph node metastasis right cervical.
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The lesion and blood dosimetry consists of measurements at different time points after
application of "I to determine the iodine kinetics. The lesion dosimetry requires a minimum
of two PET(/CT) scans at 24 and 296 h after '*I application. The blood dosimetry by the EANM
dosimetry committee uses a comprehensive protocol with measurements over at least 4 days
[25], which was optimized and shortened by Jentzen et al. [26]. For the optimized blood
dosimetry protocols, patients are divided into the groups prior to first RIT and after first RIT.
Prior to initial RIT, more measurements are recommended due to the presence of thyroid
tissue. After the first RIT, only three time points are sufficient. In Figure 4, the required
measurements are visualized. Further details on the calculations of lesion and blood dosimetry
can be found in Jentzen et al. [14, 26] (see examples in Figures 5 and 6).

124 application

w5 b S and et

lesion dosimetry (LDpA) | I blood dosimetry [MTA]
I I
| AN ET | L mT | & L RIT
I 24 h; PETICT I h - ‘
2 b WE
’ a B PET/CT [ 24 h: 15 e W | 4 B S dedor W
[ 48 h: BS and 'WT | w0 B B e WA

Figure 4. Flowchart of "I lesion and blood dosimetry. BS: blood sample; WC: whole-body counter.

7. Examples

Figure 5. I PET/CT and *I PET/MRI in initial staging. A: axial '*I PET/CT (after 24 h). B: axial '*I PET/CT (after
96 h). C: axial "I PET/MRI (after 24 h). D: " PET MIP (after 24 h). E: Whole-body scan after RIT with 7.0 GBq "*'I (after
8 days). 47-year-old female patient with a papillary thyroid carcinoma (pT3 pNla), 4 weeks after thyroidectomy. The
arrows mark two lymph node metastases right cervical. On images D and E, cervical lymph node metastases and thy-
roid remnant tissue are visible. The blood dosimetry revealed a MTA of 18 GBq ', until the blood dose of 2 Gy is
reached. The lesion dosimetry estimated a LDpA ranging from 12 to 120 Gy/GBq "L
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Figure 6. "I PET/CT and '*I PET/MRI in restaging. A: axial I PET/CT (after 24 h). B: axial "I PET/CT (after 96 h). C:
axial "I PET/MRI (after 24 h). D: '] PET MIP (after 24 h). 44-year-old male patient with a papillary thyroid carcinoma
(pT3 pN1b), 1 year after thyroidectomy and RIT with 6.0 GBq ™'I. Thyroglobulin increased without correlate in sonog-
raphy of the neck. Therefore, a "I PET dosimetry was performed for restaging. The arrows mark one lymph node
metastases right cervical paratracheal. On image D stomach, gastrointestinal tract and urinary bladder are visible. The
blood dosimetry revealed a MTA of 37 GBq ', until the blood dose of 2 Gy is reached. The lesion dosimetry estimated
a LDpA of 14 Gy/GBq "I
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Abstract

Serum thyroglobulin (Tg) and Tg antibody (TgAb) levels, together with neck
ultrasonography and ™I whole-body scintigraphy (WBS), are diagnostic tools for
postoperative follow-up of patients with differentiated thyroid carcinoma (DTC).
Generally, good correlation is seen between Tg and WBS in follow-up studies for DTC
after thyroid remnant ablation. Undetectable serum Tg with negative WBS results
suggests complete remission, whereas detectable, or elevated, serum Tg is associated
with radioiodine uptake in local or distant metastases. Patients with thyroid cancer
cells lacking radioiodine uptake despite an elevated serum Tg level have been referred
to as WBS-negative, Tg-positive patients, who represent 10-15% of cases. “F-FDG PET
(FDG-PET) scanning should be considered in high-risk DTC patients with negative
WBS and positive Tg. The preferred therapeutic hierarchy for Tg-positive and WBS-
negative metastases is surgical excision of loco-regional disease, I therapy for
radioiodine-responsive disease, external beam radiation, TSH suppression, and
systemic therapy with kinase inhibitors. If FDG-PET diagnostic results are negative,
one course of P!l treatment may be considered in high-risk patients and individual-
ized. No further ™I therapy is indicated for patients with a negative post-therapy WBS.

Keywords: differentiated thyroid carcinoma, thyroglobulin, whole-body scan, radio-
iodine

1. Introduction

Serum thyroglobulin (Tg) is a tissue-specific 660 kDa protein that serves as a precursor in
thyroid hormone biosynthesis [1]. It is synthesized by both thyroid follicular cells and
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differentiated cancer cells. Monitoring of serum Tg and Tg antibody (TgAb) levels, together
with neck ultrasonography and I whole-body scintigraphy (WBS), is used as a diagnostic
tool in postoperative follow-up for patients with differentiated thyroid carcinoma (DTC) [2].
Generally, good correlation is seen between Tg and WBS in follow-up studies for DTC after
thyroid remnant ablation [3]. Undetectable serum Tg with negative WBS results suggests
complete remission, whereas detectable, or elevated, serum Tg is associated with radioio-
dine uptake in local or distant metastases. Patients with thyroid cancer cells lacking radioio-
dine uptake despite their elevated serum Tg level have been referred to as WBS-negative, Tg-
positive patients [3]. The possible explanations and management for the discordant finding
are discussed in this chapter.

2. Description of DTC with elevated Tg level and negative WBS

Tg is a thyroid tissue-specific antigen produced by thyroid follicular cells. Its measurement is
the best sign of detecting thyroid tissue, including metastasis of DTC. After a total thyroidec-
tomy and radioiodine ablation, any detactable Tg is interpreted as recurrent disease. Although
it is a highly sensitive and specific marker of recurrence, Tg measurement cannot locate the
recurrent DTC [4, 5]. Imaging technologies, including WBS, ultrasonography, computed
tomography (CT), and magnetic resonance imaging (MRI), play great role in locating the DTC
metastases. Tg is a very sensitive marker for thyroid malignancy, and it is not uncommon to
encounter patients who show at initial follow-up, detectable Tg levels with negative imaging
studies [6]. Patients with thyroid cancer cells lacking radioiodine uptake on WBS despite their
elevated serum Tg level have been referred to as WBS-negative, Tg-positive patients; they
represent 10-15% of patients with DTC at follow-up. Due to its inferior sensitivity, the routine
WBS has been supplanted by serum Tg and neck ultrasonography, CT and/or MRI. The reasons
for raised Tg and negative scan results have been summarized previously [7]. The elevated Tg
level and negative WBS are classified into “true-negative WBS with false-positive Tg” and
“false-negative WBS and true-positive Tg.” Because of the low sensitivity of WBS, cervical
ultrasonography plays more important role in the follow-up of DTC patients. Therefore, a new
challenging scenario has emerged: the ultrasonography-negative, Tg-positive patient [8].

2.1. True-iodine negative and false-positive Tg

(1) Tg assays interference

The possibility of a false-positive serum Tg because of assay interference is rare but should
be considered. And serum Tg has a lower false-negative rate than WBS after stimulation
of thyroid stimulating hormone (TSH) either by thyroid hormone withdrawal or by
recombinant human thyroid stimulating hormone (thTSH) [9-13]. Optimal follow-up
requires remnant ablation, and TSH-stimulated Tg testing [4]. The sensitivities and
specificities of various Tg assays vary widely between laboratories, even with the use of
an international standard (CRM 457) [14, 15], which have potential to disrupt serial
monitoring and prompt inappropriate clinical decisions [9]. Additionally, undetectable
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serum Tg became detectable in a significant percentage of DTC patients by changing
assays [16-18]. Therefore, Tg should be dynamically monitored using the same assay
performed in the same laboratory. If possible, patient’s serum is frozen and saved for
recovery test to assess the reliability of Tg when there is a change in Tg assay [19]. As the
sensitivity of commercially available Tg assays improves, TSH-stimulated Tg may not be
necessary in patients with low and intermediate risk of recurrence [9].

Circulating TgAb and HAD interferences

A major problem that hampers accurate Tg measurement is the interference by TgAb and
HADb resulting in either an under- or overestimation of the serum Tg concentration [19-
21]. Depending on the population studied and the assay used, up to 25-30% of patients
with DTC have a positive test for TgAb at the time of initial diagnosis [22, 23]. In addition,
asmall to moderate percentage of patients (in the literature ranging from <1 to >10%) show
HAD interference in Tg measurement, an integral tool in the management of DTC patients.
These antibodies typically falsely lower the Tg value in immuno-chemiluminometric
assays and immuno-radiometric assays, while raising the value in radio-immunoassay.

Therefore, TgAb should be measured in the same serum sample taken for Tg assay [15,
24]. Although for clinical purposes the measurement of Tg and TgAb before thyroidec-
tomy for a suspected or proven DTC is not recommended, a pre-thyroidectomy Tg and
TgAb measurement might be used as an “in vivo” recovery test in order to assess the
reliability of Tg for use as a postoperative tumor marker [19, 25]. In DTC patients, the limit
of quantitation (LoQ) of a given TgAb assay should be regarded as the upper normal limit
for the presence of TgAb [25]. Thyroid laboratories should report two reference ranges
for TgAb: one based on the presence of TgAb in a population free of thyroid disease, which
should be used for the diagnosis of autoimmune thyroid disorders, and the LoQ which
should be used as the upper normal limit in DTC patients. A proposed algorithm for
follow-up in TgAb-positive patients with DTC was listed in Figure 1 from Verburg et al.
[25].

Persistence of Tg-Ab for more than 1 year after thyroidectomy and '*'I ablation probably
indicates the presence of residual thyroid tissue and possibly and/or DTC recurrence [22,
24, 26]. A recent study also showed that TSH receptor mRNA accurately predicted disease
status in 68% of DTC patients [27].

Benign sources of Tg secretion

Apart from their ability to interfere with Tg assays, benign lesions (possibly with foci of
thyroiditis) in persistent residual thyroid tissue or non-thyroidal tissue producing Tg may
also result in false-positive Tg in DTC patients. However, residual occult disease is usually
the source of post-operative Tg elevations [28-30]. Rarely, TSH-stimulated thymus may
produce Tg [6].

Rarely, ectopic thyroid tissue may persist at the base of the tongue or, more often, at any other
position along the thyroglossal tract, with the potential to elevate serum Tg levels. The
thyroglossal tract is the most common location for ectopic thyroid tissue. This tissue retains
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Figure 1. The algorithm for treatment and follow-up in Tb-Ab positive differentiated thyroid cancer patients from Ver-
burg et al. [25].

not only the ability to concentrate iodine, but also to produce Tg and release it into the
bloodstream [28, 31, 32]. The iodine metabolism-related proteins such as human sodium/
iodide symporter (hNIS) [33], TSH receptor at both mRNA and protein level [6] are present in
non-thyroidal tissues, including the thymus. Usually, these functions are dormant, but they
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may be activated by TSH stimulation [34]. Interestingly, these extra-thyroidal foci may be
resistant to multiple "' treatments [28, 31, 32]. In a series of 548 consecutive diagnostic WBS,
ectopic thyroid tissue in the tongue or in the upper part of the thyroglossal duct was visualized
in five patients (0.9%) [28]. However, in another study of 60 patients, 19/60 (31.7%) had a linear
or focal radioactivity at the superior midline of the neck, suggesting thyroglossal duct remnant
[29]. The absence of metastases in the thymus despite high Tg levels was confirmed in five
cases [33, 35]. Rare cases of thyroid tissue ectopy has been summarized in some locations such
as struma ovarii, the heart (struma cordis), the submandibular, parotid and salivary glands,
the duodenum, the adrenal glands, the liver and gallbladder, the pancreas, the axilla, and iris
of the eye [6].

In summary, interference with Tg assays by TgAb and HAD, benign lesions (possibly contain-
ing thyroiditis) in persistent residual thyroid tissue or nonthyroidal tissue producing Tg may
also result in false-positive Tg in DTC patients.

2.2. False-negative WBS and true-positive Tg

The possible causes of false-negative WBS are mentioned below.

(1) Defect of iodine-trapping mechanism such as acquired inactivation mutation of NIS,
TPO gene, pendrin, and TSHR

Thyroid hormone synthesis starts with the active uptake of iodine from the circulation via
NIS. This process, known as iodine trapping, is stimulated directly by TSH and more
circuitously by iodine deficiency. Other proteins, including TPO, TSHR, and pendrin, also
play an important role in the thyroid metabolism of iodine. Any defect in NIS, TPO, Tg,
and TSHR will contribute to false-negative WBS [7].

(2) De-differentiation of tumor such that it can still produce Tg but has lost its iodine-
trapping ability

Various molecular changes within papillary thyroid cancer cells, such as RET/PTC
rearrangements, RAS and BRAF mutations [36], [-catenin mutations, PAX8/PPARA,
histone acetylation factors involved in angiogenesis including overexpression of vascular
endothelial growth factor (VEGF) and EGF receptor (EGFR) underlie the loss of iodide
uptake ability [37]. The dedifferentiated DTC cells lost the ability to concentrate iodine
but may retain Tg synthesizing capability [3, 7], which underlines the phenomenon of Tg-
positive and WBS-negative lesions.

(3) Dispersed microscopic metastases, which are too small to be visualized
(4) Improper patient preparation before WBS

When it is determined that an elevation of Tg is real, if WBS is negative, false-negative scan
such as stable iodine contamination and inadequate TSH elevation should be considered [7].
TSH levels should be elevated to at least 30 mIU/L before concluding that a negative WBS is
meaningful. This can be achieved either by withdrawal of thyroxine or by thTSH administra-
tion. rhTSH is as effective as thyroid hormone withdrawal on **'I thyroid remnant ablation for

151



152 Thyroid Cancer - Advances in Diagnosis and Therapy

DTC patients with significant benefits in decreased whole-body radiation exposure and health-
related quality of life [38, 39]. A summary of appropriate patient preparation for WBS in the
hypothyroid state is presented in Table 1 from Ma et al. [7].

Withdrawal of L-T4 for 4-6 weeks or of triiodothyronine for 2 weeks.

A strict low-iodine diet (50 g iodine per day) followed for 7-14 days before WBS and continuing throughout period of
imaging.

Avoidance of iodine-containing medications (e.g., iodinated contrast medium, amiodarone, betadine), iodine-rich
foods (e.g., kelp), and possible additives of iodine in vitamin and electrolyte supplements.

TSH > 30 mIU/L.

A mild laxative sometimes administered on the evening before WBS to simplify image interpretation.

Information relating to patient’s compliance with low-iodine diet, TSH level, history of thyroid hormone withdrawal,
measurement of Tg, history of prior administration of contrast medium or iodine-containing drugs (e.g., amiodarone),

menstrual history/pregnancy test, nursing/lactation history, etc.

Measurement of urinary iodine in doubtful cases to rule out iodine contamination; repeated WBS 4-6 weeks after

iodine depletion regimen such as diuretic program.

Rule out women with pregnancy and breast feeding.

Table 1. A summary of appropriate patient preparation for WBS from reference by Ma et al.

3. Management of DTC patients with positive Tg and negative WBS

3.1. Other diagnostic modalities for DTC in this setting

In the clinical setting, the precise location of WBS-negative recurrent DTC is mandatory
because surgery is the only curative treatment option and metastases that are unable to
concentrate '*'I are associated with more aggressive clinical behavior [40]. Cervical ultraso-
nography, CT and MRI, "I PET/CT have limited roles in the diagnosis of DTC metastases with
positive Tg and negative WBS. Non-iodine imaging agents—such as *'Tl, *™Tc-sestamibi,
9mTe-tetrofosmin, somatostatin receptor (SRS) scan have reasonable accuracy [41]. However,
they have been replaced by '®F-FDG in the follow-up algorithm of DTC patients with positive
Tg and negative WBS.

(1) Cervical ultrasonography

Cervical ultrasonography has high sensitivity in detecting recurrence in the thyroid bed
and nodal metastases of DTC in the neck [42, 43]. It has been used as first-line diagnostic
imaging in DTC follow-up [44, 45]. However, neck ultrasonography has limitations: one
is that it does not reveal DTC recurrences in other body sites. It is also difficult for cervical
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ultrasonography to differentiate scar tissue and locally recurring fibrosis and between
nonspecific nodal enlargements and nodal metastases [46]. Therefore, the other limitation
of ultrasonography is the low specificity in DTC patients of altered anatomy after thyroid
surgery.

CT and MRI

In patients with elevated or rising Tg or TgAb and no evidence of disease on neck
ultrasonography or WBS (if performed), CT imaging of the neck and chest should be
considered [47]. Diagnostic CT scan may complement neck ultrasonography for the
detection of macrometastases in the central compartment, in the mediastinum and behind
the trachea [48-50], and is the most sensitive tool for the detection of micro-metastases in
the lungs. MRI has also been advocated for imaging the neck and the mediastinum. It is
performed without and with injection of gadolinium chelate as contrast medium and does
not require any injection of iodine contrast medium. Brain and skeletal MRI and/or CT,
or abdominal MRI may be performed in high-risk DTC patients with elevated Tg (gener-
ally >10 ng/mL) and negative WBS or ultrasonography, who have systemic symptoms
related to those organs, or who will have **'I therapy and may be at risk for complications
of tumor swelling [51]. MRI is less sensitive than CT scan for the detection of lung
micronodules [47].

BE-FDG-PET/CT or PET/MRI

The iodine-negative DTC lesions were found to have increased expression of the glucose
transporter-1, and often have FDG uptake [52]. Therefore, *F-FDG-PET is particularly
useful in the detection of recurrent or metastatic DTC in patients with positive Tg and
negative WBS, allowing detection of metastases not detected by other imaging modalities
[53]. In a recent meta-analysis, the combined sensitivity and specificity for FDG-PET/CT
were 93 and 81%, respectively [54].

Factors influencing PET/CT sensitivity include tumor de-differentiation, larger tumor
burden and to a lesser extent, TSH stimulation [47]. PET is more sensitive in patients with
an aggressive histological subtype, including poorly differentiated, tall cell, and Hiirthle
cell thyroid cancer. The sensitivity of PET (ranging from less than 10-30%) is low in
patients with a TSH-stimulated Tg < 10 ng/mL. It is therefore recommended to consider
8E-FDG-PET only in DTC patients with a stimulated Tg level 210 ng/mL [47]. A meta-
analysis of seven prospective controlled clinical trials indicated that FDG-PET under TSH
stimulation either by thyroid hormone withdrawal or by rhTSH had slightly improved
diagnostic performance in detecting Tg-positive and WBS-negative DTC lesions. FDG-
PET/CT is useful in staging, response assessment after chemotherapy, targeted therapies,
or radiotherapy and prognostic assessment for patients with cancer [55]. Therefore, PET/
CT imaging should be performed as first-line, with empiric **'I treatment being considered
only for those patients with no detectable FDG uptake [51]. PET/CT can also identify
lesions with high FDG uptake (SUV) that may be more aggressive and should have multi-
targeted kinase inhibitors or close monitoring. A study observed that elevated Tg, but
normal PET exists as a definitive entity in DTC. Positive Tg with negative PET was
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regarded as a favorable prognostic indicator to predict symptom-free status during the
follow-up period [56].

However, false positives occur with PET imaging with or without TSH stimulation [50].
The frequency of false-positive lesions varies among series from 0 to 39%, and this high
number justifies a fine-needle aspiration (FNA) biopsy with cytology and Tg measure-
ment in the aspirate fluid in cases where surgery is planned, based on PET results.

FDG-PET/CT is useful in staging, response assessment after chemotherapy, targeted
therapies, or radiotherapy and prognostic assessment for patients with cancer [55].
PET/CT imaging is more sensitive and should be performed as first-line, with empiric
1] treatment being considered only for those patients with no detectable FDG uptake [51].
PET/CT can also identify lesions with high FDG uptake (SUV) that may be more aggressive
and should have multi-targeted kinase inhibitors or close monitoring. A study observed
that elevated Tg, but normal PET exists as a definitive entity in DTC. Positive Tg with
negative PET was regarded as a favorable prognostic indicator to predict symptom-free
status during the follow-up period [56].

] PET/CT

124] emits positrons, allowing PET/CT imaging in DTC patients. It is used as for dosimetry
and also as a diagnostic tool to localize DTC metastases. '*I PET/CT accurately measures
the volume, uptake, and half-life of *I in each DTC lesion, therefore permitting a reliable
individual dosimetric assessment for DTC metastases [47]. '**I-PET has higher sensitivity
in detecting the residual thyroid tissue and/or DTC metastases than that of WBS (99% vs.
66%) [57-61]. The combination of I and FDG-PET/CT affords a valuable diagnostic
method that can be used to make therapeutic decisions in patients with positive Tg and
negative WBS [57, 61]. I-PET/CT with thyroid hormone withdrawal was found to detect
significantly more foci of metastases of DTC [59]. However, it is unclear whether and to
what extent patient preparation with rhTSH rather than thyroid hormone withdrawal
affects the diagnostic accuracy of I PET/CT [57]. '*I is not yet widely available for clinical
use and is primarily a research tool at this time.

Somatostatin receptor scan (SRS)

Thyroid tumors are known to express SRS, and therefore, ''In-pentetreotide (somatostatin
analog) can visualize non-iodine avid DTC metastases with high concentration of SRS. A
case of negative WBS recurrent metastatic papillary thyroid carcinoma with positive '"'In-
pentetreotide scan was reported [62]. Technetium-99m labeled somatostatin analog, *™Tc-
Hynic-TOC scintigraphy had a sensitivity of 88.46% (23/26), specificity of 100% (2/2), and
an accuracy of 89.2% (25/28) [41]. SRS scintigraphy may be useful both in the staging and
monitoring of patients with WBS-negative DTC metastases. **Gallium-somatostatin
analogs PET/CT is currently a promising method to study well-differentiated neuroen-
docrine tumor which has a better sensitivity and therefore is superior to *™Tc or "In
labeled SRS [63, 64]. SRS scan positive patients are potential candidates for SRS-targeted
therapy.
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In addition, ®*Gallium-somatostatin analogs PET/CT is currently a promising method to
study well-differentiated neuroendocrine tumor which has a better sensitivity and
therefore is superior to Tc or 111In labeled SRS [63, 64]. "®F-FLT and ""C-MET may also
have a diagnostic roles in this clinical setting [65].

(6) Fine-needle aspiration (FNA)

ENA biopsy for cytology and Tg measurement in the aspirate fluid is performed for
suspicious lymph nodes >8-10 mm in their smallest diameter. Non-suspicious and small
nodes (<8-10 mm in the smallest diameter) can be monitored with neck ultrasonography
[47]. Ultrasonography guidance aspiration may improve the results of FNA biopsy, in
particular for small lymph nodes and those located deep in the neck. The measurement
of Tg in the FNA biopsy washout fluid (FNAB-Tg) is the more accurate tool to detect DTC
recurrences and metastases in the neck [66, 67]. However, the application of FNA biopsy
Tg is currently hindered by the absence of methodological standardization, a lack of
definite cutoff points, and the ongoing debate regarding its accuracy in nonthyroidec-
tomized patients, those with elevated serum Tg, and those with circulating TgAb [66, 67].
A Tg concentration in the aspirate fluid between 1 and 10 ng/mL is moderately suspicious
for malignancy [47]; above 10 ng/mL are highly suspicious of DTC metastases [68-70].

In summary, in patients with elevated or rising Tg (>10 ng/mL) or TgAb and no evidence of
disease on neck ultrasonography or WBS (if performed), CT imaging of the neck and chest,
MRI of the neck and abdomen may be considered. "®F-FDG-PET/CT also plays an important
role in the detecting DTC metastases with positive Tg (>10 ng/mL) and negative WBS, and
negative conventional imaging. The result of ®F-FDG-PET/CT is helpful in guiding the
treatment strategy. FNA biopsy and Tg measurement in washout fluid are helpful in the
confirmation of foci detected by *F-FDG-PET/CT.

3.2. Treatments for Tg-positive and WBS-negative DTC metastases

3.2.1. Empiric '] treatment

Thyroid hormone withdrawal induces substantial short- and long-term morbidity, decreased
quality of life due to associated hypothyroidism."*I therapy may cause early and late sialoa-
denitis in up to 30% which can lead to xerostomia, dental caries, and stomatitis [71, 72], with
a majority of patients suffering from significant changes in physical, psychological, and social
well-being [73, 74]. Therefore, the pros and cons of empiric ™I treatment should be well-
balanced justified.

The management of elevated serum Tg and radioiodine-negative scans was outlined by Ma et
al. [3]. Of 438 patients from 16 studies who were treated empirically with '*'I foriodine-negative
and Tg-positive DTC disease, 267 (62%) displayed pathological uptakes in the thyroid bed,
lungs, bone, mediastinum and lymph nodes. In studies in which data were available for serum
Tg levels during TSH suppression therapy or TSH withdrawal, 56% (188/337) patients showed
decreased Tg. Of 242 patients from 5 studies who received no specific treatment for iodine-
negative and Tg-positive DTC disease, 44% (106/242) showed spontaneous normalization and
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a significant decrease in serum Tg. Thus, high doses of 'I have therapeutic effects if the Tg
level is considered an index of tumor burden, at least in the short term, and could also localize
previously undiagnosed recurrences. Therefore, empiric®'I treatment may be justified in high-
risk patients with serum Tg > 10 ng/mL and a negative WBS and FDG-PET scan results [3, 75,
76]. Pulmonary metastases may be found only on post-therapy WBS [77]. In a study of 283
DTC patients treated with 100mCi (3.7 GBq) of **'I, 6.4% had lung and bone metastases detected
after treatment that had been suspected based on high serum Tg alone but had not been
detected after 2mCi (74 MBq) ' WBS [78].

However, most studies in this area have limited reliability as they lacked control groups and
an adequate follow-up period [3]. Still missing from our knowledge are long-term survival
rates, changes in mass sizes on post-therapy imaging, and radiation-induced side-effects of
B1] therapy. Although the tumor burden may be diminished, most patients with negative WBS
and positive Tg are not rendered disease free by *'I therapy [79]. Nearly half of patients with
Tg-positive and WBS-negative DTC show spontaneous normalization and significant reduc-
tion in serum Tg without any specific treatment, ™I therapy should be individualized
according to the clinical characteristics and imaging features. A five-year follow-up of 29
patients with elevated Tg (>2 ng/mL) and negative "' WBS found that 24/29 patients showed
Tg decreasing trend without *'I therapy, of whom only one patient recurred; the other 5/29
patients showed a rising trend and all recurred [5].

Therefore, additional diagnostic techniques are strongly recommended for patients with Tg-
positive and WBS-negative metastases. If these diagnostic results are positive, treatment
options such as surgery, external radiotherapy and tumor embolization can be considered.
Empiric ' therapy is more commonly considered for those with distant metastases or
inoperable local disease. If FDG-PET result is negative, one course of *'I treatment may be
considered in high-risk patients with. Repeated *'I therapy may be given to patients who had
persistent non-resectable DTC metastases and iodine uptake, and there are significant
therapeutic benefits until the lesion has been eradicated or the lesion no longer responds to
treatment. The risk of repeated therapeutic doses of RAI must be balanced against uncertain
long-term benefits. In the case of negative post-therapy WBS, the patient should be considered
to have radioiodine-refractory disease and no further I therapy should be administered.

3.2.2. Re-differentiation strategies
(1) Retinoic acids (RA) and lithium

RA are active metabolites of vitamin A able to regulate growth and differentiation of many
cell types by binding to specific nuclear receptors, the RA receptors, and the retinoid X
receptors (RXR) [80]. Lithium increases the residence time of *'I in the thyroid tissue [37,
81, 82]. RA and lithium [82] were used to redifferentiate metastatic DTC and render them
responsive to '*'I therapy. However, they only yielded a limited clinical benefit.

(2) Iodine-trapping-related gene transfection

hNIS protein is a membrane glycoprotein that transports iodide ions into thyroid cells.
This process, known as iodine trapping, is stimulated directly by TSH. Other proteins,
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including thyroperoxidase (TPO) and pendrin, also play an important role in the thyroid
metabolism of iodine [83]. Strategies of gene transfection focused on NIS; TPO has been
studied to enhance tumor uptake iodine [84, 85]. Co-transfection of the hNIS and hTPO
genes can lead to longer retention of radio iodine [85]. Targeted NIS gene transfer, by viral
and non-viral vectors, followed by radionuclide I, 1¥8Re, ' At therapy, has been recently
suggested for the treatment of advanced or WBS-negative DTC metastases. In thyroid
cells, TSH stimulates NIS synthesis [86]. Therefore, hTSHR transfection was investigated
in FTC-133 thyroid cells, which improved the expression of thyroid-specific molecules
including TSHR, NIS, TPO, and Tg and radioiodide uptake [87, 88]. lodine-trapping-
related gene transfection has not been used clinically yet.

(3) MAPK kinase inhibitor

Mitogen-activated protein kinase (MAPK) signaling inhibits the expression of thyroid
hormone biosynthesis genes, including the NIS and TPO, which facilitate iodine uptake
and organification, respectively [89, 90]. Inhibition of the MAPK pathway may renew the
therapeutic efficacy of "I by enhancing uptake in patients with thyroid cancer that is
refractory to "I [82]. MAPK1-2 inhibitor selumetinib (AZD6244, ARRY-142886), orally
administered at a dose of 75 mg twice daily increased the uptake of '*Iin 12 of 20 patients.
Selumetinib enhanced "*'I uptake in eight patients with advanced DTC. After 'I treat-
ment, partial responses were achieved in 5, stable disease in 3. No severe adverse events
were observed [82].

In summary, strategy of re-differentiation of iodine-negative DTC metastases by RA has
limited clinical benefit. Iodine-trapping-related protein transfection remains experimental.
MAPK kinase inhibitor needs to be confirmed in large population.

3.2.3. Multi-targeted kinase inhibitors

Both sorafenib (BAY 43-9006) and lenvatinib are multi-kinase inhibitors with potent activity
against RAF, VEGF receptors, fibroblast growth factor receptors, PDGF receptor, c-KIT and
RET kinases [37, 88, 91]. Sorafenib and lenvatinib are both FDA approved for iodine refractory
DTC metastases [92]. They achieved clinical benefits in terms of partial response of 12.5-38%,
progression-free survival from 9 to 24 months in radioiodine-refractory DTC metastases [37,
91]. The therapeutic effects of other tyrosine kinase inhibitors including sunitinib, imatinib,
vandetanib were also summarized [37] and a dozen ongoing trials currently listed in the
ClinicalTrials.gov database, evaluating 12 kinase-inhibiting drugs [93].

Adverse effects occurred in 98.6% patients receiving sorafenib: the most frequent were hand-
foot skin reactions, diarrhea, alopecia, and rash or desquamation [94].

Selection of a targeted agent should depend on disease trajectory, side effect profile, and goals
of therapy. Kinase inhibitor therapy should be considered in radioiodine-refractory DTC
metastases, rapidly progressive, symptomatic and/or imminently threatening disease not
otherwise amenable to local control using other approaches. Patients who are candidates for
kinase inhibitor therapy should be thoroughly counseled on the potential risks and benefits of
this therapy as well as alternative therapeutic approaches including best supportive care [47].
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3.2.4. Other treatments
(1) TSH suppression

TSH suppression is considered essential in the treatment of patients with positive Tg and
negative WBS, because TSH is a trophic hormone that can stimulate the growth of cells
derived from thyroid follicular epithelium [45, 95, 96]. Therefore, the recommended TSH
level is below 0.1 mU/L, or slightly below or slightly above the lower reference range [9].

(2) Surgery and stereotactic radiotherapy (SBRT)

Most recurrent DTCs respond well to surgery and SBRT [45, 97]. The isolated skeletal
metastasis of DTC is recommended for surgery or SBRT [9]. Neurosurgery or SBRT is
preferred treatments for solitary brain metastases of DTC [98, 99]. SBRT is considered for
loco-regional recurrence that is not surgically resectable, or with extra-nodal extension or
involvement of soft tissues, in particular in patients with no evidence of distant disease,
but has no role in most patients with resectable lymph node metastases [47].

(3) Chemotherapy

Systematic chemotherapy can be considered for DTC lesions with positive Tg and
negative WBS that are not surgically resectable, not responsive to I, not amenable to
EBRT treatment, or not responsive to multi-targeted kinase inhibitors, and have clinically
significant structural disease progression during the last 6-12 months. Two of 49 (3%)
patients with DTC metastases had a response to five chemotherapy protocols [100]. In a
review by Ahuja et al., 38% of patients with thyroid cancer had reduction in tumor mass
to doxorubicin [101]. Combination chemotherapy does not show clear superiority to
doxorubicin therapy alone [102]. Therefore, the traditional chemotherapy has limited
effects on iodine refractory DTC metastases [9, 103].

(4) Other treatments

Other treatments include percutaneous ethanol injection (PEI), radiofrequency, or laser
ablation.

PEI for patients with metastatic DTC in lymph node is promising as a nonsurgical-directed
therapy [104, 105]. Most of the studies limited PEI to patients who had undergone previous
neck dissections and *'I treatment, those who had FNA-proven DTC in the lymph node and
those with no known distant metastases [106]. A general consensus from studies and reviews
is that PEI could be considered in patients who are poor surgical candidates [47]. Radiofre-
quency ablation has been associated with a mean volume reduction that ranges between
approximately 55-95% [107, 108], and 40-60% complete disappearance of the DTC metastases
in the treatment of recurrent thyroid cancer [108, 109]. More recently, preliminary findings
using ultrasonography-guided laser ablation for treatment of cervical lymph node metastases
have been reported [110].

In summary, true-negative WBS with positive Tg may be due to benign thyroid remnants
(possibly containing thyroiditis) or, rarely, nonthyroidal tissue producing Tg. False-negative
WBS with positive Tg can be caused by a defective of acquired iodine-trapping inactivation;
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dedifferentiation of tumor which can still produce Tg but has lost its iodine-trapping ability;
small dispersed microscopic metastases. Other radioisotopes and additional diagnostic
options play an important role in the ascertainment of patients with negative WBS and Tg-
positive DTC metastases. FDG-PET/CT should be considered in high-risk DTC patients with
negative WBS and positive Tg. If FDG-PET diagnostic results are negative, one course of *'I
treatment may be considered in high-risk patients and individualized. No further '*'I therapy
is indicated for patients with a negative post-therapy WBS. The preferred hierarchy of
treatment for Tg-positive and WBS-negative metastases is surgical excision of loco-regional
disease in potentially curable patients, *'I therapy for residual radioiodine-responsive disease,
external beam radiation or other directed treatment modalities such as thermal ablation, TSH
suppression for patients with stable or slowly progressive asymptomatic disease, and systemic
therapy with multi-kinase inhibitors, especially for patients with significantly progressive
macroscopic refractory disease.

Author details

Chao Ma
Address all correspondence to: mc_7419@hotmail.com

Nuclear Medicine, Affiliated Xinhua Hospital School of Medicine, Shanghai Jiaotong
University, Shanghai, China

References

[1] Ringel MD and Ladenson PW. Controversies in the follow-up and management of well-
differentiated thyroid cancer. Endocrine-Related Cancer. 2004;11:97-116.

[2] Shammas A, Degirmenci B, Mountz JM, McCook BM, Branstetter B, Bencherif B, Joyce
JM, Carty SE, Kuffner HA and Avril N. 18F-FDG PET/CT in patients with suspected
recurrent or metastatic well-differentiated thyroid cancer. Journal of Nuclear Medicine:
Official Publication, Society of Nuclear Medicine. 2007;48:221-226.

[3] Chao M. Management of differentiated thyroid cancer with rising thyroglobulin and
negative diagnostic radioiodine whole body scan. Clinical Oncology (Royal College of
Radiologists (Great Britain)). 2010;22:438-447.

[4] Eustatia-Rutten CF, SmitJW, Romijn JA, van der Kleij-Corssmit EP, Pereira AM, Stokkel
MP and Kievit . Diagnostic value of serum thyroglobulin measurements in the follow-
up of differentiated thyroid carcinoma, a structured meta-analysis. Clinical Endocrinol-
ogy. 2004;61:61-74.

159



160 Thyroid Cancer - Advances in Diagnosis and Therapy

[5]

[11]

[12]

[13]

Gupta M, Choudhury PS, Nag S and Gupta P. Stimulated high serum thyroglobulin
with negative whole body imaging do not warrant an aggressive diagnostic and
therapeutic approach in differentiated thyroid cancer patients: a follow-up of 5 years
or till recurrence. Hellenic Journal of Nuclear Medicine. 2015;18:207-214.

Zanotti-Fregonara P, Keller I, Calzada-Nocaudie M, Al-Nahhas A, Devaux JY, Grass-
etto G, Marzola MC, Rubello D and Hindie E. Increased serum thyroglobulin levels
and negative imaging in thyroid cancer patients: are there sources of benign secretion?
A speculative short review. Nuclear Medicine Communications. 2010;31:1054-1058.

Ma C, Kuang A, Xie ] and Ma T. Possible explanations for patients with discordant
findings of serum thyroglobulin and 1311 whole-body scanning. Journal of Nuclear
Medicine: Official Publication, Society of Nuclear Medicine. 2005;46:1473-1480.

Kloos RT. Approach to the patient with a positive serum thyroglobulin and a negative
radioiodine scan after initial therapy for differentiated thyroid cancer. The Journal of
Clinical Endocrinology and Metabolism. 2008;93:1519-1525.

Haddad RI, Lydiatt WM, Ball DW, Busaidy NL, Byrd D, Callender G, Dickson P, Duh
QY, Ehya H, Haymart M, Hoh C, Hunt JP, Iagaru A, Kandeel F, Kopp P, Lamonica DM,
McCaffrey JC, Moley JF, Parks L, Raeburn CD, Ridge JA, Ringel MD, Scheri RP, Shah
JP, Smallridge RC, Sturgeon C, Wang TN, Wirth L], Hoffmann KG and Hughes M.
Anaplastic thyroid carcinoma, version 2.2015. Journal of the National Comprehensive
Cancer Network: JNCCN. 2015;13:1140-1150.

Pacini F, Lari R, Mazzeo S, Grasso L, Taddei D and Pinchera A. Diagnostic value of a
single serum thyroglobulin determination on and off thyroid suppressive therapy in
the follow-up of patients with differentiated thyroid cancer. Clinical Endocrinology.
1985;23:405-411.

Haugen BR, Pacini F, Reiners C, Schlumberger M, Ladenson PW, Sherman SI, Cooper
DS, Graham KE, Braverman LE, Skarulis MC, Davies TF, DeGroot L], Mazzaferri EL,
Daniels GH, Ross DS, Luster M, Samuels MH, Becker DV, Maxon HR, 3rd, Cavalieri
RR, Spencer CA, McEllin K, Weintraub BD and Ridgway EC. A comparison of re-
combinant human thyrotropin and thyroid hormone withdrawal for the detection of
thyroid remnant or cancer. The Journal of Clinical Endocrinology and Metabolism.
1999;84:3877-3885.

Kloos RT and Mazzaferri EL. A single recombinant human thyrotropin-stimulated
serum thyroglobulin measurement predicts differentiated thyroid carcinoma metasta-
ses three to five years later. The Journal of Clinical Endocrinology and Metabolism.
2005;90:5047-5057.

Castagna MG, Brilli L, Pilli T, Montanaro A, Cipri C, Fioravanti C, Sestini F, Capezzone
M and Pacini F. Limited value of repeat recombinant human thyrotropin (rhTSH)-
stimulated thyroglobulin testing in differentiated thyroid carcinoma patients with



[16]

[17]

[19]

[20]

[21]

[22]

[23]

[24]

Differentiated Thyroid Carcinoma with Elevated Thyroglobulin and Negative Radioiodine Whole-Body Scan
Metastases
http://dx.doi.org/10.5772/64356

previous negative thTSH-stimulated thyroglobulin and undetectable basal serum
thyroglobulin levels. The Journal of Clinical Endocrinology and Metabolism. 2008;93:76-81.

Spencer CA, Takeuchi M and Kazarosyan M. Current status and performance goals for
serum thyroglobulin assays. Clinical Chemistry. 1996;42:164-173.

Spencer CA and Lopresti JS. Measuring thyroglobulin and thyroglobulin autoantibody
in patients with differentiated thyroid cancer. Nature Clinical Practice Endocrinology and
Metabolism. 2008;4:223-233.

Phan HT, Jager PL, Paans AM, Plukker JT, Sturkenboom MG, Sluiter W], Wolffenbuttel
BH, Dierckx RA and Links TP. The diagnostic value of 124I-PET in patients with
differentiated thyroid cancer. European Journal of Nuclear Medicine and Molecular
Imaging. 2008;35:958-965.

Hufner M, Pfahl H, Bethauser H, Heilig B and Georgi P. Comparative plasma thyro-
globulin measurements with three non-cross-reactive monoclonal antibodies in
metastatic thyroid cancer patients. Acta Endocrinologica. 1988;118:528-532.

Schulz R, Bethauser H, Stempka L, Heilig B, Moll A and Hufner M. Evidence for
immunological differences between circulating and thyroid tissue-derived thyroglo-
bulin in men. European Journal of Clinical Investigation. 1989;19:459-463.

Giovanella L, Suriano S, Ceriani L and Verburg FA. Undetectable thyroglobulin in
patients with differentiated thyroid carcinoma and residual radioiodine uptake on a
postablation whole-body scan. Clinical Nuclear Medicine. 2011;36:109-112.

Giovanella L, Keller F, Ceriani L and Tozzoli R. Heterophile antibodies may falsely
increase or decrease thyroglobulin measurement in patients with differentiated thyroid
carcinoma. Clinical Chemistry and Laboratory Medicine. 2009;47:952-954.

Verburg FA, Waschle K, Reiners C, Giovanella L and Lentjes EG. Heterophile antibod-
ies rarely influence the measurement of thyroglobulin and thyroglobulin antibodies in
differentiated thyroid cancer patients. Hormone and Metabolic Research = Hormon- und
Stoffwechselforschung = Hormones et metabolisme. 2010;42:736-739.

Chiovato L, Latrofa F, Braverman LE, Pacini F, Capezzone M, Masserini L, Grasso L
and Pinchera A. Disappearance of humoral thyroid autoimmunity after complete
removal of thyroid antigens. Annals of Internal Medicine. 2003;139:346-351.

Pacini F, Mariotti S, Formica N, Elisei R, Anelli S, Capotorti E and Pinchera A. Thyroid
autoantibodies in thyroid cancer: incidence and relationship with tumour outcome.
Acta Endocrinologica. 1988;119:373-380.

Spencer CA, Takeuchi M, Kazarosyan M, Wang CC, Guttler RB, Singer PA, Fatemi S,
LoPresti JS and Nicoloff JT. Serum thyroglobulin autoantibodies: prevalence, influence
on serum thyroglobulin measurement, and prognostic significance in patients with
differentiated thyroid carcinoma. The Journal of Clinical Endocrinology and Metabolism.
1998;83:1121-1127.

161



162  Thyroid Cancer - Advances in Diagnosis and Therapy

[25]

[26]

[27]

(28]

[29]

Verburg FA, Luster M, Cupini C, Chiovato L, Duntas L, Elisei R, Feldt-Rasmussen U,
Rimmele H, Seregni E, Smit JW, Theimer C and Giovanella L. Implications of thyro-
globulin antibody positivity in patients with differentiated thyroid cancer: a clinical
position statement. Thyroid: Official Journal of the American Thyroid Association.
2013;23:1211-1225.

Chung]JK, Park Y], Kim TY, So Y, Kim SK, Park DJ, Lee DS, Lee MC and Cho BY. Clinical
significance of elevated level of serum antithyroglobulin antibody in patients with
differentiated thyroid cancer after thyroid ablation. Clinical Endocrinology. 2002;57:215—-
221.

Aliyev A, Soundararajan S, Bucak E, Gupta M, Hatipoglu B, Nasr C, Siperstein A and
Berber E. The utility of peripheral thyrotropin receptor mRNA in the management of
differentiated thyroid cancer. Surgery. 2015;158:1089-1093; discussion 1093-1094.

Zanotti-Fregonara P, Hindie E, Keller I, Calzada-Nocaudie M and Devaux JY. Scinti-
graphic visualization of glossal thyroid tissue during the follow-up of thyroid cancer
patients. Clinical Nuclear Medicine. 2007,32:911-914.

Mohamed Sayed MH, Saleh Farghaly HR and Fadl FA. Rate of thyroglossal duct
remnant visualization after total thyroidectomy for differentiated thyroid carcinoma
and its impact on clinical outcome of radioactive iodine (I-131) ablation. Indian Journal
of Nuclear Medicine: IINM: The Official Journal of The Society of Nuclear Medicine, India.
2015;30:116-121.

Lee M, Lee YK, Jeon TJ, Chang HS, Kim BW, Lee YS, Park CS and Ryu YH. Frequent
visualization of thyroglossal duct remnant on post-ablation 131I-SPECT/CT and its
clinical implications. Clinical Radiology. 2015;70:638-643.

LiD, Meng Z, Zhang G, Yu T, Tan ] and Dong F. Visualization of thyroglossal duct cyst
in differentiated thyroid cancer patient. Clinical Nuclear Medicine. 2010;35:499-504.

Basaria S, Westra WH and Cooper DS. Ectopic lingual thyroid masquerading as thyroid
cancer metastases. The Journal of Clinical Endocrinology and Metabolism. 2001;86:392-395.

Abhyankar A and Basu S. Thymus uptake of 1311 in patients with differentiated thyroid
carcinoma: three different case scenarios and patterns of uptake and the importance of
its recognition in thyroid cancer practice. Journal of Cancer Research and Therapeutics.
2015;11:648.

Sauk J], Jr. Ectopic lingual thyroid. The Journal of Pathology. 1970;102:239-243.

Arce MB, Molina TC, Hernandez TM, de la Cinta Calvo Moron M, Herrero CH, De La
Riva Perez PA and Montano JC. Thymic uptake after high-dose 1-131 treatment in
patients with differentiated thyroid carcinoma: a brief review of possible causes and
management. Endocrinologia y nutricion: organo de la Sociedad Espanola de Endocrinologia
y Nutricion. 2015;62:19-23.



[36]

[37]

[39]

[42]

[44]

Differentiated Thyroid Carcinoma with Elevated Thyroglobulin and Negative Radioiodine Whole-Body Scan
Metastases
http://dx.doi.org/10.5772/64356

Antonelli A, Ferri C, Ferrari SM, Sebastiani M, Colaci M, Ruffilli I and Fallahi P. New
targeted molecular therapies for dedifferentiated thyroid cancer. Journal of Oncology.
2010;2010:921682.

Fallahi P, Mazzi V, Vita R, Ferrari SM, Materazzi G, Galleri D, Benvenga S, Miccoli P
and Antonelli A. New therapies for dedifferentiated papillary thyroid cancer. Interna-
tional Journal of Molecular Sciences. 2015;16:6153-6182.

Ma C, Tang L, Fu H, Li ] and Wang H. rhTSH-aided low-activity versus high-activity
regimens of radioiodine in residual ablation for differentiated thyroid cancer: a meta-
analysis. Nuclear Medicine Communications. 2013;34:1150-1156.

Ma(, Xie], Liu W, Wang G, Zuo S, Wang X and Wu F. Recombinant human thyrotropin
(rhTSH) aided radioiodine treatment for residual or metastatic differentiated thyroid
cancer. The Cochrane Database of Systematic Reviews. 2010:10:Cd008302.

Schlumberger MJ. Papillary and follicular thyroid carcinoma. The New England Journal
of Medicine. 1998,;338:297-306.

Shinto AS, Kamaleshwaran KK, Mallia M, Korde A, Samuel G, Banerjee S, Velayutham
P, Damodharan S and Sairam M. Utility of (99m)Tc-Hynic-TOC in 1311 whole-body
scan negative thyroid cancer patients with elevated serum thyroglobulin levels. Worid
Journal of Nuclear Medicine. 2015;14:101-108.

Alzahrani AS, Alsuhaibani H, Salam SA, Al Sifri SN, Mohamed G, Al Sobhi S, Sulaiman
O and Akhtar M. Diagnostic accuracy of high-resolution neck ultrasonography in the
follow-up of differentiated thyroid cancer: a prospective study. Endocrine Practice:
Official Journal of the American College of Endocrinology and the American Association of
Clinical Endocrinologists. 2005;11:165-171.

Torlontano M, Crocetti U, Augello G, D’Aloiso L, Bonfitto N, Varraso A, Dicembrino
F, Modoni S, Frusciante V, Di Giorgio A, Bruno R, Filetti S and Trischitta V. Compara-
tive evaluation of recombinant human thyrotropin-stimulated thyroglobulin levels,
1311 whole-body scintigraphy, and neck ultrasonography in the follow-up of patients
with papillary thyroid microcarcinoma who have not undergone radioiodine therapy.
The Journal of Clinical Endocrinology and Metabolism. 2006;91:60-63.

Pacini F, Castagna MG, Brilli L and Pentheroudakis G. Thyroid cancer: ESMO Clinical
Practice Guidelines for diagnosis, treatment and follow-up. Annals of Oncology: Official
Journal of the European Society for Medical Oncology/ESMO. 2012;23(Suppl 7):vii1l10-
viil09.

Cooper DS, Doherty GM, Haugen BR, Kloos RT, Lee SL, Mandel S], Mazzaferri EL,
Mclver B, Pacini F, Schlumberger M, Sherman SI, Steward DL and Tuttle RM. Revised
American Thyroid Association management guidelines for patients with thyroid
nodules and differentiated thyroid cancer. Thyroid: Official Journal of the American
Thyroid Association. 2009;19:1167-1214.

163



164  Thyroid Cancer - Advances in Diagnosis and Therapy

[46]

[47]

[50]

[52]

[53]

[55]

Galloway RJ and Smallridge RC. Imaging in thyroid cancer. Endocrinology and Metab-
olism Clinics of North America. 1996;25:93-113.

Haugen BR, Alexander EK, Bible KC, Doherty GM, Mandel SJ, Nikiforov YE, Pacini F,
Randolph GW, Sawka AM, Schlumberger M, Schuff KG, Sherman SI, Sosa JA, Steward
DL, Tuttle RM and Wartofsky L. 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
differentiated thyroid cancer. Thyroid: Official Journal of the American Thyroid Associa-
tion. 2016;26:1-133.

Ahn JE, Lee JH, Yi JS, Shong YK, Hong SJ, Lee DH, Choi CG and Kim SJ. Diagnostic
accuracy of CT and ultrasonography for evaluating metastatic cervical lymph nodes in
patients with thyroid cancer. World Journal of Surgery. 2008;32:1552-1558.

Choi JS, Kim J, Kwak JY, Kim MJ, Chang HS and Kim EK. Preoperative staging of
papillary thyroid carcinoma: comparison of ultrasonography imaging and CT. AJR
American Journal of Roentgenology. 2009;193:871-878.

Leboulleux S, Schroeder PR, Busaidy NL, Auperin A, Corone C, Jacene HA, Ewertz
ME, Bournaud C, Wahl RL, Sherman SI, Ladenson PW and Schlumberger M. Assess-
ment of the incremental value of recombinant thyrotropin stimulation before 2-[18F]-
Fluoro-2-deoxy-D-glucose positron emission tomography/computed tomography
imaging to localize residual differentiated thyroid cancer. The Journal of Clinical
Endocrinology and Metabolism. 2009;94:1310-1316.

Rosario PW, Mourao GF, dos Santos JB and Calsolari MR. Is empirical radioactive
iodine therapy still a valid approach to patients with thyroid cancer and elevated
thyroglobulin? Thyroid: Official Journal of the American Thyroid Association. 2014;24:533—
536.

Grunwald F, Kalicke T, Feine U, Lietzenmayer R, Scheidhauer K, Dietlein M, Schober
O, Lerch H, Brandt-Mainz K, Burchert W, Hiltermann G, Cremerius U and Biersack HJ.
Fluorine-18 fluorodeoxyglucose positron emission tomography in thyroid cancer:
results of a multicentre study. European Journal of Nuclear Medicine. 1999;26:1547-1552.

Altenvoerde G, Lerch H, Kuwert T, Matheja P, Schafers M and Schober O. Positron
emission tomography with F-18-deoxyglucose in patients with differentiated thyroid
carcinoma, elevated thyroglobulin levels, and negative iodine scans. Langenbeck’s
Archives of Surgery/Deutsche Gesellschaft fur Chirurgie. 1998;383:160-163.

Caetano R, Bastos CR, de Oliveira IA, da Silva RM, Fortes CP, Pepe VL, Reis LG and
Braga JU. Accuracy of positron emission tomography and positron emission tomogra-
phy-CT in the detection of differentiated thyroid cancer recurrence with negative (131)
I whole-body scan results: A meta-analysis. Head and Neck. 2016;38:316-327.

Grewal RK, Ho A and Schoder H. Novel Approaches to Thyroid Cancer Treatment and
Response Assessment. Seminars in Nuclear Medicine. 2016;46:109-118.



[56]

[57]

[58]

[60]

[61]

[62]

[65]

Differentiated Thyroid Carcinoma with Elevated Thyroglobulin and Negative Radioiodine Whole-Body Scan
Metastases
http://dx.doi.org/10.5772/64356

Ranade R, Kand P and Basu S. Value of 18F-FDG PET negativity and Tg suppressibility
as markers of prognosis in patients with elevated Tg and 131I-negative differentiated
thyroid carcinoma (TENIS syndrome). Nuclear Medicine Communications. 2015;36:1014—
1020.

Kist JW, de Keizer B, van der Vlies M, Brouwers AH, van der Zant FM, Hermsen R,
Huysmans D, Stokkel MP, Hoekstra OS and Vogel WV. 1241 PET/CT to predict the
outcome of blind 1311 treatment in patients with biochemical recurrence of differenti-
ated thyroid cancer; results of a multicenter diagnostic cohort study (THYROPET).
Journal of Nuclear Medicine: Official Publication, Society of Nuclear Medicine. 2015.

Phan HT, Jager PL, van der Wal JE, Sluiter W], Plukker JT, Dierckx RA, Wolffenbuttel
BH and Links TP. The follow-up of patients with differentiated thyroid cancer and
undetectable thyroglobulin (Tg) and Tg antibodies during ablation. European Journal of
Endocrinology/European Federation of Endocrine Societies. 2008;158:77-83.

Van Nostrand D, Khorjekar GR, O'Neil ], Moreau S, Atkins FB, Kharazi P, Mete M,
Chennupati SP, Burman KD and Wartofsky L. Recombinant human thyroid-stimulat-
ing hormone versus thyroid hormone withdrawal in the identification of metastasis in
differentiated thyroid cancer with 131I planar whole-body imaging and 1241 PET.
Journal of Nuclear Medicine: Official Publication, Society of Nuclear Medicine. 2012;53:359—
362.

Khorjekar GR, Van Nostrand D, Garcia C, O'Neil ], Moreau S, Atkins FB, Mete M,
Orquiza MH, Burman K and Wartofsky L. Do negative 1241 pretherapy positron
emission tomography scans in patients with elevated serum thyroglobulin levels
predict negative 1311 posttherapy scans? Thyroid: Official Journal of the American Thyroid
Association. 2014;24:1394-1399.

Lee J, Nah KY, Kim RM, Oh Y], An YS, Yoon JK, An GI, Choi TH, Cheon GJ, Soh EY
and Chung WY. Effectiveness of [(124)I]-PET/CT and [(18)F]-FDG-PET/CT for localiz-
ing recurrence in patients with differentiated thyroid carcinoma. Journal of Korean
Medical Science. 2012;27:1019-1026.

Usmani S, Esmail A, Marafi F, Al Deen S, Abu Huda F and Al Kandari F. 111In-
pentetreotide scintigraphy and 18F FDG PET-CT in differentiated thyroid carcinoma
metastases with negative whole body radioiodine scan. The Gulf Journal of Oncology.
2015;1:7-13.

Ambrosini V, Nanni C and Fanti S. The use of gallium-68 labeled somatostatin receptors
in PET/CT imaging. PET Clinics. 2014;9:323-329.

Taieb D, Garrigue P, Bardies M, Abdullah AE and Pacak K. Application and Dosimetric
Requirements for Gallium-68-labeled Somatostatin Analogues in Targeted Radionu-
clide Therapy for Gastroenteropancreatic Neuroendocrine Tumors. PET Clinics.
2015;10:477-486.

Lauri C, Di Traglia S, Galli F, Pizzichini P and Signore A. Current status of PET imaging
of differentiated thyroid cancer with second generation radiopharmaceuticals. The

165



166  Thyroid Cancer - Advances in Diagnosis and Therapy

[66]

[68]

[69]

[73]

[74]

Quarterly Journal of Nuclear Medicine and Molecular Imaging: Official Publication of the
Italian Association of Nuclear Medicine (AIMN) [and] the International Association of
Radiopharmacology (IAR), [and] Section of the So. 2015;59:105-115.

Giovanella L, Bongiovanni M and Trimboli P. Diagnostic value of thyroglobulin assay
in cervical lymph node fine-needle aspirations for metastatic differentiated thyroid
cancer. Current Opinion in Oncology. 2013;25:6-13.

Torres MR, Nobrega Neto SH, Rosas R], Martins AL, Ramos AL and da Cruz TR.
Thyroglobulin in the washout fluid of lymph-node biopsy: what is its role in the follow-
up of differentiated thyroid carcinoma? Thyroid: Official Journal of the American Thyroid
Association. 2014;24:7-18.

Boi F, Baghino G, Atzeni F, Lai ML, Faa G and Mariotti S. The diagnostic value for
differentiated thyroid carcinoma metastases of thyroglobulin (Tg) measurement in
washout fluid from fine-needle aspiration biopsy of neck lymph nodes is maintained
in the presence of circulating anti-Tg antibodies. The Journal of Clinical Endocrinology and
Metabolism. 2006;91:1364-1369.

Snozek CL, Chambers EP, Reading CC, Sebo TJ, Sistrunk JW, Singh RJ and Grebe SK.
Serum thyroglobulin, high-resolution ultrasonography, and lymphnode thyroglobulin
in diagnosis of differentiated thyroid carcinoma nodal metastases. The Journal of Clinical
Endocrinology and Metabolism. 2007;92:4278-4281.

Grani G and Fumarola A. Thyroglobulin in lymph node fine-needle aspiration wash-
out: a systematic review and meta-analysis of diagnostic accuracy. The Journal of Clinical
Endocrinology and Metabolism. 2014;99:1970-1982.

Van Nostrand D. Sialoadenitis secondary to (1)(3)(1)I therapy for well-differentiated
thyroid cancer. Oral Diseases. 2011;17:154-161.

Fard-Esfahani A, Emami-Ardekani A, Fallahi B, Fard-Esfahani P, Beiki D, Hassanza-
deh-Rad A and Eftekhari M. Adverse effects of radioactive iodine-131 treatment for
differentiated thyroid carcinoma. Nuclear Medicine Communications. 2014;35:808-817.

Schroeder PR, Haugen BR, Pacini F, Reiners C, Schlumberger M, Sherman SI, Cooper
DS, Schuff KG, Braverman LE, Skarulis MC, Davies TF, Mazzaferri EL, Daniels GH,
Ross DS, Luster M, Samuels MH, Weintraub BD, Ridgway EC and Ladenson PW. A
comparison of short-term changes in health-related quality of life in thyroid carcinoma
patients undergoing diagnostic evaluation with recombinant human thyrotropin
compared with thyroid hormone withdrawal. The Journal of Clinical Endocrinology and
Metabolism. 2006;91:878-884.

Luster M, Felbinger R, Dietlein M and Reiners C. Thyroid hormone withdrawal in
patients with differentiated thyroid carcinoma: a one hundred thirty-patient pilot
survey on consequences of hypothyroidism and a pharmacoeconomic comparison to
recombinant thyrotropin administration. Thyroid: Official Journal of the American Thyroid
Association. 2005;15:1147-1155.



[75]

[76]

[78]

[79]

[82]

[83]

[84]

[85]

Differentiated Thyroid Carcinoma with Elevated Thyroglobulin and Negative Radioiodine Whole-Body Scan
Metastases
http://dx.doi.org/10.5772/64356

Ma C, Kuang A and Xie J. Radioiodine therapy for differentiated thyroid carcinoma
with thyroglobulin positive and radioactive iodine negative metastases. The Cochrane
Database of Systematic Reviews. 2009:Cd006988.

Ma C, Xie ] and Kuang A. Is empiric 1311 therapy justified for patients with positive
thyroglobulin and negative 1311 whole-body scanning results? Journal of Nuclear
Medicine: Official Publication, Society of Nuclear Medicine. 2005;46:1164-1170.

Schlumberger M, Mancusi F, Baudin E and Pacini F. 1311 therapy for elevated thyro-
globulin levels. Thyroid: Official Journal of the American Thyroid Association. 1997;7:273—
276.

Schlumberger M, Tubiana M, De Vathaire F, Hill C, Gardet P, Travagli JP, Fragu P,
Lumbroso ], Caillou B and Parmentier C. Long-term results of treatment of 283 patients
with lung and bone metastases from differentiated thyroid carcinoma. The Journal of
Clinical Endocrinology and Metabolism. 1986;63:960-967.

Pineda JD, Lee T, Ain K, Reynolds JC and Robbins J. Iodine-131 therapy for thyroid
cancer patients with elevated thyroglobulin and negative diagnostic scan. The Journal
of Clinical Endocrinology and Metabolism. 1995;80:1488-1492.

Coelho SM, Vaisman M and Carvalho DP. Tumour re-differentiation effect of retinoic
acid: anovel therapeutic approach for advanced thyroid cancer. Current Pharmaceutical
Design. 2005;11:2525-2531.

Yamazaki CA, Padovani RP, Biscolla RP, Ikejiri ES, Marchetti RR, Castiglioni ML,
Matsumura LK, Maciel RM and Furlanetto RP. Lithium as an adjuvant in the postop-
erative ablation of remnant tissue in low-risk thyroid carcinoma. Thyroid: Official Journal
of the American Thyroid Association. 2012;22:1002-1006.

Ho AL, Grewal RK, Leboeuf R, Sherman EJ, Pfister DG, Deandreis D, Pentlow KS,
Zanzonico PB, Haque S, Gavane S, Ghossein RA, Ricarte-Filho JC, Dominguez JM, Shen
R, Tuttle RM, Larson SM and Fagin JA. Selumetinib-enhanced radioiodine uptake in
advanced thyroid cancer. The New England Journal of Medicine. 2013;368:623-632.

Carvalho DP and Ferreira AC. The importance of sodium/iodide symporter (NIS) for
thyroid cancer management. Arquivos brasileiros de endocrinologia e metabologia.
2007;51:672-682.

Chung T, Youn H, Yeom CJ, Kang KW and Chung JK. Glycosylation of Sodium/lodide
Symporter (NIS) Regulates Its Membrane Translocation and Radioiodine Uptake. PloS
One. 2015;10:e0142984.

Li W, Tan ], Wang P and Wu P. Cotransfected sodium iodide symporter and human
tyroperoxidase genes following human telomerase reverse transcriptase promoter for
targeted radioiodine therapy of malignant glioma cells. Cancer Biotherapy and Radio-
pharmaceuticals. 2011,26:443-451.

167



168  Thyroid Cancer - Advances in Diagnosis and Therapy

[86]

[87]

(88]

[89]

[90]

[91]

[92]

[93]

[94]

[97]

Dohan O, Dela Vieja A, Paroder V, Riedel C, Artani M, Reed M, Ginter CS and Carrasco
N. The sodium/iodide Symporter (NIS): characterization, regulation, and medical
significance. Endocrine Reviews. 2003;24:48-77.

Cheng W, FuH, Feng F, Ma C, Li ], Chen S and Wang H. Efficacy of lentiviral-mediated
transfection of hTSHR in poorly differentiated thyroid carcinoma cell line. Nuclear
Medicine and Biology. 2013,40:576-580.

Feng F, Wang H, Hou S and Fu H. Re-induction of cell differentiation and (131)I uptake
in dedifferentiated FTC-133 cell line by TSHR gene transfection. Nuclear Medicine and
Biology. 2012;39:1261-1265.

Durante C, Puxeddu E, Ferretti E, Morisi R, Moretti S, Bruno R, Barbi F, Avenia N,
Scipioni A, Verrienti A, Tosi E, Cavaliere A, Gulino A, Filetti S and Russo D. BRAF
mutations in papillary thyroid carcinomas inhibit genes involved in iodine metabolism.
The Journal of Clinical Endocrinology and Metabolism. 2007;92:2840-2843.

Liu D, Hu S, Hou P, Jiang D, Condouris S and Xing M. Suppression of
BRAF/MEK/MAP kinase pathway restores expression of iodide-metabolizing genes in
thyroid cells expressing the V600E BRAF mutant. Clinical Cancer Research: An Official
Journal of the American Association for Cancer Research. 2007;13:1341-13409.

Ye X, Zhu Y and Cai J. Relationship between toxicities and clinical benefits of newly
approved tyrosine kinase inhibitors in thyroid cancer: A meta-analysis of literature.
Journal of Cancer Research and Therapeutics. 2015;11 Suppl 2:C185-C190.

Scott L]. Lacosamide: A Review in Focal Seizures in Patients with Epilepsy. Drugs.
2015;75:2143-2154.

Gruber JJ and Colevas AD. Differentiated thyroid cancer: focus on emerging treatments
for radioactive iodine-refractory patients. The Oncologist. 2015;20:113-126.

Shen CT, Qiu ZL and Luo QY. Sorafenib in the treatment of radioiodine-refractory
differentiated thyroid cancer: a meta-analysis. Endocrine-Related Cancer. 2014;21:253—
261.

Cooper DS, Doherty GM, Haugen BR, Kloos RT, Lee SL, Mandel S], Mazzaferri EL,
Mclver B, Sherman SI and Tuttle RM. Management guidelines for patients with thyroid
nodules and differentiated thyroid cancer. Thyroid: Official Journal of the American
Thyroid Association. 2006;16:109-142.

McGiriff NJ, Csako G, Gourgiotis L, Lori CG, Pucino F and Sarlis NJ. Effects of thyroid
hormone suppression therapy on adverse clinical outcomes in thyroid cancer. Annals
of Medicine. 2002;34:554-564.

Durante C, Haddy N, Baudin E, Leboulleux S, Hartl D, Travagli JP, Caillou B, Ricard
M, Lumbroso JD, De Vathaire F and Schlumberger M. Long-term outcome of 444
patients with distant metastases from papillary and follicular thyroid carcinoma:



[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

Differentiated Thyroid Carcinoma with Elevated Thyroglobulin and Negative Radioiodine Whole-Body Scan
Metastases
http://dx.doi.org/10.5772/64356

benefits and limits of radioiodine therapy. The Journal of Clinical Endocrinology and
Metabolism. 2006;91:2892-2899.

Linskey ME, Andrews DW, Asher AL, Burri SH, Kondziolka D, Robinson PD, Ammir-
ati M, Cobbs CS, Gaspar LE, Loeffler JS, McDermott M, Mehta MP, Mikkelsen T, Olson
J], Paleologos NA, Patchell RA, Ryken TC and Kalkanis SN. The role of stereotactic
radiosurgery in the management of patients with newly diagnosed brain metastases:
a systematic review and evidence-based clinical practice guideline. Journal of Neuro-
oncology. 2010;96:45-68.

Kalkanis SN, Kondziolka D, Gaspar LE, Burri SH, Asher AL, Cobbs CS, Ammirati M,
Robinson PD, Andrews DW, Loeffler JS, McDermott M, Mehta MP, Mikkelsen T, Olson
J], Paleologos NA, Patchell RA, Ryken TC and Linskey ME. The role of surgical
resection in the management of newly diagnosed brain metastases: a systematic review
and evidence-based clinical practice guideline. Journal of Neuro-oncology. 2010;96:33—43.

Droz JP, Schlumberger M, Rougier P, Ghosn M, Gardet P and Parmentier C. Chemo-
therapy in metastatic nonanaplastic thyroid cancer: experience at the Institut Gustave-
Roussy. Tumori. 1990;76:480-483.

Ahuja S and Ernst H. Chemotherapy of thyroid carcinoma. Journal of Endocrinological
Investigation. 1987;10:303-310.

Mazzaferri EL. Management of a solitary thyroid nodule. The New England Journal of
Medicine. 1993;328:553-559.

Sherman SI. Cytotoxic chemotherapy for differentiated thyroid carcinoma. Clinical
Oncology (Royal College of Radiologists (Great Britain)). 2010;22:464-468.

Hay ID, Lee RA, Davidge-Pitts C, Reading CC and Charboneau JW. Long-term outcome
of ultrasonography-guided percutaneous ethanol ablation of selected “recurrent” neck
nodal metastases in 25 patients with TNM stages IIl or IVA papillary thyroid carcinoma
previously treated by surgery and 1311 therapy. Surgery. 2013;154:1448-1454; discus-
sion 1454-1455.

Guenette JP, Monchik JM and Dupuy DE. Image-guided ablation of postsurgical
locoregional recurrence of biopsy-proven well-differentiated thyroid carcinoma.
Journal of Vascular and Interventional Radiology: JVIR. 2013;24:672-679.

Heilo A, Sigstad E, Fagerlid KH, Haskjold OI, Groholt KK, Berner A, Bjoro T and
Jorgensen LH. Efficacy of ultrasonography-guided percutaneous ethanol injection
treatment in patients with a limited number of metastatic cervical lymph nodes from
papillary thyroid carcinoma. The Journal of Clinical Endocrinology and Metabolism.
2011;96:2750-2755.

Park KW, Shin JH, Han BK, Ko EY and Chung JH. Inoperable symptomatic recurrent
thyroid cancers: preliminary result of radiofrequency ablation. Annals of Surgical
Oncology. 2011;18:2564-2568.

169



170 Thyroid Cancer - Advances in Diagnosis and Therapy

[108]

[109]

[110]

Baek JH, Kim YS, Sung JY, Choi H and Lee JH. Locoregional control of metastatic well-
differentiated thyroid cancer by ultrasonography-guided radiofrequency ablation. AJR
American Journal of Roentgenology. 2011;197:W331-W336.

Monchik JM, Donatini G, lannuccilli ] and Dupuy DE. Radiofrequency ablation and
percutaneous ethanol injection treatment for recurrent local and distant well-differen-
tiated thyroid carcinoma. Annals of Surgery. 2006;,244:296-304.

Papini E, Bizzarri G, Bianchini A, Valle D, Misischi I, Guglielmi R, Salvatori M, Solbiati
L, Crescenzi A, Pacella CM and Gharib H. Percutaneous ultrasonography-guided laser
ablation is effective for treating selected nodal metastases in papillary thyroid cancer.
The Journal of Clinical Endocrinology and Metabolism. 2013;98:E92-E97.



Chapter 9

Emerging Therapeutic Approaches for the Most
Aggressive Epithelial Thyroid Cancers

Alessandro Antonelli, Enke Baldini,
Salvatore Sorrenti, Poupak Fallahi, Paolo Miccoli,

Angelo Filippini and Salvatore Ulisse

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/64086

Abstract

The majority of epithelial thyroid carcinomas (TC) have a differentiated (DTC) histotype
and include the papillary (PTC) and the follicular (FTC) TC which, ensuing dediffer-
entiation, generate the aggressive poorly differentiated (PDTC) and anaplastic (ATC)
TC. Although derived from the same cell type, each TC shows specific histological
features, biological behavior, and degree of differentiation because of different genetic
alterations. Total thyroidectomy, followed by adjuvant therapy with *1], is the treatment
of choice for most patients affected by DTC. The prognosis of DTC patients is favora-
ble, with 10-year survival rate of nearly 90%. However, one third of them face the
morbidity of disease recurrence and TC-related deaths. The worst outcomes are
encountered in patients with PDTC and ATC. The latter, in particular, has a mean
survival time of few months from the diagnosis, which is not influenced by current
anticancer treatments. Following the progress made in the comprehension of the
underlying molecular mechanisms deregulated in TC progression, novel therapeutic
approaches have come to light. Here, we will attempt to review new targeted thera-
pies, which are currently being exploited in preclinical and clinical studies, with tyrosine
kinase inhibitors as well as with emerging inhibitors of mitotic kinases, in PDTC and
ATC.
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1. Introduction

Thyroid cancer (TC) incidence has increased from about 5 new cases per 100,000 persons
observed in the early 1990s to 15 new cases per 100,000 persons recorded in 2012 [1]. The
reason of such increase resides essentially in the improved diagnostic ability to detect
malignancy in small non-palpable thyroid nodules [2, 3]. Data from the Surveillance,
Epidemiology, and End Results (SEER) program Cancer Statistics Review indicate that 62,450
new cases of TC are expected to be diagnosed in the US population in 2015 [1]. In addition,
1950 deaths related to TC are estimated to occur [1].

TC represents about 96% of all endocrine malignancies and one of the most frequent cancers
in women [1]. Based on histological criteria and clinical behavior, TC are classified as well-
differentiated TC (DTC), comprising the papillary (PTC) and follicular (FTC) TC and poorly
differentiated TC (PDTC) and undifferentiated or anaplastic (ATC) TC. The PTC accounts for
about 86% of all epithelial TC and has a propensity to spread via lymphatic vessels to local
lymph nodes [4]. The FTC accounts for approximately 9% of all TC and is characterized by
hematogenous spread producing lung and bone metastases [4]. The less differentiated and
more aggressive PDTC and ATC, each of which accounts for 1-2% of all TC, develop from the
dedifferentiation of DTC, according to the multistep model of thyroid carcinogenesis [4-6].
The latter is supported by the common observation of coexistence of DTC with PDTC or ATC
bearing similar genetic alterations [7, 8]. The PDTC, included as a separate entity in the WHO
classification of TC in 2004, is defined as a thyroglobulin-producing, non-follicular and non-
papillary TC, having an intermediate clinical behavior between DTC and ATC and showing
high-grade features such as widely infiltrative growth, necrosis, vascular invasion, and
numerous mitotic figures [6, 9]. PDTC may show three different pathological subtypes
including the solid, trabecular, and insular architectures [4]. The ATC appears as disseminated
fleshy masses with areas of necrosis and hemorrhage. It is composed of undifferentiated cells
negative for thyroglobulin and originating three morphological patterns: squamoid cells,
pleomorphic giant cells, and spindle cells [4].

Total thyroidectomy followed by adjuvant therapy with '*'I is the treatment of choice for most
patients affected by DTC [10]. Although the prognosis of these patients is favorable, with 10-
year survival rate around 90%, nearly one third of them face the morbidity of disease recur-
rence and TC-related deaths [10]. The worst outcomes are usually observed in patients with
PDTC and ATC, in which the reduced expression of the thyroid specific gene natrium/iodide
symporter (NIS) renders ' treatment less effective [11-13]. In particular, patients affected by
ATChave a dismal prognosis with a mean survival time of few months from the diagnosis [12].
These patients present with a rapidly growing thyroid mass and locoregional symptoms,
which may include dyspnea, dysphagia, neck pain, hoarseness, and stroke [14]. Outcome of
ATC patients is not, or only minimally, influenced by current anticancer treatments, including
palliative surgery, when possible, chemotherapy (doxorubicin), and radiotherapy [12, 14]. In
the majority of patients, death occurs following tumor airway obstruction [14]. Therefore, the
identification of new therapeutic approaches capable of ameliorating the prognosis of PDTC
and ATC patients is sorely needed.
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2. Molecular alterations underlying thyroid cancer progression

Established risk factors for TC include radiation exposure, family history of TC, lymphocytic
thyroiditis, reduced iodine intake, and female gender [15]. These risk factors are thought to
induce genetic instability in thyrocytes through still poorly defined direct and indirect
mechanisms [15]. Genomic instability, a hallmark of solid tumors including TC, is thought to
represent the driving force responsible for acquisition by malignant cells of novel functional
capabilities, including self-sufficiency in growth signals, insensitivity to anti-growth signals,
evasion of apoptosis, limitless replicative potential, sustained angiogenesis, and tissue
invasion and metastasis [16-18]. In fact, the number and the frequency of chromosomal
abnormalities observed during TC progression have been shown to increase from DTC to
PDTC and ATC[18]. Genomic instability is also sustained by alterations in cell-cycle regulators,
frequently encountered in TC [15]. In particular, a deregulated control of the G1/S transition,
due either to an increased expression of promoting factors (cyclin D1 and E2F) or to the
downregulation or presence of loss-of-function mutations of factors inhibiting the G1/S
transition (retinoblastoma, p16INK4A, p21CIP1, p27KIP1, and p53), has been demonstrated
in TC [15]. In addition, the aberrant expression of mitotic kinases, such as the polo-like kinase
and the three members of the Aurora kinase family (Aurora-A, Aurora-B, and Aurora-C),
regulating the G2/M phase transition and several mitotic processes (i.e., centrosome matura-
tion, spindle formation, chromosome segregation, and cytokinesis), is held co-responsible for
abnormal cell divisions and the establishment of aneuploid TC cells [19, 20].

The PTC are characterized by mutually exclusive activating somatic mutations of genes
encoding proteins involved the MAPK (mitogen-activated protein kinase) signaling pathway
[4, 21]. These include rearrangements of the RET (rearranged during transformation) (RET/
PTC) and NTRKI1 (neurotrophic tyrosine kinase receptor 1) genes and activating point
mutations of the three RAS oncogenes (HRAS, KRAS, and NRAS) and BRAF [21]. All together
these genetic alterations are held responsible for about 80% of all PTC. In addition, mutations
of genes encoding key players of the phosphoinositide 3-kinase (PI3K) pathway, such as PTEN,
PIK3CA, and AKT1, have been reported in PTC at lower frequencies [21].

Genetic alterations encountered in FTC include activating point mutations of RAS, present in
about 45% of FTC; rearrangement of the paired-box gene 8 (PAX-8) with the peroxisome
proliferator-activator receptor-y (PAX8-PPARY), observed in 35% of FTC; loss-of-function
mutations of the tumor suppressor PTEN gene, encountered in about 10% of FTC; and
activating mutations or amplification of the PIBKCA gene, encoding the catalytic subunit of
the PI3K, present in about 10% of FTC [22, 23].

In agreement with the multistep model of thyroid carcinogenesis, some of the early genetic
events characterizing DTC are also found in PDTC and ATC. In particular, RAS and BRAF
gene mutations are found in approximately 35% and 15% of PDTC, respectively [4]. On the
contrary, other early genetic alterations such as the rearrangements RET/PTCs and PAXS-
PPARy are very rarely found in PDTC and ATC suggesting that these oncogenes prevent
tumor dedifferentiation. Progression of DTC to PDTC and ATC implies, however, tumor
acquisition of novel genetic alterations, which are absent or present with low frequency in DTC
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tissues. Among these are mutations of the tumor suppressor gene p53, thought to be a
gatekeeper of TC progression from the indolent DTC to the aggressive PDTC and lethal ATC
[24]. In fact, p53 mutations are rarely encountered in DTC (5-9% of cases), while they increase
in the PDTC (17-38% of cases) and ATC (67-88% of cases) [15, 25, 26]. A similar trend regards
the CTNNBI gene, encoding the -catenin, involved in cell adhesion and in the wingless (Wnt)
signaling pathway [15]. In particular, CTNNB1 gene mutations are not found in DTC, while
they are present in PDTC (25% of cases) and ATC (66% of cases) [27, 28]. Last but not least, the
conversion of early-stage TC to more aggressive and invasive malignancies occurs through an
epithelial-to-mesenchymal transition (EMT), which implies the loss of cell-cell contacts,
remodeling of cytoskeleton, and the acquisition of a migratory phenotype [29, 30]. Reduced
expression of E-cadherin and abnormal expression of integrins, Notch, MET, TGF[3, NF-kB,
PI3K, TWIST1, matrix metalloproteinases, components of the urokinase plasminogen-
activating system, and p21-activated kinase, all of them involved in the EMT, have been
identified in TC progression [29-34].

3. Small-molecule inhibitors of protein kinases: a new hope for the
treatment of the most aggressive thyroid cancers

As above mentioned, the identification of new therapeutic approaches able to improve the
prognosis of PDTC and ATC patients is urgently required. Over the last decade, the advance-
ments made in the comprehension of the molecular mechanisms underlying TC progression
gave the opportunity to develop novel therapeutic approaches, based on small molecule
inhibitors of tyrosine kinases and mitotic kinases, showing promising results in preclinical and
clinical studies (Table 1) [19, 35, 36]. In the following paragraphs, the results of these studies
will be reviewed.

Kinase inhibitors

Drug Molecular target(s) Status References
CLM3 and CLM29 RET, EGFR, and VEGFR Preclinical [43-47]
Sorafenib (Nexavar) VEGFR-2, VEGFR-3, Phase IIT  [48-52]
oKIT, PDGER, RET/PTC, Raf
Vandetanib (ZD6474) VEGEFR-2, VEGFR-3, EGFR, and RET PhaseII  [53, 54]
Motesanib (AMG 706) ~ VEGFR, PDGFR, and ¢-KIT PhaseIl  [55, 56]
Axitinib (AG-013736) VEGEFR, PDGFR-beta PhaseIl  [57-61]
Sunitinib (SU011248) VEGER, PDGFR, and RET/PTC PhaseII  [62-68]

Cabozantinib (XL184) VEGEFR, C-MET, RET, ¢-KIT, FLT3, AXL, TRKB, and Tie-2 Phase I [69-71]
Pazopanib (GW786034) VEGFR, PDGER, ¢-KIT, and Aurora-A kinase PhaseII  [72,73, 108, 109]

Lenvatinib (E7080) VEGEFR, FGFRs PDGFRa, RET, and c-KIT PhaseIl  [74-76]
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Kinase inhibitors

Drug Molecular target(s) Status References
Vemurafenib (PLX4032) BRAF Phase II  [80]
CEP-32496 BRAF Preclinical [81]
Everolimus (RAD001) mTORC1 Phase I [82, 87]

MK-0457 (VX-680)
SNIS-314
ZM447439
AZD1152
MLNB8054
MLN8237

BI 2536
GSK461364A

Aurora kinases
Aurora kinases
Aurora kinases
Aurora-B
Aurora-A
Aurora-A
Polo-like kinase 1

Polo-like kinase 1

Preclinical [101]
Preclinical [102]
Preclinical [103]
Preclinical [97, 104, 106]
Preclinical [105, 107]
Preclinical [106, 108]
Preclinical [110-112]

Preclinical [113]

Table 1. New potential drugs for the treatment of aggressive epithelial thyroid cancer being exploited in preclinical

and clinical studies.

3.1. Tyrosine kinase inhibitors

An increased knowledge of the molecular mechanisms involved in cancer has allowed the

development of therapeutic agents that target specific pathways involved in the tumor growth

Axitinih

Larrvatinib.
Mezesanib
Pazepanid

Seratenil .
Sunikinib
Tyrosine kinase receptor

Growth lactor

Everolimus ——]

Increased expression of genes
augmenting cell proliferation
and survival

Serafenib
Wemuralenit

Figure 1. Molecular alterations (in red) involved in thyroid cancer progression and new targeted therapies being ex-
ploited in preclinical and clinical studies.
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and progression, including RET, BRAF, RAS, epidermal growth factor receptor (EGFR),
vascular endothelial growth factor (VEGF) receptor (VEGFR), etc. [37] (Figure 1 and Table 1).
Among these, tyrosine kinase inhibitors (TKI) have come out as a new class of anticancer drugs
[38]. TKI are small compounds that compete with the ATP-binding sites of the TK catalytic
domains, affecting TK-dependent oncogenic pathways [39]. TKI act through the occupation of
these sites inhibiting autophosphorylation and activation of TKs and preventing the activation
of intracellular signaling cascades. These compounds can be specific to one or several homol-
ogous TKs [40]. However, a resistance to TKI treatment could occur when the inhibition of one
kinase receptor is compensated by the activation of other TK pathways [41]. This suggests that
the best way to approach cancer may be the simultaneous inhibition of multiple activated TKs
[42].

3.1.1. RET pathway

The pyrazolo[3, 4-d]pyrimidine (PP) heterocyclic core is one of the most explored chemical
templates, with a large spectrum of activity and active against RET. CLM3 and CLM?29,
pyrazolo[3, 4-d]pyrimidine derivatives with antiangiogenic activity, targeting RET, EGFR, and
VEGER, are capable of impairing the migration of dedifferentiated PTC (DePTC) cells [43-45].
Moreover, CLM3 and CLM29 exert antineoplastic activity in primary ATC cells [43, 46, 47].

3.1.2. Raf kinase pathway

Sorafenib is a bi-aryl urea multi-targeted TKI, with inhibitory activity against VEGFR-2 and 3,
c-KIT, PDGER, RET/PTC, Raf kinases, and the Raf/Mek/Erk pathway, able to induce apoptosis
through downregulation of Mcl-1 [48, 49]. Sorafenib has been approved for the treatment of
primary kidney cancer and advanced primary liver cancer. After several phase Il trials, it has
been conducted a multicenter double-blind randomized phase III study (DECISION trial),
evaluating sorafenib versus placebo in advanced/metastatic radioactive iodine (RAI)-refrac-
tory DTC [50-52]. Patients in treatment with sorafenib showed a median progression-free
survival (PFS) significantly longer (10.8 months) compared to those treated with placebo (5.8
months).

3.1.3. VEGF pathway

Vandetanib (ZD6474) is an orally active TKI with a good inhibitory activity on VEGFR-2 and
also targeting VEGFR-3, EGFR, and RET kinases [53]. One hundred and forty-five patients
with locally advanced/metastatic DTC, 72 of whom receiving vandetanib (300 mg/daily) and
73 placebo, were involved in a double-blind phase II study. Improved PFS were recorded in
TKI-treated patients (11.1 months), compared to ones who received placebo (5.9 months), and
partial response (PR) and stable disease (SD) were 8% and 57% in the former against 5% and
42% in the second group [54].

Motesanib diphosphate (AMG 706) is an ATP-competitive inhibitor of VEGFR-1, VEGFR-2,
VEGEFR-3, PDGER, and KIT. It was studied in several phase I and one phase II trials, where it
was given orally 125 mg/day in patients with metastatic TC [55, 56]. The phase II trial was
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conducted in 184 patients (93 DTC and 91 MTC) for 48 weeks. Among the DTC patients 57
were PTC (61%): PR was obtained in 14% of cases; SD was obtained in 35% for 24 weeks (or
longer); serum thyroglobulin diminished with respect to the baseline in 81%; 7 patients (8%)
had tumor progression, and median PFS was 40 weeks [56].

Axitinib (AG-013736) is an indazole derivative inhibitor of tyrosine kinase receptors with
picomolar potency against VEGFR-1, VEGFR-2, and VEGFR-3 and nanomolar potency against
PDGEFR-beta [57-59]. In a phase II trial sixty patients with advanced TC (30 PTC, 15 FTC, and
11 MTC) were treated with axitinib (5 mg twice daily): 38% of patients obtained SD for at least
16 weeks, while 30% achieved PR [60]. Median PFS was 72.4 weeks (18.1 months). Fifty-two
patients with metastatic or locally advanced MTC or DTC were involved in another phase II
trial with axitinib (5 mg twice daily) [61]. The objective response rate (ORR) was 35% (18 PR),
and SD was shown in 18 patients for more than 16 weeks. Median PFS was 16 months, and
median overall survival was 27 months [61].

Sunitinib (SU011248), a multitarget TKI, inhibits selectively VEGFR-1, VEGFR-2, and VEGFR-
3, PDGEFR, c-KIT, and RET/PTC subtypes 1 and 3 [62]. It has been approved to treat gastroin-
testinal stromal tumor and clear-cell renal carcinoma, and it is now investigated in other human
cancer types [63]. This TKI strongly inhibits the growth of the PTC-derived TPC1 cell line,
bearing RET/PTC rearrangements [64]. However, indications emerged that clinical application
of sunitinib should be directed by genotyping, since it inhibits RET/PTC- but not BRAF-
mutated cells, as highlighted by another preclinical study in which the different inhibitory
mechanisms of this drug against BRAF mutations or RET/PTC rearrangements were evaluated
in cell lines or orthotopic TC mouse model [65]. In the largest open-label phase II trial per-
formed to date, 28 patients with aggressive DTC and 7 with MTC were administered with
sunitinib (37.5 mg) on continuous basis, showing a complete response (CR) in 3%, PR in 28%,
and SD in 46% of cases [66]. Recently, several studies reported the efficacy of the therapy with
sunitinib in progressive metastatic DTC patients [67]. Twenty-three patients were enrolled in
a single center, nonrandomized, open-label, phase II clinical trial and treated with a starting
daily, oral dose of 37.5 mg sunitinib. Six (26%) patients achieved a PR, and 13 (57%) had SD
for a clinical benefit rate (PR + SD) of 83%. The overall median PFS was 241 days [68].

The oral multiple receptor kinase inhibitor cabozantinib (XL184) inhibits VEGFR-1, VEGFR-2,
VEGFR-3, C-MET, RET, ¢-KIT, TRKB, AXL, FLT3, and Tie-2 [69, 70]. One phase I trial was
recently carried out in a cohort of 15 patients with metastatic DTC who had failed standard
radioactive iodine therapy [71]. Patients received cabozantinib with 140 mg free base (the same
as 175 mg salt form) daily: PR was shown in 8/15 (53%), while SD in 6/15 (40%) [71].

Another VEGFR-1, VEGFR-2, VEGFR-3, PDGFR, and c-KIT inhibitor is pazopanib
(GW786034), approved for the treatment of renal cell carcinoma [72]. In a phase II trial, 37
patients with metastatic, rapidly progressive, and radioiodine-refractory DTC received
pazopanib: a PR was achieved in 18 patients (49%) with 800 mg/day orally, but no CR were
observed [73]. However, disease progression (PD) or clinical deterioration was ultimately
observed in 27 of the 37 patients [73].
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Lenvatinib (E7080) is an oral, multitarget TKI of the VEGFR-1, VEGFR-2, and VEGFR-3, FGFRs
1 to 4, PDGFR «, RET, and KIT [74]. After a phase II study, a randomized, double-blind,
multicenter phase III study was carried out on lenvatinib (SELECT) in patients with progres-
sive RAI-refractory TC, who randomly received the drug (261 patients, at a daily dose of 24
mg per day in 28-day cycles) or placebo (131 patients) [75, 76]. Median PFS was 18.3 months
in the lenvatinib group and 3.6 months in the placebo one (P <0.001). In the lenvatinib group,
there were 4 CR and 165 PR, with a response rate of 64.8% versus 1.5% in the placebo group (P
<0.001).

3.1.4. BRAF inhibitors

BRAF is a serine-threonine kinase that mediates the signal transduction of the MAP/extracel-
lular signal-regulated kinase (ERK) kinase (MEK)-ERK pathway, and it is a critical regulator
of normal growth, differentiation, and oncogenic transformation (Figure 1). BRAF mutations
are associated with lymph node metastases, extrathyroidal extension, tumor size, and multi-
focality in PTC [77, 78]. In addition, activation of BRAF significantly reduces NIS expression
through the induction of robust TGFf secretion. TGFf3, acting via Smad, was described as a
potent repressor of NIS transcription through the functional antagonism of Smads and PaxS8,
a transcription factor essential for thyroid differentiation [79]. Although this mechanism is
MEK-ERK independent, secreted TGFf3 cooperates with MEK-ERK signaling in BRAF-induced
cell migration, invasion of extracellular matrix, and EMT.

Vemurafenib (PLX4032), an oral analog of PLX 4720, inhibits BRAF and it is already approved
for treatment of advanced melanoma. Safety and efficacy of vemurafenib in advanced PTC are
currently under study in a phase II trial [80].

Another BRAF inhibitor having multi-kinase binding activity, CEP-32496, showed in vitro
selective cellular cytotoxicity for BRAF(V600E) versus wild-type cells. Sustained tumor stasis
and regressions were observed with oral administration (30-100 mg/kg twice daily) against
BRAFVY6E melanoma and colon carcinoma xenografts, with no adverse effect. Thus, it is
expected to be effective in the treatment of BRAF-dependent malignancies, among which TC
[81].

3.1.5. Mammalian target of rapamycin (mTOR) inhibitors

The mTOR is a serine/threonine kinase that nucleates at least two distinct multi-protein
complexes, mMTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC?2), and acts through
the phosphorylation of a number of proteins regulating protein synthesis, metabolism, and
cell growth and survival [82, 83]. The mTOR is a major downstream effector of the PI3K/Akt
pathway, involved in thyroid carcinogenesis. Activated mTOR is known to control protein
synthesis through phosphorylation of the eukaryotic initiation factor 4E (eIF4E) binding
protein 1 (4E-BP1) and release of active elF4E, a key regulator of translation of gene products
that participate in regulation of the cell cycle. In aggressive types of PTC and MTC cells, it was
seen a strong activation of the mTOR signaling and overexpression of the initial factor eIF4E,
whose levels were correlated with tumor aggressiveness [84].
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Everolimus (RADO01) is an orally active rapalog (rapamycin analog) that inhibits mTORC1
upon binding FKBP12, a member of the FKBP family of immunophilins [85, 86]. The RAD001-
FKBP12 complex interacts with the FKBP12 binding domain of mTOR and blocks the assembly
of a functional TORC-1. Everolimus has been approved by FDA for the treatment of patients
with advanced renal carcinoma and tested in vivo on MTC [87]. Fury et al. administered
everolimus plus cisplatin in 30 patients with advanced solid tumors in a recent phase I study,
seven of which had TC (5 DTC, 2 MTC). One patient with PTC completed 14 cycles and
achieved SD [82].

3.2. Mitotic kinase inhibitors

The recognition that cell-cycle deregulation represents a hallmark of human cancers has led
to the generation of several mitosis-based anticancer therapies [88]. Spindle microtubule-
targeting agents (MTA) remain to date the most widely used and reliable antimitotic drugs for
the treatment of several human cancers [89, 90]. MTA include microtubule-destabilizing
agents, like vinca alkaloids, that inhibit microtubule polymerization and microtubule-
stabilizing agents, like taxanes, that stimulate microtubule polymerization [89, 90]. A major
limitation in the use of MTAs derives from the side effects observed on the microtubules of
quiescent interphasic cells (i.e., neurotoxicity), by disrupting physiological processes such as
vesicular trafficking, axonal transport, and cytoskeleton functions. Myeloid toxicity, resulting
from the mitotic arrest of bone marrow cells, also occurs. This, along with the tumor cell
resistance to MTAs, which appears in ATC, has prompted further research for the identification
of new antimitotic drugs nontargeting the spindle microtubules [91].

The three members of the Aurora kinase family, Aurora-A, Aurora-B, and Aurora-C, and the
polo-like kinase 1 (PLK1) are serine/threonine kinases playing a major role in the G2/M phase
transition and in the regulation of several mitotic processes [19, 92]. Consistent with their role,
the expression and activity of the Aurora kinases and PLK1 are low in the G0, G1, and S phases,
rise in the late G2, and peak during the M phase [19, 93]. Aurora-A and PLK1 cooperate in the
activation of the CDK1/cyclin B complex allowing the transition of the cell from the G2 to the
M phase [19]. In addition, both Aurora-A and PLK1 are essential for centrosome maturation
and bipolar spindle formation [19, 93]. Aurora-B, along with INCENP, Survivin, and Borealin,
is a component of the chromosomal passenger complex (CPC), which localizes on the chro-
mosome arms in prophase, concentrates in the inner centromere region from prometaphase
to metaphase, then moves to the central spindle and cortex in anaphase, and remains in the
midbody in telophase [19]. The CPC ensures accurate chromosome segregation by regulating
chromosome structure, cohesin removal from the chromosomal arms, spindle formation,
kinetochore assembly, correction of non-bipolar chromosome-microtubule connections,
spindle assembly checkpoint, and cytokinesis [19]. Aurora-C, similarly to Aurora-B, takes part
in the CPC, but it is mainly expressed in germ cells during spermatogenesis and oogenesis and
in some cancer cell lines [94, 95]. Also PLK1 has been demonstrated to be involved in sister
chromatid cohesion and formation of kinetochore-microtubule attachments, mitotic exit, and
cytokinesis [93]. Therefore, in view of their important mitotic roles, aberrant expression
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and/or function of Aurora kinases and PLK1 may lead to abnormal cell divisions with
consequent generation of aneuploid cells.

An increased expression of all three Aurora kinases and PLK1 was shown in various cell lines
originating from different epithelial TC histotypes, compared to normal thyrocytes, as well as
in DTC and ATC tissues, compared to normal matched tissues [19, 20, 88, 96-98]. In addition,
a study aimed to evaluate the gene expression profile in ATC, by means of tissue microarray
and immunohistochemistry, identified the gene encoding Aurora-A as one of the most
frequently and most strongly overexpressed in these tumors [99]. This is consistent with the
observation that gain of chromosome 20q, where Aurora-A gene is located (20q13.2), is often
encountered in ATC [100]. Based on these findings, the potential therapeutic value of Aurora
kinases and PLK1 inhibition on the proliferation and growth of ATC cells has been evaluated
in preclinical and clinical studies (Table 1).

Concerning the Aurora kinases, the in vitro effects of different small molecule pan-inhibitors,
including the MK-0457 (VX-680), the SNS-314 mesylate, and the ZM447439, were investigated
on proliferation, apoptosis, cell cycle, ploidy, and anchorage-independent growth of a panel
of ATC-derived cell lines [101-103]. All these inhibitors were found to reduce proliferation of
ATC cells in a time- and dose-dependent manner and to inhibit colony formation in soft agar.
Cytofluorimetric analysis of cell cultures exposed to the Aurora inhibitors revealed an
accumulation of tetra- and polyploid cells because of endoreplication events followed by
activation of the apoptotic process [101-103]. Treated cells showed mitotic alterations consis-
tent with Aurora kinase inhibition, including major spindle defects, inhibition of histone H3
phosphorylation, and cytokinesis failure [101-103]. Similar effects were obtained with the
selective inhibition of either Aurora-A or Aurora-B [97, 104-106]. Suppression of Aurora-B
expression by means of RNA interference, or of Aurora-B function by AZD1152, was demon-
strated, in vivo and in vitro, to reduce growth and tumorigenicity of different ATC-derived
cells [97, 104, 106]. In the same way, selective functional inhibition of Aurora-A by MLN8054
or MLN8237 was shown to inhibit cell proliferation and to induce cell-cycle arrest and
apoptosis in a panel of ATC-derived cell lines [105, 106]. In xenograft experiments MLN8054
was found to reduce tumor volume by 86% [105]. Moreover, the combined treatment with
MLN8054 and bortezomib, targeting the ubiquitin-proteasome system, showed additive
effects on ATC-derived cell proliferation and apoptosis, compared to monotherapy [107]. It is
worth to note that pazopanib, a TKI abovementioned, was found to potentiate the cytotoxic
effects of paclitaxel in a preclinical study on ATC-derived cell lines in vitro and in vivo [108].
This effect of pazopanib was attributed to an unexpected off-target inhibition of Aurora-A. In
fact, similar results were obtained when paclitaxel was combined with the selective Aurora-A
inhibitor MLN8237. Remarkably, in the same study the authors showed that the combined
administration of pazopanib and paclitaxel achieved a strong and long-lasting regression of
lung metastasis in a single ATC patient [108]. However, while pazopanib was shown to have
impressive therapeutic activity in patients affected by RAI-refractory PDTC, it was ineffective
when tested in a phase II clinical trial on ATC patients [73, 109]. Although several of them had
a transient disease regression, no Response Evaluation Criteria in Solid Tumors (RECIST)
response was obtained [109].
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Regarding PLK1, different studies demonstrated that it could represent a valuable therapeutic
target in PDTC and ATC [110-112]. The potential of PLK1 inhibition in cancer treatment was
investigated by means of antisense oligonucleotides, small interfering (si) RNA, and small
molecule inhibitors targeting either the N-terminal catalytic domain or the C-terminal polo-
box (PB) domain, responsible for kinase subcellular localization [113]. In vitro experiments on
a panel of ATC-derived cell lines showed that PLK1 inactivation by BI 2536, an ATP-compet-
itive small molecule inhibitor, induced cell arrest in prometaphase with accumulation of cells
with 4N DNA content and mitotic spindle aberrations [110]. ATC cells finally died, as
evidenced by the increased levels of cleaved caspase-3 and apoptotic nuclear morphology
[110]. In agreement with the results of this study, more recently a different PLK1 inhibitor, the
GSK461364A, was reported to inhibit cell proliferation and to induce cell death in different
PDTC- and ATC-derived cell lines, independent of the nature of their driver mutations [113].
Consistent with PLK1 inhibition, the drug was shown to induce a G2/M arrest, followed by
apoptosis. GSK461364A was also effective in vivo, in an allograft model of ATC [113]. Taken
together, these data suggest that PLK1 targeting is a promising and effective therapeutic
approach against PDTC and ATC [113].

4. Conclusions

In spite of the generally good prognosis of patients affected by thyroid carcinomas, approxi-
mately 5% of them will develop metastatic disease not responsive to traditional therapies. New
drugs have been developed following the increased knowledge of the molecular alterations
occurring in thyroid carcinomas. Tyrosine kinase and mitotic kinase inhibitors are now
emerging as new drugs for the therapy of aggressive thyroid cancers, capable of prolonging
patients’ median progression-free survival. So far, however, no significant improvement has
been observed on overall patients” survival. It has also to bear in mind that side effects are
common, limiting the dose and time of drug administration. Aims of a future development in
this field will be the identification of new, more effective and safe compounds and tailoring of
the new targeted therapies in each patient based on tumor-specific genetic background.
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Abstract

Medullary thyroid carcinoma (MTC) is a neuroendocrine tumor (NET), which
originates in neural crest-derived calcitonin-producing C-cells. It occurs either
sporadically or as a result of a germline mutation in the RET proto-oncogene, as in
multiple endocrine neoplasia (MEN) syndrome type 2A including its variant familial
MTC (FMTC) and type 2B. Currently, the only curative treatment for MTC is surgery,
accompanied by lymph node dissection. However, the outcome is largely dependent
on disease staging, with lymph node and distant metastases often identified at
diagnosis, particularly in sporadic forms. Furthermore, the presence of cervical lymph
node invasion at surgery predicts residual disease. The development of new treat-
ments is strongly motivated by: (a) the low surgical cure rate when cervical lymph node
metastases are present at the time of initial surgery, with 90% of patients having residual
disease, (b) the high prevalence of distant metastases at initial diagnosis (lungs, bones
and liver) and (c) the poor outcome in patients receiving cytotoxic chemotherapeutic
agents. Herein, we focus on current nonsurgical options and perspectives in the
treatment of MTC with emphasis on last year’s FDA-approved tyrosine kinase
inhibitors (TKIs) and other systemic therapies that need to be considered in the setting
of advanced disease.

Keywords: thyroid, medullary thyroid carcinoma, therapy, tyrosine kinase inhibitors,
everolimus, somatostatin analogues

1. Introduction

Medullary thyroid carcinoma (MTC) accounts for 1-5% of all thyroid cancers worldwide, with
an apparently descending slope in the prevalence of MTC, atleast in the USA, which rather can
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be explained by the marked increase in the relative incidence of papillary thyroid carcinoma
over the past decades [1]. As many as 25-30% of cases harbor a germline mutation in the RET
proto-oncogeneand presentasahereditary syndrome, asinmultipleendocrineneoplasia (MEN)
syndrome types 2A and 2B [2]. MEN2A, which accounts for 95% of all MEN2 cases, presents
withfourvariants:classical MEN2A, MEN2A with cutaneouslichenamyloidosis(CLA), MEN2A
with Hirschsprung’s disease (HD) and familial MTC (FMTG, i.e. individuals or families with
RET germline mutations and MTC but without pheochromocytoma or primary hyperpara-
thyroidism) [1]. Alternatively, MTC develops as a sporadic form, with a peak of incidence
between the 4th and 6th decades of life [3].

A feature of medullary cancer is represented by a variety of hormones or biogenic amines as
secretory products of MTC cells including calcitonin and carcinoembryonic antigen (CEA;
Figure 1) in addition to chromogranin A (CgA), serotonin, neurotensin, adrenocorticotrophic
hormone (ACTH), B-melanocyte stimulating hormone (MSHB) or somatostatin. Of note,
specifically calcitonin and CEA (unspecific) are validated as sensitive tumor markers for the
diagnosis and post-therapeutic follow-up of the disease, and their preoperative serum
concentrations are directly related to the C-cell mass [4].

Figure 1. Microscopy of bifocal, bilobar MTC on a thyroidectomy piece in a ¢.1901G>T codon 634 mutation carrier. (a)
H-E 40x; (b) IHC anti-calcitonin 20x; (c) IHC anti-CEA 20x; and (d) IHC anti-TTF 20x. Adapted from Sovrea et al. [5],
with permission from the publisher. H-E, haematoxylin—eosin; IHC, immunohistochemistry; CEA, carcinoembryonic
antigen; TTF-1, thyroid transcription factor-1.

Early diagnosis of MTC still represents a challenge in clinical practice. About 70% of patients
with medullary cancer who present with a palpable thyroid nodule have cervical metastases
atinitial evaluation; on top of that, 10% have distant metastases [6]. While sporadic forms more
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often present as a solitary thyroid mass, hereditary syndromes are frequently multicentric and
bilateral (Figure 1).

On neck ultrasonography, the tumor is typically located in the upper or central parts of the
thyroid lobes in correlation with the distribution of C-cells (Figure 2). The exhibition of
ultrasonographic features of malignancy including hypoechogenicity, irregular margins and
intranodular calcifications correlates with tumor aggressiveness and a poor outcome. On the
contrary, specific ultrasonographic appearance is lacking, and up to one-third of MTC may
appear as non-suspicious on neck ultrasonography [7]. Overall, cost analysis suggests cost-
effectiveness of calcitonin screening in patients with nodular goiter [8] and, subsequently,
deepening investigations in patients with basal serum calcitonin levels at screening >20 pg/mL
is recommended. Use of high-sensitivity immunoassays for measurements of calcitonin or,
alternatively, a calcium-stimulation test, is indicated in patients with mildly elevated calcitonin
levels.

Figure 2. Grey-scale image of medullary thyroid carcinoma (MTC). (A) Cranio-caudal section and (B) transversal sec-
tion.

Contrast-enhanced computer tomography (CT) scanning of the neck and chest (lymph nodes,
lung metastases), contrast-enhanced CT or magnetic resonance imaging (MRI) of the liver,
axial MRI and bone scintigraphy should be considered in patients with confirmed, extensive
neck disease and signs of regional or distant metastases and in the presence of a serum
calcitonin level above 400-500 pg/mL, as these patients almost always harbor systemic disease
[9, 10]. Sensitivity of FDG-PET/CT or F-DOPA-PET/CT in detecting MTC metastases appears
to be lower compared to other imaging investigations [1].

Recently revised American Thyroid Association (ATA) Guidelines for the management of
medullary thyroid carcinoma suggest that fine needle aspiration biopsy (FNAB) should be
performed in all thyroid nodules that are 1 cm or greater in size [1]. According to a meta-
analysis, FNAB has been shown to have an accuracy of less than 50% in diagnosing MTC in
affected subjects; however, diagnostic accuracy of FNAB analysis is significantly improved by
measuring calcitonin levels in the FNA washout fluid [11]. In addition, immunohistochemistry
analysis with positivity for calcitonin + CEA and CgA and absence of thyroglobulin (Tg)
staining of the FNAB specimen is reassuring [1].
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In advanced disease, markedly increased basal CEA in addition to discordantly lower
calcitonin, or normal or low levels of both CEA and calcitonin (i.e. nonsecretory MTC) suggests
poorly differentiated MTC. Screening for RET mutations is indicated as well, since it has been
shown that up to 7% of patients with apparently sporadic MTC have hereditary disease [12].

There is evidence of central and lateral compartment lymph node metastases in 14 and 11% of
patients with stage T, tumor, whereas an incidence of 86% and 93%, respectively, has been
reported in stage T, [13]. Ten-year survival rates of 100% for stage I disease, 93% for stage 1II,
71% for stage IIl and 21% for stage IV MTC have been reported [14].

2. Conventional treatment strategies of medullary thyroid carcinoma

2.1. Surgery

Thyroidectomy is the only curative treatment for both sporadic and hereditary MTC, accom-
panied by dissection of cervical lymph node compartments. Patients who carry RET mutations
should undergo prophylactic thyroidectomy upon genetic diagnosis, even during childhood
but at different ages depending on the risk associated with the specific RET mutation. Radical
surgery is rarely possible in advanced regional/distant disease and rather preservation of
swallowing, speech and parathyroid function should be attempted [1].

The outcome of surgery is largely dependent on disease staging, with 10-year survival rate of
96% in localized disease but rapidly decreasing to a median survival rate of 3 years after
evidence of distant metastases. Normalization of calcitonin (<10 pg/mL) and CEA is only seen
in 40% of cases, and approximately 9% of patients who have achieved biochemical cure will
later develop recurrent disease [14]. A primary tumor larger than 1 cm diameter in the presence
of high preoperative basal calcitonin levels (>20 pg/mL) and CEA concentrations (>10 pg/mL)
predicts lymph node metastases in both central and ipsilateral neck compartments [15].

Following surgery, patients undergo levothyroxine replacement therapy in order to maintain
serum thyroid stimulating hormone (TSH) levels in the normal range. In patients with
unilateral lobectomy in whom MTC was histologically confirmed, completion thyroidectomy
is indicated in the presence of elevated postoperative calcitonin or imaging studies indicating
residual disease, or patients in whom a positive RET germline mutation was confirmed. In
residual MTGC, the calcitonin doubling time bears significant prognostic value. Patients whose
calcitonin doubling time is 1 year or less have 10-year survival rates of 18%, whereas those
with calcitonin doubling time longer than 1 year have a 95% survival rate [16].

According to 2015 ATA guidelines, postoperative care is based upon the dynamics of tumor
markers and ultrasonographic findings. Therefore, serum levels of calcitonin and CEA should
be measured 3 months after surgery, and if undetectable or within the normal range, every 6—
12 months, then yearly. If calcitonin levels are high, yet less than 150 pg/mL, and however,
there is no evidence of loco-regional disease on ultrasonography, measurement of serum
tumor markers and thyroid ultrasonography every 6 months are strongly recommended.
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Should calcitonin levels exceed 150 pg/mL postoperatively, patients should undergo extensive
imaging studies to detect persistent disease and/or metastases [1].

2.2. External beam radiation therapy

Adjunctive external beam radiation of the neck or mediastinum could be considered after
surgery in MTC patients with high risk for local recurrence (i.e. residual tumor, extra-thyroidal
extension, extensive lymph node metastases) or airway obstruction, when repeat surgery is
not possible. External beam radiation therapy has been used as a therapeutic method to control
local tumor growth in patients with advanced loco-regional disease and implies postoperative
delivery of 60-66 Gy over 6 weeks to the thyroid bed, although higher doses may be needed
in the presence of important residual disease [1]. Although external radiation therapy posi-
tively affects the quality of life [17, 18], it appears not to significantly alter the overall survival
rate in patients with lymph node metastases as shown by Martinez et al. [19]. External radiation
beam therapy adverse effects include skin erythema, laryngeal edema, mucositis and esoph-
agitis in the early phase. Later on, osteonecrosis, arterial injury, brain or cranial nerve injury
are encountered.

Additional indications of external beam radiation therapy are painful bone metastasis, for
palliation, or for the prevention of other bone-related complications such as fractures or spinal
cord compression. Bone metastases may also benefit from high-dose anti-resorptive therapy
(intravenous bisphosphonates or RANK-ligand inhibitor human monoclonal antibody).

2.3. Radioactive iodine

Previous studies certified lack of significant effect of radioactive iodine treatment in patients
with MTC, as C-cells do not concentrate iodine. It was hypothesized that radioiodine, con-
centrated by follicular cells, might induce C-cell apoptosis through a bystander effect, how-
ever, not confirmed. In 2013, a controlled multicentre study compared the outcome of 232
patients with local or loco-regional MTC treated only by surgery to 61 matched patients that
were also treated with RAI and found no difference in terms of disease-free or disease-specific
survival [20]. On the contrary, radioactive iodine therapy should be considered in patients
with MTC if the primary tumors or metastases contain MTC mixed with papillary or follicular
thyroid carcinoma [1].

2.4. Conventional chemotherapy

Indication of cytotoxic chemotherapy is limited to advanced MTC, when disease control cannot
be achieved with other treatments, however, with limited efficacy. Single agent or combination
chemotherapeutic regimens generally show low response rates (15-20%), and of short duration
(a few months), whereas large clinical trials demonstrating survival benefits are lacking.

According to the National Comprehensive Cancer Network (NCCN), dacarbazine is the
drug of choice in patients with disseminated, symptomatic disease [21], in combination to
5-fluorouracil (5FU). Apart from that, dacarbazine has been combined with other cytotoxic
agents such as cyclophosphamide, vincristine, streptozotocin and epirubicin, with modest
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results. Few studies and case reports have focused on the use of capecitabine, a 5FU pro-
drug that preferentially accumulated in tumors rather than in plasma to inhibit tumor cell
proliferation [22], with apparently encouraging effects in stabilizing MTC patients with
advanced disease. In a small phase I study, the combination of imatinib with capecitabine
and dacarbazine failed to induce an objective response in MTC but four of five patients
subjected to the therapeutic regimen maintained stable disease [23]. A combination of ca-
pecitabine with temozolomide appears to improve metastatic MTC [24], but experience is
limited to isolated case reports.

Alternatively, combination treatment regimens with doxorubicin and another agent (e.g.
cisplatin) may be used [1].

3. Molecular targeted therapies in medullary thyroid carcinoma

Systemic therapy is solely reserved for metastatic, unresectable, unstable MTC (i.e. calcitonin
doubling time below 2 years) [1] or symptomatic tumor progression that cannot be managed
by localized organ therapy [21]. Severe diarrhea that does not respond to symptomatic
medication might need systemic therapy.

In contrast to classic cytotoxic chemotherapeutic agents that show weak specificity in discrim-
inating between normal and tumor cells, the use of targeted molecular therapies is advanta-
geous by providing a more narrow and specific therapeutic window and less toxicity. The
broader spectrum of targeted therapies in neoplastic disease includes: (a) tyrosine kinases
inhibitors (TKIs), (b) anti-sense inhibitors of growth factor receptors and (c) monoclonal
antibodies. Tyrosine kinases play key roles in the modulation of growth factors signaling. For
instance, RAS activation depends on epidermal growth factor receptor (EGFR), and somatic
RAS mutations have been described in patients with MTC in the absence of RET mutations
[25]. Apart from the activation by growth factors, protein kinase activation by germline or
somatic mutations is a mechanism commonly described in tumor genesis. In fact, about 50%
of the patients with sporadic MTC have somatic mutations of RET proto-oncogene, besides
patients with MEN2 syndrome, of whom 98% express germline RET mutations [26]. In
addition, MTC cells often overexpress vascular endothelial growth factor receptors (VEGFRs).
TKI intervenes by blocking the ATP site of the tyrosine kinase receptors to prevent tyrosine
kinase activation. They inhibit thyroid tumor cell proliferation, migration and survival and
angiogenesis.

3.1. Tyrosine kinase inhibitors

Of all TKIs, the Food and Drug Administration (FDA) recently approved vandetanib and
cabozantinib as first-line agents for the treatment of symptomatic or progressive MTC in
patients with unresectable or metastatic disease. Both American Thyroid Association (ATA)
and National Comprehensive Cancer Network guidelines (NCCN) specifically address the
two drugs to patients with advanced MTC [1, 21]. Vandetanib and cabozantinib are multi-
kinase inhibitors, with vandetanib targeting several cell-signaling pathways involved in the
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pathogenesis of MTC, including receptor tyrosine kinase RET, VEGFR-2 and -3 and EGFR
and cabozantinib blocking RET, VEGFR-2 and ¢-MET [27], without simultaneously over-ex-
pressing any of the factors leading to the inhibition of angiogenesis. However, neither drug
shows a clear correlation between RET mutational status and efficacy.

3.1.1. Vandetanib

In a trial with a phase II design on 30 adult patients with advanced MTC, of whom 70% had
hereditary forms, objective partial response was obtained in 20% of patients while in 53%
disease remained stable for 24 weeks during vandetanib 300 mg daily [28]. Vandetanib 100
mg/m?*d was confirmed as a relatively well-tolerated and effective treatment in children (5-
18 years) positive for M918T RET germline mutations [29].

In a phase III, randomized, double-blind, placebo-controlled trial (ZETA trial) of 331 patients
with unresectable locally advanced (5%) or metastatic (95%) MTC, vandetanib 300 mg once
daily resulted in significant prolongation of median progression-free survival to a predicted
30.5 months in the vandetanib group in comparison to 19.3 months in the placebo group [30].
The overall response rate to vandetanib was 44% and was noticed in both patients positive for
RET mutations and those without a RET mutation. At the end of the study, 35% of study
subjects required dose reductions, and 12% discontinued therapy due to toxicity. A fatal
adverse effect was reported in 2.5% of patients.

Tumor markers calcitonin and CEA may fluctuate in patients undergoing therapy with
vandetanib, often with an initial drop of the marker levels. A rise in calcitonin levels >40%
between two follow-ups during the treatment for MTC appears to predict tumor progression
early [31].

Vandetanib carries a black box warning for prolongation of the QT interval, torsades de
pointes and sudden death. During treatment, medications that may prolong the QT interval
must be avoided, and patients must undergo regular EKGs and serum electrolyte control.
Patients with a history of long QT syndrome, baseline rate-corrected QT >450 ms, or uncor-
rectable electrolyte abnormalities should be excluded from treatment [32]. Other common
adverse effects of vandetanib include diarrhea, nausea, fatigue and abdominal pain. In
addition, hypertension, headache, acne and rash were reported. Hypocalcaemia, hepatocyto-
lisis, hypoglycemia, hypertriglyceridemia [33], hypothyroidism and increased creatinine are
common laboratory findings. In patients who cannot tolerate recommended dose, there is
preliminary evidence that low-dose vandetanib is also efficient [34]; however, further studies
are warranted.

Drug resistance to vandetanib has been described. Rare RET mutations V804M and V804L
confer resistance to vandetanib as do RAS mutations, identified in 60-80% of RET-negative
sporadic MTC cases. Sorafenib could be effective in these particular situations [26]. In vitro
testing of tumor cell sensitivity to TKI, even in cell cultures prepared from fine needle
aspiration specimens [35], has been shown to have a 60% positive predictive value of clinical
response in the same patient and a 90% negative predictive value.
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3.1.2. Cabozantinib

Cabozantinib approval was obtained following a phase Ill randomized, double-blind, placebo-
controlled trial that enrolled 330 patients with progressive, metastatic or locally advanced
MTC, in whom median progression-free survival increased significantly from 4.0 months in
the placebo group to 11.2 months in the cabozantinib group [36]. The overall response rate was
28%. More than half of patients developed adverse effects such as diarrhea, stomatitis and
palmo-plantar erythrodysesthesia. Other adverse effects were similar to those observed for
vandetanib (nausea, abdominal pain, fatigue, hypertension). Hepatocytolysis, hyperbilirubi-
nemia, neutropenia and thrombocytopenia were also encountered. Rare but severe adverse
effects were gastrointestinal perforation and fistula and hemorrhage, also included on the
black box warning. Thromboembolic events, osteonecrosis of the jaw and reversible posterior
leukoencephalopathy syndrome were also mentioned. A total of 16% of patients discontinued
treatment due to toxicity and 79% required dose reductions; 6% of patients experienced fatal
adverse reactions. In view of major adverse effects, patients with a history of diverticulitis,
chronic inflammatory gastrointestinal disease, active peptic ulcer, radiation to the neck or
mediastinum as well as tumor invasion characteristics that may predispose to fistulas and
hemorrhage need to be identified. A systematic review and meta-analysis on small-molecule
TKI in patients with thyroid cancer published by Klein Hesselink et al. concluded that
vandetanib and cabozantinib resulted in objective responses in 40% (95% CI 34-46%) and 27%
(95% CI 22-32%) of patients with advanced MTC [37]. In clinical practice, response to cabo-
zantinib was documented following a failed vandetanib treatment [38].

In conclusion, TKI vandetanib and cabozantinib have demonstrated important rates of disease
control at the cost of significant drug toxicity. Still, TKIs are less toxic when compared to
conventional cytotoxic agents. Further studies assessing the impact on overall survival for both
agents are warranted, as previous studies failed to demonstrate prolonged survival. Head-to-
head studies comparing the efficacy of the two drugs in patients with advanced MTC are
lacking, therefore selection of one treatment over the other needs evaluation of potential risks
and benefits for each patient. Factors that might influence the choice of TKI in patients with
MTC are related to patient and drug characteristics, laboratory and cardiologic assessments,
past medical history and concomitant medication. Cabozantinib is favored in patients with or
at risk for long QT syndrome (baseline QTcF interval >450 ms), patients with uncorrected
baseline dyselectrolitemia (hypocalcemia, hypomagnesemia or hypokalemia), patients unable
or unwilling to protect from sun exposure or in the case of rapid disease progression. On the
contrary, vandetanib should be firstly considered in patients with gastrointestinal comorbid-
ities or tumors invading the trachea, esophagus, or major blood vessels because of the risk of
perforation or fistula [39]. Concomitant use of a CYP3A4 inhibitor drug may increase the
plasma concentration of cabozantinib, resulting in toxicity, whereas use of a CYP3A4 inducer
may decrease the efficacy of vandetanib [32, 39]. Vandetanib may cause weight gain, whereas
cabozantinib should be avoided in patients with low body mass index.

Several case reports indicated that both vandetanib and cabozatinib might successfully control
ectopic Cushing’s syndrome associated to MTC [40].
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3.1.3. Sorafenib

Sorafenib, currently approved for the treatment of renal cell and hepatocellular carcinomas,
constitutes first-line indication in advanced radioiodine-refractory differentiated thyroid
carcinomas (DTCs). Reviewing retrospectively 13 patients with advanced MTC treated with
sorafenib 400 mg twice daily, de Castroneves et al. observed stable disease in 10 (83.3%)
patients [41]. A systematic review of sorafenib in metastatic thyroid cancer (both DTC and
MTC) noticed an overall partial response rate of 22% for MTC patients, with only 6.5% having
progressive disease, which suggests a reasonable clinical benefit [42]. However, treatment with
sorafenib is associated with considerable toxicity, leading to highest rates of dose reduction or
discontinuation [37].

3.1.4. Sunitinib

Sunitinib, available for gastrointestinal stromal tumors (GIST), renal cell carcinomas and
pancreatic neuroendocrine tumors (pNET), was investigated in a small phase II study, and a
response was objectivized in three of six (50%) patients with metastatic MTC and radiologically
evaluable lesions, but more than 10% of treated patients experienced grade 3 or higher toxicities
[43]. In a recent meta-analysis, encouraging results were obtained with sunitinib, with a clinical
benefit in 43% of patients (1 = 36) with advanced MTC [37].

3.1.5. Axitinib, motesanib, lenvatinib, ponatinib

Other kinase inhibitors have been investigated, with small trials showing variable results.
Axitinib is an oral TKI that inhibits VEGFRs, c-KIT and PDGFR-f3, approved for the treatment
of renal carcinoma. A multicenter, open-label, phase II study examined the efficacy of axitinib
in 60 patients with advanced or metastatic thyroid carcinoma of all histological subtypes [44].
Overall, 18% of patients with MTC presented partial response, with median progression-free
survival of 18.1 months. Axitinib was relatively well tolerated, with the most common adverse
event being hypertension. Another multicenter phase II study aimed at investigating the
efficacy and tolerability of motesanib in 91 patients with locally advanced or metastatic,
progressive or symptomatic MTC. Only two patients (2%) experienced a partial response, and
stable disease was achieved in 74 patients (81%), lasting for 24 weeks or longer in 44 (48%) [45].

Ponatinib, a newer multi-kinase inhibitor used in the treatment of chronic myeloid leukemia
and acute lymphoblastic leukemia, showed promising results in early trials, but it carries a
black box warning due to a high rate of arterial thrombotic events.

A multi-kinase inhibitor targeting VEGFR-1-3, FGFR-1-4, RET, c-KIT and PDGFR-{ is
lenvatinib. Moreover, lenvatinib has been shown to be able to inhibit FGFR-1, thus targeting a
pathway involved in resistance to VEGF-pathway inhibitors. In a phase II trial enrolling 59
patients with advanced MTC, an objective response rate was documented in 59%, stable
disease was confirmed in 36% and a median progression-free survival of 13.3 months was
reported [46].

Neither geftinib nor imatinib induced objective responses in patients with advanced, progres-
sive MTC [37].
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The response of individual cases to TKI could be subjected to influence by the expression of
RET or RAS mutations in the primary tumor, and Mancikova et al. found that in contrast to
RET-positive tumors, RAS-positive tumors express neither PDGFR-f nor MET and poorly
express VEGFR-3 [47], thus suggesting that intracellular targets of TKI are expressed according
to the presence of RAS mutations, a potentially useful information in the selection of patients
receiving treatment with TKIL.

Summary

In summary, TKI, specifically vandetanib and cabozantinib, demonstrated a response rate
of 27-44% in randomized trials and meta-analyses, to support first-line therapeutic indica-
tion in the management of symptomatic or progressive MTC in patients with non-resecta-
ble or metastatic disease. Nevertheless, dose-dependent toxicity of these drugs is
considerable, including gastrointestinal perforations, fistulas and hemorrhage for cabozanti-
nib and prolongation of the QT interval, torsades de points and sudden death for vandetanib.
Liver failure, pulmonary arterial hypertension and development of secondary malignancies
have been reported. Apparently, regression or stabilization of skeletal metastases related to
advanced MTC is weakly influenced by TKI, although cabozantinib may exert some activity
against certain types of bone lesions [43]. Overall, the quality of life is markedly affected by
TKI with adverse effects reported by 30-60% of patients and serious adverse events occur-
ring in 2% of cases [48]. The evidence for sorafenib and sunitinib in MTC is not as strong,
but small studies have demonstrated their efficacy. Other kinase inhibitors have shown var-
iable results.

3.2. Mammalian target of rapamycin (mTOR) inhibitors

There is solid evidence that the PI3K/Akt pathway is extensively involved in cell growth,
proliferation and survival of all types of thyroid tumors. The mTOR kinase is a component of
the PI3K signaling pathway, and AKT/mTOR activation is demonstrated in DTC and MTC
with AKT/mTOR immunostaining present in more than 50% of medullary carcinoma cells [48].
Invitro experiments showed oncogenic RET may regulate mTOR activity in patients with MTC.
Moreover, low-concentration RET and mTOR inhibitors administered as a combination, to
concomitantly target RET and mTOR, acted cooperatively in cell culture experiments [49].
Prospective phase II trials with everolimus, an mTOR inhibitor, in patients with advanced
MTC reported promising results. In one small-sized study, stable disease was obtained in five
of seven (71%) patients [50]. The most frequent side effects in everolimus trials were fatigue,
mucositis and hypertriglyceridemia, but overall the drug was well tolerated. Further investi-
gations are warranted to evaluate the efficacy of everolimus as monotherapy or combined with
other targeted agents in patients with advanced MTCs. Table 1 depicts relevant randomized
and non-randomized studies on treatment with TKI and mTOR inhibitors in patients with
MTC.
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Author Study design Drug regimen Objective Stable Common adverse effects
partial disease
response (SD)%
(PR)%

Wells et al., 2010 Open-label, phase II Vandetanib 300 20 53 Diarrhea, rash, fatigue,

[28] trial mg/day nausea

Robinson etal.,  Open-label, single-arm Vandetanib 100 16 53 Diarrhea, fatigue, rash,

2010 [34] trial mg/day constipation, anorexia, back
pain, nausea,
photosensitivity

Wells et al., 2012 Randomized, double- Vandetanib 300 45 87 Diarrhea, rash, nausea,

[30] blind, placebo- mg/day hypertension, headache

controlled phase
III trial

Chougnet etal., Retrospective cohort ~ Vandetanib 300 20 55 Skin toxicity, diarrhea,

2015 [51] mg/day asthenia

Kurzrock etal,  Open-label, phase I Cabozantinib 29 41 Diarrhea, fatigue, decreased

2011 [38] dose-escalation study  (maximum- appetite, nausea, palmar-

tolerated dose = plantar erythrodysesthesia
175 mg/day) (PPE), rash, hepatocytolysis
Elisei et al., 2013 Randomized, double- Cabozantinib 140 28 47.3 Diarrhea, decreased weight
[36] blind, placebo- mg/day (progression- and appetite, PPE, nausea,
controlled phase free at 1 year) fatigue
III trial

Capdevilaetal,, Retrospective Sorafenib 2 x 400 47 40 PPE, diarrhea, rash,

2012 [52] longitudinal study mg/day asthenia, anorexia,
stomatitis, hypertension,
abdominal pain

de Castroneves  Retrospective, Sorafenib 2 x400 0 83.3 PPE, weight loss, fatigue

etal,2016[41]  longitudinal study mg/day

De Souzaetal, Nonrandomized, Sunitinib 50 mg/ 35 57 Fatigue, lymphopenia,

2010 [53] open-label, phase II day, 4/2 week neutropenia, nausea,

study schedule diarrhea, mucositis, PPE
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Author Study design Drug regimen Objective Stable Common adverse effects
partial disease

response  (SD)%

(PR)%

Carretal.,, 2010 Non-randomized, Sunitinib 37.5 50 71 Fatigue, diarrhea, PPE,
[19] open-label, phase II mg/day neutropenia

study
Lim et al.,, 2013  Non-randomized, Everolimus 10 0 100 Mucositis, anorexia,
[54] open-label, single-arm mg/day hepatocytolysis

phase II study
Schneider et al., Non-randomized, Everolimus 10 0 71 Mucositis, fatigue,
2015 [50] open-label, single arm  mg/day hypertriglyceridemia

phase II study

Table 1. Randomized and non-randomized studies on tyrosine kinase inhibitors (TKIs) and mammalian target of
rapamycin (mTOR) inhibitors in advanced medullary thyroid carcinoma (MTC).

3.3. Somatostatin analogues (SSA)

Medullary thyroid cancers are neuroendocrine tumor (NET) that expresses cell surface
somatostatin receptors (SSTRs) in less than 40% of cases; however, these cases may respond
favorably to SSA treatment. Octreotide and lanreotide, the currently available SSA with high
affinity for SSTR2 and SSTR5, may be helpful in controlling symptoms in advanced MTC, but
they do not appear to significantly affect tumor burden or disease course. Indeed, SSA should
be considered in case of flushing and diarrhea, if other drugs are ineffective [55].

3.4. Peptide receptor radiation therapy (PRRT)

There is limited experience with PRRT targeting SSTR2 and cholecystokinin (CCK) receptors
A and B, which are expressed by medullary carcinomas, in patients with advanced, metastatic
MTC [55]. A phase II trial evaluating systemic Y-DOTATOC treatment in selected patients
with stage IV MTC showed encouraging response and survival rates: 29% of the 31 study
patients experienced reduction of serum calcitonin levels and had a significantly longer
median survival from onset of treatment in comparison to non-responders (i.e. 74.5 months
vs. 10.8 months); however, 13% of patients developed serious hematological toxicity, and 23%
developed nephrotoxicity [56].

One study evaluated CCK-B/gastrin receptor-based PPRT and included eight patients with
advanced MTC to whom the radioligand *Y-DTPT-D-Glu-minigastrin was administered. Of
all, two patients developed partial remission and four had stable disease; severe adverse events
were encountered, with one patient developing chronic myelogenous leukemia and another
patient developing chronic renal failure [57]. Treatment with ""Lu-DOTATATE reached
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similar results with three of nine patients having partial response and other three presenting
stable disease [58]. Current guidelines suggest that PRRT should be taken into account in well-
selected cases [1].

3.5. Experimental therapies

A number of other treatments are in the early phases of development. Pre-targeted radio
immunotherapy with bi-specific monoclonal antibody (BsMAb) and **'I-labeled bivalent hapten
has shown positive results in advanced, progressive MTC, but prospective, randomized trials
comparing this therapy to other therapies or placebo are needed [1].

Vaccination with autologous dendritic cells pulsed with MTC-specific antigens (CEA or calcitonin)
has been attempted, inducing specific immunoreactivity and leading to a clinical response in
three of seven patients in one small study [59].

Combination therapy of a TKI (e.g. vandetanib) and a protease inhibitor (bortezomib) appears
to induce synergistic effects in cell culture experiments [60], being under evaluation in human
trials.

Treatment with plitidepsin, an antibiotic that can induce tumor apoptosis, has been used in 16
subjects with unresectable MTC in a phase II trial, with modest clinical benefits and manage-
able toxicity [61].

The HIV-protease inhibitor nelfinavir has been shown to decrease RET expression and induce
apoptosis in medullary thyroid cancer cells, but clinical studies are needed to prove its efficacy
in treating MTC [62].

Metformin is an anti-diabetic drug that seems to inhibit cancer cell viability through the
inhibition of mTOR, an effect that was also observed in MTC cell lines [63]. Metformin is under
testing in clinical trials in combination with other agents.

AZD 1480, a JAK 1,2 inhibitor, was shown to block proliferation and tumor growth of RET-
activated thyroid cancer cells, supporting its use in advanced MCT; however, further research
is needed [64].

Enzastaurin is a protein kinase C inhibitor that has been shown to produce tumor cell apoptosis
and suppress tumor-induced angiogenesis. Its value in the treatment of advanced MTC is
under investigation.

Epigenetic drugs, that target DNA methylation and acetylation, are regarded with increasing
interest. Histone deacetylases regulate gene expression and cell cycle, proliferation and
apoptosis. Histone deacetylase inhibitors have been shown to suppress proliferation of thyroid
cancer cells, but evidence is based on small studies [48]. Combined targeted therapy is also
currently under investigation.

3.6. Treatment of hormonally active metastases

Co-secretion of hormones other than calcitonin can often be observed in medullary carcino-
ma. The prevalence of diarrhea is related to tumor volume. From a pathogenic viewpoint,
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diarrhea is due to either hypersecretory or increased gastrointestinal motility. Treatment in-
cludes anti-motility drugs (loperamide, diphenoxylate/atropine, codeine) and, in selected
cases, SSA. When these therapies are insufficient, palliative surgery or chemoembolization
may be helpful.

In cases of ectopic CRH or ACTH syndromes associated with unresectable MTC, steroidogen-
esis inhibitors and ultimately bilateral adrenalectomy should be considered.

4. Conclusions

The treatment of residual or recurrent medullary thyroid carcinoma (MTC) continues to be a
challenge. Although surgery remains the mainstay of therapy, it can be curative only in the
early stages of the disease. External beam radiotherapy and cytotoxic chemotherapy with
dacarbazine and doxorubicin-based regimens may be useful in select patients, but with little
or no impact on overall survival. In recent years, there has been significant progress in the
treatment of advanced, metastatic MTC. The use of tyrosine kinase inhibitors (TKIs), cabo-
zantinib and vandetanib, as first-line agents for symptomatic metastatic and progressive MTC
has significantly improved progression-free survival, showing high rates of partial response
and disease stabilization; however, prolonged survival has not been confirmed yet. The search
continues for kinase inhibitors that can be used in patients who are unresponsive or develop
resistance to existing drugs. Ongoing clinical trials evaluate additional agents that might
significantly impact future management of the disease.
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Abstract

The purpose of this chapter is a focused analysis and review of rare thyroid malignan-
cies including anaplastic thyroid cancer (ATC), medullary thyroid cancer (MTC),
primary thyroid lymphoma (PTL), and primary thyroid sarcoma (PTS). The focus will
be on the epidemiology, risk factors, workup, and a contemporary review of manage-
ment of these rare entities.
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thyroid sarcoma

1. Introduction

The majority of thyroid neoplasms are well-differentiated lesions that have been extensive-
ly studied and reported in the literature with regard to diagnosis and management [1, 2].
While most patients with thyroid malignancy typically fall in to the above-mentioned
category, few patients may carry diagnoses of rare thyroid cancers that are not as widely
researched. Owing to the dearth of literature on these rare thyroid malignancies, the
consensus for management is often unclear and highly debated. As head and neck oncolo-
gists should be well versed in the treatment options for these uncommon malignancies, this
chapter seeks to coalesce the literature in hopes of providing practitioners with an over-
view of these challenging pathologies. The chapter will focus on the analysis of anaplastic
thyroid cancer (ATC), medullary thyroid cancer (MTC), primary thyroid lymphoma (PTL),
and primary thyroid sarcoma (PTS). In the following sections, each of these entities will be
discussed beginning with epidemiology and risk factors progressing to work up and
management.

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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2. Anaplastic thyroid cancer

ATC is among the most aggressive and uniformly fatal malignancies afflicting the human
species. It is extremely rare, comprising approximately 2-5% of all thyroid malignancies [3-
5]. The annual incidence of ATC is one to two cases per million. The majority of patients, greater
than 90%, are over the age of 50 [5-7]. Females are more commonly affected than males, with
a comparison ratio of approximately 1.5:1 [6, 8]. A large majority of ATC occurs in conjunction
with other thyroid cancers and is theorized to be a degeneration of well-differentiated
carcinomas [1, 8].

Few patients survive beyond 6 months after initial presentation, with a median survival of 2—
12 months [1, 3, 4, 6, 9]. At present, it is reported that more than 50% of patients with ATC have
distant metastases [10]. Patients typically present with a rapidly enlarging neck mass, often
stating that the neck mass was stable for a significant period of time before the period of rapid
growth. Not uncommonly, patients complain of pain, dysphonia, and difficulty breathing as
the mass grows and begins to invade the laryngopharyngeal framework [2]. Death from ATC
is typically caused by compression of the great vessels, namely the superior vena cava, or
asphyxiation from airway compromise [2].

Aswith any rapidly enlarging neck mass, airway stability is of primary importance and a stable
airway should be established even prior to diagnosis if the patient is unstable. In the event the
patient has a stable airway, following thorough examination including nasopharyngolaryngo-
scopy, imaging should be obtained to evaluate the extent and radiographic characteristics of
the mass. Computed tomography (CT) is typically the initial imaging study of choice, however,
magnetic resonance imaging (MRI) can be obtained to determine the extent of soft tissue and
cartilage involvement. Following imaging, tissue diagnosis can be established with fine-needle
aspiration (FNA); however, at times a larger tissue sample may be needed to rule out lym-
phoma [2]. Pathology of ATC typically shows gross macroscopic involvement of surrounding
tissue along with areas of florid necrosis. A population of undifferentiated cells is typically
seen, along with a heterogeneous population of polygonal, spindle, and giant cells. As cells
are poorly differentiated, no thyroglubin production or thyroid hormone receptors are found
on further evaluation [1]. After a diagnosis of malignancy is established, practitioners may opt
to pursue a fludeoxyglucose (¥F-FDG) positron emission tomography (PET) scan or whole
body CT scan to evaluate for metastases. Staging of ATC is based on its extension from the
thyroid gland and distal metastases. All lesions are considered stage 4; stage 4A for lesions
within the thyroid gland without distal spread, stage 4B for lesions that have grown outside
the thyroid without distal spread, and stage 4C for any lesion that has distal metastases [11].

The management of ATC poses a number of challenges for the practitioner owing to the
advanced nature of the malignancy at diagnosis, short survival time, and often severe
functional impairment. Of paramount importance is an understanding of the patient’s desires
and the goals of care. Treatment options include radiation, surgery, chemotherapy, or a
combination. Commonly, patients require tracheostomy and enteral feeding support with a
gastrostomy tube [2, 6]. Routine tracheostomy is not advocated and the decision is highly
based on the patients desire to undergo a surgical airway procedure in lieu of potential
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changes in the quality of life [12, 13]. Chemotherapeutic regimens have not been uniformly
accepted and as such, there is no standard regimen. In recent studies, however, there have
been promising results with newer drug modalities. The combination of carfilzomib, a
proteasome inhibitor, and CUDC-101, a histone deacetylase, have been shown to induce
apoptosis in anaplastic thyroid cancer cells [14]. Another recent study has shown positive
results through the use of doxorubicin nanospheres combined with extracorporeal shock
wave therapy [15].

The role of surgery is controversial. In conjunction with the American Thyroid Association,
Smallridge et al. report that surgery can be considered with locoregional disease; however,
given the lack of survival benefit, they recommend against tumor debulking [16]. Disease
extending beyond the thyroid gland has typically represented unresectable disease [17-22].

In a recent study by Brown and Ducic, 16 patients with extrathyroidal ATC were evaluated
for long-term survival following complete surgical resection. These patients had stage 4B ATC
without evidence of distal metastases, and no disease extension beyond the carotid arteries.
Twelve patients required total laryngectomy, four required tracheal resection, and six required
cervical esophagectomy. Twelve out of 16 patients also required bilateral complete neck
dissection for clinically evident disease. Postoperatively, surgical patients underwent external
beam radiation. Of the 16 patients that underwent surgery with adjuvant radiation, 50% had
long-term disease free survival ranging from 9 months to 8 years. Six patients died from
metastatic disease while one died from a myocardial infarction. Based on their findings, Brown
and Ducic believe that specific patients with extrathyroidal ATC that does not extend lateral
to the carotid artery and without distal metastases may be suitable surgical candidates for
complete resection followed by radiation therapy [23].

Regardless of treatment modality chosen, resectability of locoregional cancer, localized
intrathyroidal disease, and absence of distal metastases are associated with a more favorable
prognosis [24-26].

Anaplastic thyroid cancer is an aggressive disease with a high mortality rate. Early detection
with thoughtful planning involving the patient’s family is the cornerstone of managing this
challenging malignancy.

3. Primary thyroid sarcoma

PTS is an extremely rare entity with an incidence no higher than 1.5% [27-29]. The rarity of
PTS has led to a substantial dearth of literature and the majority of information is based on
scattered case reports in the literature, along with several review papers. PTS is a general term
for all types of thyroid sarcoma; however, specific entities include angiosarcoma, heman-
gioendothelioma, fibrosarcoma, leiomyosarcoma, fibrous histiocytoma, and several others.

Patients are typically between the ages of 60 and 80 years and do not possess any other specific
risk factors for this entity. Presenting complaints center on a thyroid nodule without any
specific signs or symptoms unless they have advanced disease [29]. Diagnosis for PTS is similar
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to other thyroid nodules, centered on ultrasound imaging followed by FNA. On ultrasound,
these lesions have a hypohyperechoic pattern in comparison to normal thyroid tissue. As the
pattern is nonspecific, it may raise suspicion for PTS but by no means is pathognomonic [30].
It is important for the practitioner to realize that certain subsets of sarcoma, such as angiosar-
coma, can often have similar pathologic findings as other thyroid malignancies. In a study by
Bayiretal., it was reported that angiosarcoma can be mistaken as ATC due to similar pathologic
findings; however, angiosarcoma tends to bleed more significantly than ATC and often leaves
a hematoma at the FNA site [31]. Although treatment is based on surgery with postoperative
radiation for advanced disease, there is no standard protocol for treatment given the rare
nature of this disease.

In a contemporary review, Surov et al. examined the PTS literature and evaluated the cases of
142 patients with PTS. They reported a slight male preponderance and found that the majority
of patients, approximately 70%, did not present with distal metastases at presentation. Patients
typically had a painless goiter, and a small subset of patients had dyspnea and dysphagia
indicating advanced disease [30]. Of their population, approximately 20% of lesions were
angiosarcoma, 15% were malignant hemangioendothelioma, followed by smaller percentages
of fibrous histiocytoma, leiomyosarcoma, and fibrosarcoma. Leiomyosarcoma and malignant
histiocytoma were reported to be more likely to infiltrate the trachea or esophagus compared
to the other subtypes [30].

Fibrosarcoma patients were more likely to present with regional disease while leiomyosarco-
ma and angiosarcoma patients were more likely to present with distal disease. Patients with
distal metastases primarily involved the lung [30]. In their review, 75 patients were treated
with surgery as single modality, while 53 had surgery with adjuvant chemo-radiation. One
patient had only radiation, two had just chemotherapy, and four had chemo-radiation without
surgery. During the follow-up period of 0.5-120 months (median 7 months), 31% of patients
were living while the remainder died or were lost to follow-up [30].

As mentioned previously, due to the lack of cohesive literature, there have been no studies
reporting the overall 5-year survival or disease free survival of PTS as a group. One study
reported a 33% 5-year survival for angiosarcoma of the thyroid and noted that patients present
at a late stage [32]. While this statistic may not be applicable to other subtypes of sarcoma, the
practitioner must understand that given the possibility of this rare malignancy and its tendency
for locally aggressive behavior, any thyroid nodule with suspicious features should be imaged
and biopsied in a timely fashion.

4. Primary thyroid lymphoma

PTL comprises 1-5% of all thyroid malignancies with women more commonly affected than
men [33, 34]. The disease typically affects individuals between the ages of 50 and 80, and is
rarely found in those younger than 40 years of age [35, 36]. Carrying a diagnosis of Hashimoto’s
thyroiditis is a major risk factor for PTL. Studies by Holm and Kato report a 67-80-fold
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increased risk of PTL in patients with Hashimoto’s thyroiditis [37, 38]. In a 2015 study by Chai
et al.,, 87% of patient with PTL had Hashimoto’s [39].

Patients typically present with a painless enlarging neck mass, often in the setting of a known
autoimmune thyroiditis. Adenopathy can be associated with the primary complaints as well
[40]. Complaints of dysphagia, dyspnea, and hoarseness are uncommon, and signify advanced
disease with compressive symptoms or invasion of the recurrent laryngeal nerve [2]. Only an
estimated 10% of patients present with constitutional symptoms such as fever, weight loss,
and night sweats [5]. Following thorough history and physical examination, thyroid studies
can be obtained followed by ultrasound and fine needle aspiration if indicated. FNA by itself
may yield inconclusive information and as such, either ultrasound guided FNA or open biopsy
is recommended [2, 41, 42].

PLT is a broad term encompassing multiple pathologies. B-cell non-Hodgkin’s lymphoma
(NHL) is by far the most common cell line in PTL; T-cell lymphoma, plasmacytoma, and
Hodgkin’s lymphoma have been reported but are exceedingly rare [42, 43]. The three main
subtypes of B-cell NHL are mucosal associated lymphoid tissue (MALT) lymphoma, diffuse
large B-cell lymphoma (DLBCL), and a mixed variant of DLBCL and MALT [39]. MALT
lymphoma is generally of low grade and indolent growth while DLBCL is high grade with
aggressive growth. The mixed variant behaves more similarly to DLBCL than MALT [33, 35,
42, 44, 45]. Staging of PTL is based on extension from the thyroid gland. Stage 1 disease is
localized to the thyroid gland; stage 2 disease is localized to the thyroid gland but also involves
regional lymph nodes; stage 3 disease involves spread to lymph nodes on both sides of the
diaphragm; stage 4 disease has spread to distant sites of the body [36].

The management of PTL is primary through chemotherapy and radiation; surgery is reserved
for early stage MALT localized to the thyroid gland or for patients suffering from compressive
symptoms [5, 46]. The chemotherapeutic regimen commonly utilized, CHOP, consists of
cyclophosphamide, hydroxydoxorubicin, vincristine, and prednisone [47, 48].

Chai et al. examined 38 patients with PTL, 92% early stage, treated with a combination of
surgery, chemotherapy, radiation, or a combination. Few patients received single modality
therapy, while the majority were treated with multimodality therapy. Treatment outcomes
were followed from 3 to 156 months with the median follow up being 56 months. They reported
a 100% 5-year disease specific survival for MALT lymphoma, 100% for mixed, and 87.5% for
DLBCL [39]. This concurs with previous studies reporting a 96-100% 5-year disease specific
survival for MALT lymphoma, and shows an improvement in survival compared to the
previously reported 71-75% 5-year disease specific survival for DLBCL [35, 36, 49]. Stratifying
survival by stage, a surveillance, epidemiology, and end results (SEER) database study by
Graff Baker reported 86% 5-year disease-specific survival for stage 1 PTL, 81% for stage 2, and
64% for stages 3 and 4 [36].

As overall prognosis is highly dependent on the subtype of primary thyroid lymphoma and
the stage at presentation, the practitioner must have a high suspicion for lymphoma especially
in a patient with a history of Hashimoto’s presenting with enlarging neck mass. Establishing
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a diagnosis with sufficient cell volume to perform flow cytometry is crucial in categorizing the
subtype of lymphoma and quickly beginning treatment with a multidisciplinary team.

5. Medullary thyroid cancer

MTC is a malignancy that arises from the calcitonin producing parafollicular cells and
comprises 3-5% of thyroid malignancies [2, 50]. It is important to note that the parafollicular
c-cells also produce carcinoembryonic antigen (CEA), prostaglandin, and serotonin of which
excess levels could lead to symptoms [10]. Males and females are equally affected, typically
over the age of 50 [51, 52].

The majority of MTC, approximately 75%, occurs in a sporadic fashion and generally are
unilateral and unifocal [50, 52]. The remaining MTC is derived from an autosomal dominant
hereditary pattern associated with the RET proto-oncogene. Hereditary MTC is more likely to
be multifocal and bilateral in nature [53-59]. Thirty percent of MTC affects patients younger
than 50 and can have a familial inheritance pattern including the association with multiple
endocrine neoplasia (MEN) syndromes. MTC in MEN2A is associated with pheochromocy-
toma and hyperparathyroidism, while MTC associated with MEN2B is associated with
mucosal neuromas, Marfanoid habitus, or pheochromocytoma [53, 54, 60, 61].

Patients commonly present with a painless thyroid nodule that can be accompanied by
palpable cervical adenopathy [50]. Pain, dyspnea, and dysphagia are worrisome symptoms
that can indicate invasion of local structures or compression from mass effect [2]. Symptoms
of serotonin production can also be present such as diarrhea or flushing [50]. Initial regional
spread can be found in the central neck, lateral neck, or superior mediastinum. Fifty percent
of MTC patients have distal metastases on diagnosis, typically involving the mediastinum,
liver, bone, or lung [62].

Diagnosis is based on ultrasound, fine needle aspiration, and appropriate testing of serum
markers. FNA of MTC shows infiltrating neoplastic cells with marked heterogeneity. Occa-
sionally, amyloid deposits resulting from polymerized calcitonin will be found, strongly
indicative of MTC [63]. Following FNA diagnosis of MTC, patients should have calcitonin and
CEA levels evaluated, as they are both diagnostic and important for surveillance [2]. Calcitonin
strongly correlates with tumor volume and progression while CEA is a predictor of survival.
Often, the doubling of calcitonin can be followed to determine the rate of tumor progression.
A doubling time of greater than 6 months is associated with a 5-year survival of 92% while a
doubling time less than 6 months is associated with a 5-year survival of 25% [64, 65]. CT
imaging of the neck and mediastinum can be pursued to evaluate for radiographic evidence
of spread. As the uptake of fluorodeoxyglucose is low in MTC, PET scanning is not routinely
recommended. However, the use of other radionuclide tracers such as '®F-DOPA can be useful,
as ®F-DOPA has been reported to have a sensitivity of 81%, much greater than FDG for
metastatic disease [66]. To evaluate for metastases, CT of the chest, abdomen, and head is
recommended along with MRI of the liver and brain due to the increased accuracy [50].
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Prior to undertaking treatment, the patient should also be evaluated for RET mutations and
a thorough screening for MEN syndrome should be completed. Genetic testing is becoming
more common with these patients and their families as early detection and treatment of
family members may lead to favorable prognoses. The workup of MEN syndrome includes
evaluation of hyperparathyroidism by checking calcium and parathyroid hormone levels.
More importantly, patients should have a 24-h urine screen for catecholamines and meta-
nephrines along with an abdominal MRI to evaluate for the presence of a pheochromocyto-
ma. An undiagnosed or poorly managed pheochromocytoma could result in an
intraoperative catastrophe leading to a significant increase in mortality [2, 50].

Initial treatment of MTC is total thyroidectomy and bilateral central neck dissection. Family
members with MEN2B or MEN 2C are recommended to have a prophylactic total thyroidec-
tomy [2, 50]. If the patient has positive central neck adenopathy or palpable lateral neck disease,
a neck dissection of levels two through six should be performed along with dissection of the
superior mediastinal lymph nodes on the ipsilateral side or bilaterally if indicated. If the
primary MTC lesion is greater than 1 cm, there can be a greater than 50% chance of occult
metastases to the ipsilateral neck and a lateral neck dissection should be performed in that
scenario as well [67-69]. As MTC is from parafollicular cells, it does not respond to radioactive
iodine therapy [70]. Following surgery, patients should be followed with serial calcitonin and
CEA levels to evaluate for recurrence or persistent disease [69]. External beam radiation can
be considered for resections with positive margins or unresectable tumor [2]. Serum calcitonin
greater than 150 pg/ml signifies residual or metastatic disease [64, 71].

Advanced MTC can be potentially treated with surgery and postoperative radiation, but often
patients with extensive local disease or distal metastases are not surgical candidates. Chemo-
therapy in MTC, often times involving a combination of doxorubicin, dacarbazine, or cisplatin,
is indicated only in rapidly progressive metastatic disease, but the response rates have not
been reported higher than 20% [72-75]. Currently, molecular therapies targeting kinases of
VEGFR2 and REF are in clinical trials but reserved for a very specific subset of patients given
the adverse risk profile [76]. The overall prognosis of MTC is related to disease stage. Ten-year
survival for all MTC is 61-75%; however, the presence of cervical adenopathy decreases
survival to 45% [70].

MTC can be an aggressive malignancy with limited treatment options. Early intervention and
close surveillance with imaging and serum markers are vital. As this malignancy has the
possibility of being associated with concomitant endocrine maladies and familial inheritance,
a thorough assessment of the patient and family alike can allow for safe treatment and the
prevention of disease progression.

6. Conclusion

Anaplastic thyroid cancer, primary thyroid lymphoma, primary thyroid sarcoma, and
medullary thyroid cancer are all extremely rare malignancies that make up a small portion of
all thyroid malignancies. The literature available for guiding management is often limited as
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the small number of cases precludes adequate investigation in clinical trials. Although these
rare malignancies are not frequently encountered, they have the potential of being aggressive
with poor outcomes if not managed in a timely fashion. Patients with any of the above
malignancies should be encouraged to be vigilant in the care and follow up of these conditions.
Practitioners should make every attempt to rapidly establish a diagnosis for thyroid nodules
and initiate treatment in an expedited fashion while keeping the patients and their families
closely involved in the decision making process.
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Abstract

Radioactive iodine is utilized commonly for ablation of remnant thyroid tissue after
thyroidectomy and treatment of persistent disease and metastases in differentiated
thyroid cancer patients. As it involves ionizing radiation, it is important to ensure that
the patients receive optimum amount of radiation to destruct the target tissue while
keeping the radiation-related side effects to minimum. In clinical practice, standard
activity doses are preferred for thyroid cancer patients, assuming that biokinetics are
similar in all patients. Lately, many clinicians offered to individualise the radioactive
iodine therapy by calculating the optimal amount of radioactivity using patient
dosimetry. Radiation dosimetry is used to calculate the minimum effective and
maximum tolerated absorbed dose for a successful radioactive iodine therapy. This
approach enables to administer increased amount of therapeutic activity while
minimizing the related side effects. This chapter presents some of the basic principles
of patient dosimetry and radioiodine biokinetics following radioactive iodine admin-
istration in differentiated thyroid cancer patients.

Following radioactive iodine therapy, radiation protection measures are necessary to
protect the public from ionizing radiation after discharge of the patient from hospital.
Radiation exposure to patients, family members and caregivers and attempts to
decrease the exposure during therapy are also going to be discussed.

Keywords: radiation dosimetry, radiation exposure, dose rate, radioiodine therapy

1. Introduction

Radioactive iodine is an important component in treatment approach of differentiated thyroid
carcinoma patients. Following thyroidectomy, radioactive iodine is used for remnant tissue
ablation and to destroy residual tumor foci or metastatic disease. Traditionally a fixed dose of

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,

open science | open minds and reproduction in any medium, provided the original work is properly cited. (e NN



230 Thyroid Cancer - Advances in Diagnosis and Therapy

3700-7400MBq(100-200mCi)ofradioiodinewasrecommended for treatmentofresidual disease
[1]. However, concerns related with ionizing radiation led to a significant decrease in the
administered dose recommended in the recent thyroid cancer management guidelines [2].

The optimum I-131 activity is controversial as the radioiodine biokinetics is different in each
patient. Therefore, radiation dosimetry is preferred especially in the subgroup of patients,
where selection of biologically effective dose is more crucial, such as patients with metastatic
disease, especially with lung metastases or with comorbidities such as chronic kidney disease,
as well as in pediatric and elderly population.

This chapter aims to present the basic principles of radiation dosimetry and common dosi-
metric methods, as well as main dosimetric approaches for radiation dose selection for thyroid
carcinoma patients. Also, concerns about radiation exposure to patients, family members, and
caregivers and attempts to decrease the exposure during therapy are discussed.

2. Basic principles of radiation dosimetry

Radiation dosimetry is a general term implying the approach for (1) calculation of the mini-
mum amount of radiation activity necessary for successful treatment of a patient (i.e., thera-
peutic dose) for treatment planning using radionuclides or external beam radiotherapy, (2)
assessment of the radiation dose received by a specific organ or tissue of a patient to ensure
that radiation dose received by the patient would not exceed the tolerable limits of certain
organs or tissues, (3) determining the total radiation dose received by patients, health care
workers, or family members of patients to maintain radiation safety of individuals, (4)
measurement of the instantaneous and cumulative radiation dose in the environment where
ionizing radiation sources are used to ensure radiation safety of the workers and public, and
(5) calculation of the total amount of dose received by the fetus, in case the mother is exposed
toionizing radiation during pregnancy. Radiation dosimetry for treatment planning of thyroid
cancer patients involves calculating the minimum amount of I-131 activity to be given to the
patient to ensure successful remnant thyroid tissue ablation or treatment of persistent disease
and metastases, as well as measuring the radiation dose received by critical or dose-limiting
organs to calculate the maximal safe dosage of I-131 that can be given to the patient.

There are two main approaches to determine the amount of I-131 to be given to the thyroid
cancer patients after thyroidectomy operation: empirical fixed amount approach, and dosi-
metrically calculated amount approach. Empirical fixed amount approach is more widely
used, as it is a more simple and convenient method. However, it lacks the ability to accurately
incorporate the individual biological and physical features of patients, such as radioiodine
uptake, release, and residual functioning volume of thyroid tissue. On the other hand, current
individual dosimetric approaches are both demanding and inconvenient to calculate the exact
uptake and kinetics for each patient. However, it is especially crucial in the subgroup of thyroid
cancer patients, who require higher amount of radioiodine due to the presence of metastases
or relapsing disease.
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The tissue damage caused by ionizing radiation is dependent on many factors, such as the type
of radiation emitted, its amount and energy, its biokinetics in the body, including its uptake
and clearance in various organs, and the physical arrangement and location of organs emitting
radiation. Therefore, unlike external radiation sources, the doses received from internal
radiation sources used in nuclear medicine cannot be calculated exactly; rather several
formulas and assumptions are used to predict the radiation dose applied to the body.

2.1. Internal radiation dosimetry

The main aim of internal radiation dosimetry is to calculate the absorbed dose, which is defined
as the mean energy imparted to matter per unit mass by ionizing radiation. Absorbed dose (D)
is calculated using the following formula:

de
D= I (@))]

where de is the mean energy imparted by ionizing radiation and dm is the matter of mass.

In SI system, the unit for absorbed dose is joules per kilogram (J/kg) or ergs per gram (erg/g).
The special units for absorbed dose are gray (Gy) and rad:

1 J/kg=1 Gy=100rad=10"erg/g

The term equivalent dose is derived from the absorbed dose to refer the different biological
effects of different types of ionizing radiation. It is calculated by multiplying the absorbed dose
by a radiation weighting factor (w), which is dependent on the type and energy of radiation.
The formula for the equivalent dose (H) is therefore:

H=Dxw, (2)

The unit for equivalent dose is the same as absorbed dose, as the radiation weighting factor
does not have a unit. However, special unit names are also defined for equivalent dose, which
are sievert (Sv) and rem. Radiation weighting factor is dependent on the type of radiation.
According to the International Commission on Radiological Protection (ICRP), alpha particles
have radiation weighting factor of 20, whereas the factor for beta minus, beta plus (positron),
gamma rays, and X-rays are 1:

1Sv =100 rem

Absorbed dose for a certain organ or tissue can be calculated when the energy absorbed per
unit mass is identified. Several authors have established similar equations to calculate the
absorbed dose, which are known as the Marinelli method [3], Quimby method, Medical

231



232 Thyroid Cancer - Advances in Diagnosis and Therapy

Internal Radiation Dose (MIRD) method [4], and International Commission on Radiological
Protection (ICRP) method. For the scope of our chapter, only MIRD method is going to be
explained in details, as it is the most commonly used method for radiation dosimetry calcu-
lations in nuclear medicine.

A generic equation for the absorbed dose (D) in an organ or tissue has been established as [5,
6]:

D kffzin,.E,.(/ﬁi

m

®)

where k is the proportionality constant, A is the cumulated activity (uCi-h or MBg-s), 7; is the
number of particles with energy E; emitted per nuclear transition, E; is the energy per particle
(MeV), ¢;is the fraction of energy absorbed in the target, and m is the mass of the target region

(g or kg).

Source Target S-value
Bladder Bladder 12x103
Stomach Stomach 9.7 x10™*
Kidney Kidney 1.5x10°
Kidney Adrenal gland 32x10°
Kidney Spleen 24x10°
Thyroid gland Thyroid gland 2.2x107
Thyroid gland Whole body 9.5x10°
Thyroid gland Lungs 29x10°
Thyroid gland Bone marrow 24x10°

Table 1. Some S-factors for I-131.

2.2. Medical internal radiation dose (MIRD) method

MIRD method was established by the Society of Nuclear Medicine to assist radiation dose
estimation to various organs using a simplified calculation method. Instead of using numerous
variables, MIRD method has shortened the absorbed dose equation by using the “S-factor” for
all the absorption parameters, which includes types and energy of radiation emitted, size and
shape of the target organ and other related organs, and energy fraction of each emission
absorbed in the target organ from radiation that originated in the source organ. S-factor is
ascertained for common radiopharmaceuticals, including I-131. S-factors for I-131 and Tc-99m
are given in Tables 1 and 2. Equation for the S-factor would be:
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where k is the proportionality constant (=2.13), n, is the number of particles with energy E;
emitted per nuclear transition, E; is the energy per particle (MeV), @, is the fraction of energy
absorbed in the target, and m is the mass of the target region (g or kg).

Source Target S-value

Liver Liver 4.6x107
Liver Kidneys 3.9x10°
Liver Whole body 2.2x10°
Liver Bone marrow 1.6 x10°
Liver Spleen 9.2x107
Spleen Spleen 3.3x10*
Spleen Pancreas 1.9 x10°
Spleen Stomach 1.0x10°
Spleen Whole body 22x10°
Spleen Bone marrow 1.7 x10°®
Spleen Liver 9.8 x107
Bone marrow Bone marrow 3.1x10°
Bone marrow Whole body 22x10°
Bone marrow Liver 9.2x107

Table 2. Some S-factors for Tc-99m.

Finally, MIRD equation is as follows:

D,=YAS(t—>s) (5)

A=A4,x1 (6)

where A, is the cumulated activity in the source organ, t is the target organ, s is the source
organ, A, is the initial activity given, and 7 is the residence time.

For the MIRD equation, various body phantoms, which represent human body and enable
accurate measurement of absorbed fractions, organ masses, and relationship of organs, were
established to determine the cumulated activity. Either external probes, such as thyroid uptake
device, or time-activity curves obtained from scintigraphic imaging are used to calculate the
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cumulative activity. Using MIRD equation, the calculation of radiation dose of patients after
radiopharmaceutical application is possible, but MIRD equation is not suitable for establish-
ment of radiation dose received by radiation workers and family members.

Following the establishment of MIRD phantom, various other phantoms were introduced
representing human body more realistically, such as female and male phantoms, pregnant
female phantom [7], family phantoms including pediatric phantom series [8], and bone and
marrow phantom [9]. The data obtained using these phantoms are inserted in special software
programs dedicated for internal dose calculations, such as MIRDOSE [10] and OLINDA/EXM
1.0 [11].

The recent development in computer and anatomical imaging technologies led to the creation
of more realistic voxel phantoms, which include three-dimensional digital images of internal
organs and hybrid phantoms enabling a realistic and rapid modeling of human body (Figure 1)
[12,13].

Figure 1. Adult male (A) and adult female (B) phantom by Segars [13]. There are also different age-specific phantoms
for dose evaluation in pediatric patients.

3. Dosimetric approaches for thyroid carcinoma

There are two main dosimetric approaches for administration of radioiodine for the treatment
of thyroid carcinoma: bone marrow-based approach, which aims to limit the radiation dose to
be within safe limits for bone marrow, and lesion-based approach, which aims to give at least
the minimum amount of radiation dose to destroy the lesions.
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3.1. Bone marrow-based dosimetric approach

Bone marrow depression is one of the most important complications of radioiodine therapy
as bone marrow is susceptible to ionizing radiation. Bone marrow-based dosimetry aims to
calculate the maximum amount of radiation that bone marrow can tolerate for radioiodine
treatment. This method was first developed by Benua et al. and it allows estimating the
radiation dose received by the hematopoietic system from each unit (GBq or mCi) of 1-131
activity given to the patient [14]. The procedure involves an initial administration of a tracer
activity of I-131 to the patient, followed by serial blood sampling and whole-body activity
measurement for at least 4 days to follow the clearance of radioiodine from the body. Although
the name of this approach is bone marrow based, the calculations involve whole blood
compartment, not only the bone marrow. In the study by Benua et al., the group of patients
that received a whole blood dose of more than 200 cGy showed serious complications related
toionizing radiation, whereas the group of patients that received less than 200 cGy to the blood
did not have serious side effects. Therefore, 2 Gy limit was proposed to be the safety limit for
bone marrow.

I-131 has both gamma () and beta minus (B) radiation; so both radiation types are included
in radiation dose calculations. I-131 activity to be administered to the patient is calculated as
combined absorbed doses for gamma and beta radiation and is within safety limits for bone
marrow, which is accepted as 2 Gy:

2 Gy

A, MBq) =
administered ( q) Dﬂ (Gy/ MBq) + Dy (Gy / MBq) (7)

According to the original Benua protocol, a standard tracer 1-131 activity was given to the
patient before the therapy and measurement of serial blood samples in a gamma counter is
performed for the detection of f-radiation dose (D;), whereas radiation dose for y-radiation
(D,)is calculated either by serial measurement of the whole body of the patient using a gamma
probe or by measurement of the periodic urine collection.

After the introduction of the Benua protocol, several studies were performed with different
modifications to the original protocol, such as using gamma camera instead of gamma probe
[15], using geometric mean of the body activity counts instead of anterior measurement,
delaying the onset of whole body counting to 2 hours, and elimination of urine collection.
EANM Dosimetry Committee has also published a detailed guideline providing most recent
recommendations on how to perform blood- and bone marrow-based dosimetry in thyroid
cancer patients [16].

Further studies revealed that serious bone marrow toxicity is avoided in radiation doses of
less than 3 Gy; so 3 Gy is accepted today as bone marrow safety limit and it is used generally
for treatment of thyroid carcinoma patients with multiple metastases. Bone marrow dosimetry
is not recommended for patients with extended bone metastases, as blood-based absorbed
dose calculation could underestimate the absorbed dose to bone marrow [16]. Also, in the
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presence of multiple pulmonary micrometastasis, lung would be the critical organ instead of
bone marrow, therefore, bone marrow dosimetry would not be appropriate in those patients.

3.2. Lesion-based dosimetric approach

Bone marrow-based dosimetry aims to give the maximum safe amount of I-131, ignoring the
absorbed dose in the tumor, which may end up with giving a higher amount of radioiodine
than the actual therapeutic amount. Lesion-based dosimetric approach aims to calculate the
therapeutic amount of radioiodine that provides the minimum necessary radiation dose to the
residual thyroid tissue and metastatic foci. For lesion-based dosimetry, uptake and clearance
of I-131 from residual thyroid tissue and all metastatic foci are needed to be calculated.

50
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Figure 2. Time-activity curve obtained from series of scintigraphic images of a thyroid cancer patient. Series of whole
body scintigraphy with empty bladder and rectum were acquired at different time points following tracer radioiodine
administration.

The lesion-based dosimetric approach was first described by Maxon et al. in 1983 in a study
with 76 thyroid carcinoma patients. Clinical response was detected in the group of patients
thatreceived minimum 300 Gy radiation dose to residual thyroid tissue and 80 Gy to metastatic
foci, whereas less values were found to be inadequate for treatment [17].

The equation for assessment of lesion dose is as follows [18]:

Dose(cGy)=0.63x C(uCi/ g)x T,), 1 (h) (8)

where C, is the initial concentration of I-131 in the lesion and T}, 4, is the effective half-life
of the lesion activity.
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To obtain the initial concentration of I-131 in the lesion, either serial whole body scintigraphic
imaging or radioiodine uptake test are performed after the administration of an initial tracer
I-131 activity. Using scintigraphic images, region of interest is drawn around the residual
thyroid tissue and all metastatic foci and time-activity curves are obtained to calculate the
initial activity and the effective half-life (Figure 2). Measurements were performed at the 2nd,
6th, 24th, 48th, 72nd, and 96th hours following radioiodine administration and additional
measurements are performed if the excretion is delayed. Also, the lesion mass is calculated
either using the gamma camera images or using radiological imaging tools, such as compu-
terized tomography (CT) or ultrasonography (USG).

Selection of optimum administered dose is challenging in the presence of chronic renal failure,
as delayed excretion of radioiodine in these patients lead to increased radiation exposure of
the whole body including the critical dose limiting organs such as bone marrow. Dosimetry is
therefore recommended for these patients to refrain from radiation-related side effects and to
limit the exposure of the healthcare providers [19, 20].

3.3. Dosimetry using I-124

Traditionally, dosimetric methods for thyroid carcinoma involve use of low dose of 1-131.
However, concerns about the stunning effect of I-131 limit its usage and lead to search for
alternative radionuclides, such as I-123 or I-124. I-123 is a cyclotron product with a half-life of
13 h. Being a pure gamma emitter, it is more favorable for diagnostic imaging but its supply
is limited. I-124 is also produced in a cyclotron, but it has a longer half-life of 4.18 days and it
is a positron emitter, which makes the isotope a promising tool for imaging of the residual
disease using PET/CT, for detection of patients who would benefit from radioiodine therapy
and for dosimetry of lesions especially for patients who require higher amount of radioiodine
[21].

1-124 PET-based dosimetry protocol involves serial PET/CT imaging starting 2—4 h after oral
administration of I-124 until 72-96 h. There are also simplified protocols proposed involving
imaging only at the 24th and 96th hours for lesion dosimetry [22]. Data obtained from I1-124
PET/CT image can also be used to simplify the blood dose protocol, reducing the number of
blood sampling [23].

I-124 PET/CT was reported to provide a better assessment of lesion dosimetry in thyroid cancer
patients as it enables to determine the concentration of radionuclide in the lesion, providing
higher spatial resolution and imaging sensitivity than images acquired using gamma cameras
[24, 25]. Also, it allows estimating the lesion absorbed dose per administered I-131 activity for
each radioiodine positive tumor foci [24]. In a study investigating the relationship between the
absorbed radiation dose detected by I-124 PET and lesion response after I-131 administration,
similar response rates were found for thyroid remnant tissue compared to the historical data
of Maxon et al., who used planar I-131 scintigraphy to detect absorbed radiation dose [23]. It
was shown that I-124 PET/CT lesion dosimetry could be used as a prognostic tool to predict
lesion-based I-131 response [26]. Moreover, I-124 PET was found to be promising for detection
of radioiodine avidity of the remnant thyroid tissue and metastatic foci [27, 28]. However, high
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false negative rate of 1-124 PET/CT was also reported in patients who had received rhTSH
stimulation [29].

4. Radiation safety

Increased usage of radiation in science, technology, and medicine led to a need for establish-
ment of an international organization to provide recommendations on radiation protection.
International Commission on Radiological Protection (ICRP, former name “International X-
ray and Radium Protection Committee”) is an international, nongovernmental organization
that was founded in 1928 in Sweden to provide recommendations and guidance on radiation
protection.

4.1. Biological effects of radiation

Biological effects of radiation can be divided into two categories: deterministic effects and
stochastic effects.

Tissue/organ Effects Equivalent dose for Equivalent dose rate for
single exposure (Sv) prolonged exposure (Sv/year)
Testis Temporary infertility 0.15 0.4
Permanent infertility >3.5 2.0
Ovaries Permanent infertility >2.5 >0.2
Lens of Detectable opacities >0.5 >0.1
the eye Cataract >2.0 >0.15
Bone marrow Impairment of blood >0.5 >0.4

cell production

Table 3. Threshold for deterministic for different tissues and organs by ICRP [30].

Deterministic effects can be seen in medium to high radiation doses. The effects related with
radiation are seen only above a certain threshold, when there is loss of tissue function and the
damage will increase with the absorbed dose. Bone marrow, testis, and lens of the eye are the
most sensitive tissues for radiation; therefore, deterministic effects such as pancytopenia,
infertility, and cataract are first seen in those tissues. Although skin is not one of the most
sensitive organs for radiation, erythema is another common deterministic effect, which occurs
due to accidental skin contamination. Doses of radionuclides used for nuclear medicine
imaging procedures are below the threshold for deterministic effects. During radionuclide
therapy, including I-131 therapy for thyroid cancer, doses are selected that exceed the deter-
ministic threshold only for the thyroid tissue, preserving the other tissues. ICRP has published
recommendations including the thresholds for deterministic effects of different tissues and
organs (Table 3) [30].
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Stochastic effects can be seen in low level of exposure, there is not a certain threshold for the
effects and the severity is not dependent on the absorbed dose. The name stochastic is given
to refer that the effects can be seen by chance and the proportion of the population that are
effected can be predicted statistically but the exact persons that will be affected cannot be
foreseen. Stochastic effects occur when radiation does not kill the cell but modifies its DNA.
Radiation-related cancers and hereditary disorders are examples for stochastic effects of
radiation.

4.2. Practical dosimetry

Despite many advantages of radiation dosimetry, it is difficult to be performed for all thyroid
carcinoma patients undergoing radioiodine therapy. Some information, on the other hand,
obtained from dosimetry principles can guide clinicians in treatment planning of patients.
Retention of radioiodine can be easily determined using a standard uptake probe and if high
radioiodine retention is detected, prescribed radioiodine dose could be decreased to ensure
safety [31]. On the contrary, if radioiodine retention is low, then prescribed dose of I-131 could
be increased to optimize the efficacy. Bone marrow is the dose-limiting organ for radioiodine
therapy, as the bone marrow depression is one of the most important complications of the
therapy. Radiation to blood and to bone marrow is correlated with body retention. Also,
increased serum thyroxine concentration in the blood in the absence of thyroid hormone
medication can be used as an indicator of increased blood radiation and reduction of prescribed
activity could be taken into consideration. Thyroid carcinomas, which are at least 1 cm in
diameter but are not visible on scintigraphic image, usually cannot be eliminated with a usual
therapeutic I-131 dose of 3700-7400 MBq (100-200 mCi); therefore, either dose increase or
dosimetric approaches should be considered for those patients [31]. Presence of radiation-
related side effects after the first radioiodine therapy, such as bone marrow toxicity, sialade-
nitis, and lacrimal gland dysfunction, should be assessed prior further therapy planning to
avoid cumulative radiation toxicity.

4.3. Radiation-related risks in thyroid cancer patients

The risk of radioiodine-related secondary cancer in thyroid cancer patients is controversial.
There are several long-term follow-up studies investigating the secondary malignancies in
thyroid cancer patients and only a very low associated risk of malignancy could be found.
Therefore, recent thyroid cancer management guidelines do not recommend any specific
screening after radioiodine administration in thyroid cancer patients [2]. The risk of secondary
cancers is dose related and generally seen in patients who receive cumulative I-131 activity of
more than 22,200 MBq (600 mCi) and there is no direct evidence of increased risk in patients
who have received 1110-3700 MBq (30-100 mCi) radioiodine in a single session [32]. In a meta-
analysis including 16,502 patients from two distinct multicenter studies, overall risk of
secondary cancer was shown to be increased by 1.2 (95% CI: 1.04-1.36; p <0.01) [33]. The most
significant risk increase was reported to be in leukemias, with a relative risk of 2.5 (95% CI:
1.13-5.53; p <0.024) [33]. Other cancers reported to have increased risk are bone and soft tissue
cancers, breast cancer, colorectal cancer, salivary gland tumors, and kidney cancer [32, 34, 35].
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There are also several other studies that show increased risk of secondary malignancies in
thyroid cancer patients, that is not associated with radioiodine administration [36, 37].

4.4. Radiation safety precautions for family members and public

Three of basic elements of radiation safety are distance, shielding, and time. Distance is the
most important and simple way to ensure radiation safety. For point sources, the intensity of
radiation is inversely related with the square of distance (inverse square law). For nonpoint
sources, such as the patients, this law is not as accurate as in point sources, but still the exposure
decreases as the distance in between increases. Shielding is another important parameter to
ensure radiation safety. During radioiodine therapy, protection against beta and gamma
radiation of I-131 is necessary. Beta radiation can be absorbed in a few centimeters of wood
and they cannot penetrate out of patient body. Gamma rays are absorbed by atoms with heavy
nuclei, such as lead. Reducing the exposure time reduces the cumulative dose proportionally.
So the shorter time patients spend with their family, the smaller the radiation dose the family
members receive.

ICRP and International Atomic Energy Agency (IAEA) recommend a dose limit of 1 mSv/year
to the general public and 5 mSv/year to family members and caregivers of patients who have
received radionuclide therapy (Table 4) [30, 38]. According to the European Atomic Energy
Community (EURATOM), patients are allowed to be discharged after a radiation dose rate
limit of 20 uSv/h at 1 m is achieved. After discharge, patients are advised to take further
precautions at home.

Organ or tissue Radiation worker (mSv/year) Public (mSv/year)
Whole body 20 1

Gonads 50 5

Bone marrow 50 5

Bone 500 50

Skin 500 50

Thyroid gland 500 50

Extremities 500 75

Table 4. Dose limits to radiation workers and public recommended by ICRP.

Patients undergoing radioiodine therapy for thyroid cancer treatment and ablation are
hospitalized in radionuclide therapy units to ensure proper shielding and waste control.
Special precautions are taken in design of the patient rooms: The walls are lead lined to limit
the gamma ray exposure of the health care workers and other patients. Also, lead lined tanks
are used to store the waste of patients for decay to limit the release of I-131 to public sewage
system. After discharge, patients are advised to maximize their distance from pregnant women
and children, sleep in separate beds, to avoid spending extended time in public places, and to
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limit travel for some time depending on the amount of radioiodine given [39, 40]. Also, several
attempts are being discussed to decrease the radiation-related side effects of the patient, such
as increased amount of daily water intake, frequent urination to decrease the absorbed dose
to kidneys and bladder, and chewing-gum stimulation to decrease the absorbed dose to
salivary glands [41]. Pregnancy is contra-indicated for radioiodine administration and
according to ICRP female patients are advised to refrain from pregnancy for at least 4 months
following radioiodine administration. Also, breast-feeding is not allowed after radioiodine
administration.
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Abstract

Thyroid cancer is the most common endocrine malignancy in children and adoles-
cents. Although the basis of the thyroid cancer management in children is the same as
those of the adults, thyroid cancer may behave different in pediatric population than
adults. Unlike adults, children usually present with more advanced disease and the risk
of recurrence and metastases are higher. However, the prognosis and survival of
pediatric thyroid cancer is better than those of adults. This chapter will review the
frequency, epidemiology, and clinical behavior of pediatric thyroid cancer with
emphasis on the appropriate management in nuclear medicine.

Keywords: thyroid cancer, iodine scan, thyroid, thyroglobulin, ultrasound, children,
adolescents

1. Introduction

Thyroid cancer is the most common endocrine malignancy; in 2014, it affected >60,000 people
in North America [1]. Only approximately 2% of thyroid cancer has been reported to occur in
children and adolescents [2]. The most frequent type of thyroid cancer is the differentiated type,
mainly papillary (90-95%) and to alesser extent follicular (~5%) [3-5]. Conventionally, thyroid
cancers in both adult and pediatric patients are managed by total or near-total thyroidectomy,
with resection of the affected regional lymphnodes, followed by ablation of the thyroid remnant
and associated metastases using *'I. The patients then receive subsequent treatment involv-
ing thyroid-stimulating hormone (TSH) suppression with levothyroxine [6, 7]. Accurate staging
(to avoid overtreatment) and the choice of surveillance methods are important in children. On
one hand, the risk of recurrence and regional lymph node involvement are higher in children.
On the other hand, because of the long lifespan of these patients and their susceptibility to
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treatment side effects, the risk of long-term complications associated with therapy (e.g., high
doses of radioiodine) is higher than those of adults [8, 9]. In this chapter, the management of
thyroid cancer in children is discussed, with the focus on nuclear medicine therapies.

2. Epidemiology

In general, the risk of thyroid cancers has increased globally over the last decades [3, 10]. Unlike
many other cancers, thyroid cancer is rare in early childhood; the incidence increases during
adolescence and early adult life and will reach a plateau at age approximately 40 years with
little subsequent changes at older ages [11]. Thyroid cancer is the eighth most common cancer
diagnosed in patients aged 15-19 years, and is the second most common cancer among
adolescent girls [12, 13]. Many other cancers are rare in early childhood and are common in
older people; some (usually those with immature tumor cells such as retinoblastoma or
neuroblastoma) are more common in early childhood and are rare in adults [11]. Thyroid
nodules are more common in teenagers than in younger children [14]; however, the risk of
malignancy is greater when a nodule in diagnosed in children aged <10 years [15].

3. Risk factors

Age, sex, family history of thyroid disease, and radiation exposure are among the risk factors
affecting the frequency of thyroid cancers in children. Generally, differentiated thyroid cancer
(DTC) is more common in adolescent girls [2]. The sex distribution of thyroid carcinoma differs
between adults and children. In adults, thyroid cancer is four times more common in women
than in men. In the pediatric population, the incidence of thyroid cancer is only slightly higher
in younger girls before puberty as compared with boys (female-to-male ratio, 1.5:1). The risk
of thyroid cancer then increases rapidly and reaches a peak during puberty in teenage girls
(female-to-male ratio, 3:1 to 14:1) [16-18]. Although it has not yet been confirmed, sex hor-
mones may play a major role in the rapid increase in the incidence of thyroid cancer in female
individuals during puberty [19].

The higher frequency of thyroid cancers after radiotherapy involving the neck has been
confirmed in patients who were treated with external radiation for conditions such as tinea
capitis, chronic tonsillitis, acne, and thymus hyperplasia [20, 21], and in children years after
the Chernobyl incident [22, 23]. Analysis of the age of individuals at the time of radiation
exposure showed that younger children had the highest risk of thyroid carcinoma after the
Chernobyl incident [24].

4. Presentation

An asymptomatic neck mass (located in either the thyroid bed or elsewhere in the neck as an
enlarged lymph node) is usually the first clinical presentation of thyroid cancer in children [25].
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The possibility of malignancy increases if the mass is firm, nonmobile with associated lym-
phadenopathy, and/or there is vocal cord paralysis [25]. At presentation, the tumor size is often
greater in children than in adults [26, 27]. The frequency of regional lymph node involvement
is also higher in children relative to adults. More than half of the patients (60-90%) will have
regional lymph node involvement either at diagnosis or on follow-up [8, 25, 27].

Lung metastasis is the most common site of distant metastases [28, 29]. Presentation with lung
symptoms is very rare. Lung metastasis is more commonly seen in patients with extracapsular
invasion, bilateral tumors, and in patients aged <7 years at diagnosis [30, 31]. In our experience,
we found <20% of pulmonary metastases either at presentation or in follow-up studies [32];
all of them had a thyroglobulin (Tg) level of >10 ng/mL. In contrast to adults, pulmonary
metastases in children are usually miliary and rarely nodular [30, 31]. Metastases to the lungs
are functional in 95% of the cases. Metastases to the bone or central nervous system are very
rare [28, 29, 33]. Thyroid function tests are usually normal in pediatric patients with DTC at
presentation [25].

5. Management

The management of children with DTC should be undertaken by a medical team with
appropriate experience and skills. The treatment of thyroid cancer in adult patients has been
studied in detail by several investigators, and general guidelines exist. Pediatric oncologists
have attempted to extrapolate from these guidelines, but there are insufficient data to answer
many questions regarding children. Patients with thyroid cancer require the assistance of a
diversified group of healthcare providers during literally every step of their care, from the time
of diagnosis to the extended period of follow-up. The American Thyroid association (ATA)
2015 guidelines endeavor to summarize, in a practical way, the optimal management of
patients with thyroid cancer; they detail how the fabric of their care is carefully woven by a
group of providers with specialized skills, each of whom adds a unique component regarding
the patient’s overall care [34]. Without this broad multidisciplinary approach, gaps may occur
at every turn in management, which may pose serious obstacles in achieving the best long-
term results for the patients.

Generally, after a comprehensive analysis of patient history and physical examination, further
investigation using high-resolution ultrasound (US) is recommended for the diagnosis of solid
thyroid nodules, and to check for extrathyroid extension of the disease and regional neck
lymph node involvement (Figure 1). This is frequently followed by fine needle aspiration
(FNA) of the nodule, usually under the guidance of US [35, 36]. According to the pediatric-
specific ATA guidelines recommendations, the US characteristics and clinical context, rather
than size alone, should be used to determine if nodules warrant FNA [34]. Moreover, in
children it is recommended that all FNAs are performed under US guidance [34]. Evaluation
of regional lymph node involvement is important because children with evidence of palpable
cervical lymph node disease at diagnosis are more likely to have multifocal disease (89 vs.
16%), an increased risk of pulmonary metastasis (20 vs. 0%), and an increased risk of persistent
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(30 vs. 0%) and/or recurrent (53 vs. 0%) disease (Figures 2 and 3), as compared with children
without gross nodal disease [37, 38].

Figure 1. Ultrasound in a 10-year old boy with history of large posterior fossa brain tumour and panhypopituitarism,
on thyroid replacement treatment: the patient presented with bilateral vocal cord weakness and stridor. Thyroid gland
was enlarged with heterogeneous parenchyma and small foci of calcification (arrow in a). There were enlarged cervical
lymph nodes with lost central echogenic hilum and increased short-to-long axis ratio (S/L) >0.5 (b) which is suggestive

of malignant infiltration, one of them showed in (b) (arrow). Papillary thyroid cancer was proved on histopathology
with neck lymph nodes involvement.
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Figure 2. Fifteen-year old girl referred to the clinic for a neck mass. Axial enhanced CT image (a and b) shows a hetero-
geneous nodule in the left thyroid lobe (big arrow) with enhancing large cystic nodal lymph nodes (arrowheads) in the
left levels Ila, IIb, and IV in addition to level VI or Delphian nodes (small arrow). Papillary thyroid carcinoma with
lymph nodes involvement was proven on histopathology. CT scan was suggestive for lung metastases (c) with small
nodules in both lungs (arrows).
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Figure 3. Status postoperative (total thyroidectomy) in the same patient presented in Figure 2. Diagnostic whole-body
iodine scan after 2 mCi I-123 (a) demonstrated mild residual thyroid activity with a focus in the left submandibular
region that might represent lymph node metastatic lesion. There was suspicion of lung metastases on chest CT scan
(please see Figure 2c). The patient was treated with 145 mCi. On posttherapy scan (b) 7 and 10 days after a therapeutic
dose of radioiodine, bilateral chest activity with no definite focus was noted due to pulmonary metastatic.

According to the ATA guidelines for pediatrics, children with papillary thyroid cancer can be
divided into low, intermediate, or high risk, based on the clinical presentation, tumor size, and
evidence of regional invasion and metastasis [34]. Low-risk patients are those with a cancer
confined to the thyroid with no regional lymph nodes involvement or with incidental micro-
metastasis to a small number of central neck lymph nodes. If the patient has extensive central
lymph nodes involvement (level VI; pretracheal, paratracheal, prelaryngeal/Delphian lymph
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nodes), or minimal lymph nodes involvement in the rest of the neck, the patient is categorized
as intermediate risk. Locally invasive disease (in the thyroid) or extensive neck lymph nodes
involvement (other than region VI), or distant metastases will put the patient into the high-
risk group [34]. Similar to adults, the cornerstone of the therapy is based on surgery, radioio-
dine ablation/therapy, and thyroid hormone replacement/suppression therapy.

6. Surgery

Except under special conditions, it is recommended that more comprehensive thyroid surgery
is performed in pediatric patients; this is because of the higher incidence of bilateral and
multifocal disease (30 and 65%, respectively) [39—-41]. Thyroid lobectomy alone may be
sufficient for small unifocal cancers (<1 ¢cm), with no capsular invasion or lymph node
involvement, without a prior history of radiotherapy or a family history of thyroid cancer [34].
In comparison with lobectomy, total thyroidectomy has a lower risk of recurrent/persistent
disease and subsequent second surgical procedures [34, 40, 42, 43]. Central neck dissection is
recommended for patients with evidence of gross extrathyroidal invasion and/or locoregional
metastasis on preoperative staging or during surgery [34]. If there is no evidence of gross
extrathyroidal invasion and/or locoregional metastasis, prophylactic central neck dissection
may be routinely performed [34]. The decision is made based on tumor focality and size, and
the experience of the surgeon [34]. Prophylactic lateral neck dissection (levels III, IV, anterior
V, and II) is not recommended routinely, unless there is histopathological proof of lateral neck
lymph node involvement [34].

7. Radioactive iodine (*'I) ablation and therapy

Typically, there is remnant thyroid tissue after a total or near-total thyroidectomy, mainly
because of the presence of normal thyroid tissue around the nerves or Berry’s ligament.
Because multifocal papillary cancer is relatively common in children, most authors recom-
mend radioiodine ablation therapy in younger patients [25, 44]. Ablation therapy presumably
not only destroys normal residual thyroid tissue but also possible micrometastases [45].
Moreover, follow-up Tg measurement is easier after radioiodine ablation therapy [46, 47]. In
other words, if a patient receives radioiodine ablation therapy and the Tg level reaches an
undetectable level, a subsequent rise in Tg level is highly suspicious of recurrence. In contrast,
arise in Tg level in a patient who did not receive ablation therapy may be the result of tumor
recurrence or the regrowth of normal thyroid tissue [48, 49]. In the majority of cases, a single
radioiodine treatment is sufficient for ablation. However, in some cases more than one
treatment is required for complete ablation. It has not been proven in the pediatric population
if the response to the first ablation therapy has any prognostic value.

Radioiodine can be provided in liquid and capsule forms. Although selection of the type of
administration depends on patient preference, the capsule form is usually preferred to ensure
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that the activity is fully delivered to the stomach. In some cases, an antiemetic medication is
also required before administration of the radioiodine. If it is not clear that the patient can
tolerate the capsule form, an empty gelatin capsule can be tried before the actual radioiodine
capsule. ¥l is also used for the treatment of known or suspected viable malignant disease in
patients with DTC to destroy or control the disease. The dose of radioiodine for therapy mainly
depends on the presence or absence of metastases, and the organs involved. The diagnostic
and therapeutic role of radioiodine must be individualized to each patient through collabora-
tion between the patient’s endocrinologist/referring physician and the nuclear medicine
physician [50]. Tumor radioiodine avidity and sensitivity to radioiodine can vary significantly
between children with DTC, and even in the same patient over time [50, 51]. The selected dose
of radioiodine for therapy depends on many factors including the presence or absence of
metastases, and intermediate-/high-risk or low-risk patients. There are formulas for the
estimation of relative pediatric doses [51]. In general, it is suggested that the ™I doses should
not exceed 200 mCi (7400 MBq) for each patient with a total cumulative dose limited to 1000
mCi (37,000 MBq). The absorbed dose to the red marrow should not exceed 200 cGy, and 48-
hour whole-body retention should not reach 120 mCi (4440 MBq) to minimize the risk of
secondary acute myelogenous leukemia (AML). The 48-hour whole-body retention of activity
should be limited to 80 mCi (2960 MBq) in the setting of pulmonary metastases, to minimize
the risk of pulmonary fibrosis [50, 51]. In certain cases, especially with pulmonary metastases,
formal dosimetry should be performed in children with avid pulmonary metastases [50, 51].
Dosimetry before **'I therapy can also be considered in small children and in patients with a
limited bone marrow reserve [34]. If there is a need to repeat the **'I therapy, an interval of 212
months is suggested to minimize the risk of secondary AML [50].

In many European and Asian countries, the patient is admitted 2 or 3 days after radioiodine
ablation/therapy to minimize radiation exposure to the public. In North America, however,
many centers allow the patients to go home after a therapeutic dose of radioiodine [52]. In our
center, patients receiving therapeutic radioiodine doses of >30 mCi (1.1 GBq) up to and
including 200 mCi (7.4 GBq) can be managed on an outpatient basis, provided that the estimate
of radiation exposure to the general public falls within regulatory limits. According to our
institutional protocol, an adult family member who is considered to be the primary caregiver
is exempt from the 1 mSv public dose limit; however, dose exposure should not exceed 5 mSv
for the course of the treatment [53]. Our pediatric patients would prefer to be isolated in their
homes rather than be confined in the hospital when medical care is not required. To achieve
this, the patient and family must be willing to temporarily modify their lifestyles and comply
with the instructions provided (Table 1). Table 2 is an example of a questionnaire for an
outpatient therapy with ®'I in our institution. Exclusion criteria include patients requiring
medical care during the course of the constrained period, any socio-economical factor that
would inhibit compliance, and the inability of the primary caregiver or the patient to follow
the radiation safety instructions. In a recent study, despite poor compliance with the radiation
safety recommendations for patients treated with 100 mCi (3.7 GBq), caregivers received a low
measured radiation exposure [54]. In this study, excessive radiation exposure was only seen
when the caregivers stayed close to the patient for more than 5.8 hours during the first 3 days
after radioiodine treatment [54].
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Patients receiving therapeutic radioiodine doses of greater than 30 mCi (1.1 GBq) up to and including 200 mCi

(7.4 GBq) can be managed on an outpatient basis provided that the estimate of radiation exposure to the general public

fall within regulatory limits.

Procedure

The treating physician will conduct an assessment to determine suitability for outpatient treatment. The decision
will be based on the patient’s or family’s response to a questionnaire regarding family members, circumstances and

the assurance of compliance with the radiation safety instructions. See Table 2.

The treating physician will discuss the patient’s suitability for this protocol with the radiation safety officer (RSO)
or trained designate. In the case of noncompliance with the restrictions given, an estimate of the maximal dose to

an individual in the patient’s environment should be estimated and taken into account in the decision process.

The patient and family will be provided with appropriate written and oral information and instruction about the
requirements for treatment. The RSO will verify that the patient and family understand what is required of them

and that they are willing to comply with the requirements.

Approval for outpatient management of radioiodine therapy must be obtained from the RSO prior to scheduling

the therapy.

An effort should be made to reduce doses to family members to levels that are as low as reasonably achievable
(ALARA) with economic and social factors being taken into account. Dose reductions may require a detailed
assessment of family activities to determine where modification in lifestyle can best be made to reduce doses without
unnecessary restrictions. One example of a modification would be to have the patient spend the “isolation” period

with a compliant grandparent, away from other siblings or a pregnant parent.

A primary caregiver will be identified. Since this person will likely receive a higher radiation dose during the course
of the patient’s treatment, a dose calculation for this person will be made based on activity and occupancy factors

during constrained activity for 3 days.

On the day of treatment, the RSO (or trained designate) and treating physician will reassess the patient’s compliance
and give the written and oral precautions for radiation safety. The patient and/or parent will sign two copies of the

instructions. One copy will be given to the patient and the other will be retained for the departmental patient record.

The therapy dose will be administered and the patient will be discharged.

Table 1. The instructions to assess the patient for outpatient iodine therapy.

Patient Name:
MRN#

Referring Physician:

1.

2.

Confirmation that the patient is not pregnant (212 years). Date of negative pregnancy test:
Is the patient breast feeding? Yes No
List the age and relationship of all other household members.

Who will be the primary caregiver?
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4. Will there be any young children (<10 yrs) or pregnant women at home Yes No
when the patient returns after treatment?
5. How will the patient travel home? ___ How long will it take?
Who will accompany the patient?
6. Is the patient scheduled for any other medical tests, procedures, travel or Yes No
vacation 4 weeks prior or 2 weeks after dosing?
7. What is the parent’s occupation and specific job duties?
8. Can the patient remain home for the recommended time? Yes/No
(Not applicable for patients receiving less than 30 mCi of I-131) N/A
9. Does the patient require any special medical care or living assistance? Yes No
10.  Will patient have use of private bathroom for the next 3 days? Yes No
11.  Is the patient incontinent or have any urinary bladder control problems? Yes No
12.  Will the patient have a private bedroom for the next 7 days? Yes No
Where is the location of bedroom and adjoining rooms? _____
13.  Can the patient maintain at least 10-foot distance from others? Yes No
14.  Is the patient capable of following the radiation safety instructions? Yes No

15.  Are there any other issues that would prevent the patient from being able to Yes No
Comply with the radiation safety instructions?
Explain:

Individual completing Questionnaire:
Date:

Title:

Table 2. A sample questionnaire for outpatient treatment with iodine 131.

8. Radioiodine side effects

The side effects of the radioiodine treatment are similar to those of adult patients and include:
radiation thyroiditis (usually in patients with a large thyroid remnant) given sufficient **'I to
deliver about 500 Gy (50,000 cGy) [55]; acute and/or chronic parotiditis or submandibular
gland sialadenitis (in up to one-third of patients, usually when a large amount of *'I activity
was administered to a patient with a small thyroid remnant) [56]; conjunctivitis and nasola-
crimal drainage system obstruction [57, 58], radiation sickness (with a high dose); acute tumor
edema or hemorrhage; transient vocal cord or facial nerve palsy [59]; transient amenorrhea or
menstrual irregularities [60]; and reduced sperm counts (usually transient) [61]. Infertility is
rare but may occur after an accumulated high dose of radiation [62]. The majority of these
complications are transient and do not require any specific treatment. However, there are two
important side effects that are life threatening, namely, secondary leukemia and pulmonary
fibrosis [63]; both relate to the cumulative dose of radioiodine. Unfortunately, there is no
definite cutoff regarding the safe dose of ™I that can be used to avoid these important
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complications; the usefulness of the therapy should be assessed prior to each administration,
especially where multiple treatments in a single patient are needed, or in patients with
pulmonary metastases.

9. Follow-up (surveillance)

Recurrence of DTC in children may be seen years after the initial therapy. Thus, long-term
follow-up including periodic physical examinations and evaluation involving Tg measure-
ment and neck US are necessary [1]. In recommendation 16 of the ATA 2105 guidelines,
postoperative staging is usually performed within 12 weeks after surgery to identify the
patients who will benefit from further treatment. In our center, we evaluate the patients 6
weeks after the surgery. Although low-risk patients may be followed up with only TSH-
suppressed Tg, for intermediate- and high-risk patients TSH-stimulated Tg evaluation and a
diagnostic whole-body iodine scan are typically recommended to determine if there is
evidence of persistent and/or recurrent disease [34]. We suggest to evaluate the low-risk
patients with Tg measurement and neck US [32]. The measurement of Tg, either “on T4” (basal
Tg level) or “off T4” (stimulated Tg level), is the cornerstone of postoperative surveillance
programs [2]. Tg is only produced by thyroid cells (normal thyroid cells and differentiated
thyroid carcinomas). Consequently, the level of Tg should be undetectable if all thyroid tissues
have been destroyed by surgery and radioiodine ablation therapy. However, Tg measurement
is not reliable when there is anti-Tg antibody (TgAb) present in the serum. Tg and TgAb levels
should be simultaneously measured using the same laboratory and assay technique [47].
Recommendation 23 of the ATA 2015 guidelines stresses that Tg is a sensitive tumor marker
in the evaluation, treatment, and long-term follow-up of pediatric DTC, even in children not
previously treated with ' [47]. The trend in serial Tg and/or TgAD levels is probably more
representative of disease status than any single measurement [47]. US is a noninvasive and
sensitive method for the evaluation of locoregional lymph node involvement [32]. US is
superior in sensitivity to a diagnostic whole-body iodine scan for the detection of involved
neck lymph nodes, and it does not require levothyroxine withdrawal. However, the accurate
interpretation of US scans in DTC can be complicated by the high frequency of large inflam-
matory neck lymph nodes in children [4]. According to the ATA guidelines, neck US should
be performed at >6 months after the initial surgery, and then at 6- to 12-month intervals for
intermediate- and high-risk patients, and at annual intervals for low-risk patients [47]. Follow-
up beyond 5 years should be individualized based on the risk of recurrence [47].

A whole-body scan using I or **'I allows localization of local recurrences or distant metasta-
ses, and helps in the decision concerning subsequent radioiodine therapy [5]. Our institutional
Protocol for ®'I-whole-body scan is summarized in Table 3. Routine evaluation using a
diagnostic whole-body iodine scan is not recommended. I is preferred to '*'I for diagnostic
imaging. A whole-body iodine scan may be useful in children with known iodine-avid
metastases (based on a prior post-therapy scan) at 1-2 years after therapy to evaluate the
response to previous '*'I treatment [47]. According to the ATA guidelines, a repeat radioiodine
scan is not recommended unless recurrent disease is suspected clinically, based on physical
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examination, US, or rising LT4 levels. In our experience, a radioiodine scan was useful when
the Tg level was >10 ng/mL (for the evaluation of lung metastasis), when the results of Tg
measurement and ultrasound was incongruent, or when anti-TgAb was positive (Tg can be
falsely increased or reduced in the presence of a high anti-TgAb level) [34].

Indications
Follow-up imaging of patients post-thyroidectomy for thyroid cancer.

Follow-up imaging of patients receiving '*'I therapy for ablation post-thyroidectomy.

Contraindications

Patient who had a recent (24-48 hours) nuclear medicine scan performed.

The patient must not have had intravenous iodinated contrast agents for at least 1 month. Check with the nuclear
medicine (NM) physician.

No recent administration of potassium perchlorate.

Patient preparation

* If the patient is taking thyroid medication, check with the referring physician if the patient can stop taking it for a

minimum of 3 weeks prior to this procedure. Note this information on the requisition.

Synthroid should be stopped for 4-6 weeks
- Cytomel 2 weeks

- PTU 4 days

Tapazole 1 week
- Methimazole 1 week
* Stop cough syrup, multivitamins for 48 hours before the test.

* Ensure other blood work has been done prior to radiopharmaceutical administration. Patients must have a minimum
TSH level of 30-40 mIU/L, and all females who have commenced menstruating must have a documented negative

bHCG prior to dosing.

* The patient should be NPO for approximately 2 hours before and 1 hour after receiving the dose by mouth to enhance
the absorption of the "*'I.

* The patient should be encouraged to drink plenty of fluids for the next 24 hours to facilitate soft tissue clearance and

to flush saliva from the mouth.

Radiopharmaceutical: "*'Nal

Dose: Based on BSA (body surface area) with a maximum dose of 4 mCi (148 MBq)

Dose administration
* This product is given orally in either capsule or liquid forms.

* Please inform the responsible NM Physician of the patient’s arrival prior to dose administration.



Thyroid Cancer in Children and Adolescents
http://dx.doi.org/10.5772/64190

* Please make sure to go over the radiation safety guidelines with the patient and parents to ensure compliance. The
guidelines should be followed for 2 days if it is a diagnostic *'I TBS (i.e., patient can return to school, etc. the day
following whole-body scan). If the patient is getting a therapeutic I dose, guidelines will be followed for 7 days.
Ensure patient/parents are given the instruction sheet to take with them after dose administration and explain how

to page the technologist on call if required.

* Pre- and Postdose counting must be done for all patients having an uptake and scan. Please refer to the '*'I Thyroid

Uptake-Probe Method protocol

* Forliquid ', administer the dose directly into the patient’s mouth. Have a small cup of water handy to use for rinsing
the residual dose from the syringe into the patient’s mouth —several rinses with the water may be necessary to ensure

total dose delivery.
* Patients who are able to swallow a capsule should do so with at least one cup of water.

¢ Instruct the patient to remain NPO for one more hour and to return for imaging in 48 hours.

Acquisition

Images are done 48 hours following diagnostic dose administration.

* Images post-"*'I therapy for ablation is performed 7-10 days postadministration.

* Using the high-energy collimator, first acquire an anterior and posterior whole-body pass with the head straight.

* Imaging should be done with a scan speed of 15 min/m using a 256 x 1024 matrix.

* Statics will also need to be done of the RLAT and LLAT skull using a 256 matrix and acquisition time of 10 min/view.
* A 10-minute anterior chest view may also be required but check with the NM physician.

* DPatients receiving a diagnostic "*'I dose (4 mCi or less) will need to have an uptake performed at 48 hours as well.

* Have all images and uptake value checked by the NM physician. In most instances, the NM physician will want to

speak to the patient before he leaves the department.

Table 3. Institutional protocol for "*'I-whole-body scans. Please note that there are some variations among different
institutes for the protocol including the radiation safety precaution.

10. Prognosis

Despite the occurrence of extensive disease at clinical presentation, a higher risk of locoregional
lymph node involvement, and a higher risk of recurrence, children are much less likely to die
from thyroid cancer (£2% long-term cause-specific mortality) than are adults [64], and the
overall prognosis is better in pediatric DTC [7, 26]. In a study by Minsk et al., the 5- and 10-
year survival rates were 99.3 and 98.5%, respectively [65]. Usually, the prognosis is worse in
patients aged <10 years [66]. The prevalence of sodium-iodide transporter expression in
pediatric DTC metastases is greater than in adults [67, 68]. This is probably one of the reasons
for better prognosis and a superior response to radioiodine therapy in children relative to
adults, although the risk of lymph node involvement is higher in pediatric DTC [67, 68].
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11. Conclusion

Although the basis of thyroid cancer management in pediatric population is similar to that of

adults, because of longer lifespan and susceptibility of children, the risk of therapy side effects

may be higher in comparison to that of adults. Therefore, any treatment in these age groups
should be individualized considering the risk and benefit of the therapy in that patient.
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